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Summary

River flooding poses a threat to numerous cities and communities all over the
world. The detection, quantification and attribution of changes in flood char-
acteristics is key to assess changes in flood hazard and help affected societies
to timely mitigate and adapt to emerging risks. The Rhine River is one of the
major European rivers and numerous large cities reside at its shores. Runoff
from several large tributaries superimposes in the main channel shaping the
complex from regime. Rainfall, snowmelt as well as ice-melt are important runoff
components. The main objective of this thesis is the investigation of a possible
transient merging of nival and pluvial Rhine flood regimes under global warming.
Rising temperatures cause snowmelt to occur earlier in the year and rainfall to
be more intense. The superposition of snowmelt-induced floods originating from
the Alps with more intense rainfall-induced runoff from pluvial-type tributaries
might create a new flood type with potentially disastrous consequences.

To introduce the topic of changing hydrological flow regimes, an interactive
web application that enables the investigation of runoff timing and runoff season-
ality observed at river gauges all over the world is presented. The exploration and
comparison of a great diversity of river gauges in the Rhine River Basin and be-
yond indicates that river systems around the world undergo fundamental changes.
In hazard and risk research, the provision of background as well as real-time
information to residents and decision-makers in an easy accessible way is of great
importance. Future studies need to further harness the potential of scientifically
engineered online tools to improve the communication of information related to
hazards and risks.

A next step is the development of a cascading sequence of analytical tools
to investigate long-term changes in hydro-climatic time series. The combination
of quantile sampling with moving average trend statistics and empirical mode
decomposition allows for the extraction of high resolution signals and the iden-
tification of mechanisms driving changes in river runoff. Results point out that
the construction and operation of large reservoirs in the Alps is an important
factor redistributing runoff from summer to winter and hint at more (intense)



VI

rainfall in recent decades, particularly during winter, in turn increasing high
runoff quantiles. The development and application of the analytical sequence
represents a further step in the scientific quest to disentangling natural variability,
climate change signals and direct human impacts.

The in-depth analysis of in situ snow measurements and the simulations of the
Alpine snow cover using a physically-based snow model enable the quantification
of changes in snowmelt in the sub-basin upstream gauge Basel. Results confirm
previous investigations indicating that rising temperatures result in a decrease
in maximum melt rates. Extending these findings to a catchment perspective,
a threefold effect of rising temperatures can be identified: snowmelt becomes
weaker, occurs earlier and forms at higher elevations. Furthermore, results in-
dicate that due to the wide range of elevations in the basin, snowmelt does not
occur simultaneously at all elevation, but elevation bands melt together in blocks.
The beginning and end of the release of meltwater seem to be determined by
the passage of warm air masses, and the respective elevation range affected by
accompanying temperatures and snow availability. Following those findings, a
hypothesis describing elevation-dependent compensation effects in snowmelt is
introduced: In a warmer world with similar sequences of weather conditions,
snowmelt is moved upward to higher elevations, i.e., the block of elevation bands
providing most water to the snowmelt-induced runoff is located at higher eleva-
tions. The movement upward the elevation range makes snowmelt in individual
elevation bands occur earlier. The timing of the snowmelt-induced runoff, how-
ever, stays the same. Meltwater from higher elevations, at least partly, replaces
meltwater from elevations below.

The insights on past and present changes in river runoff, snow covers and un-
derlying mechanisms form the basis of investigations of potential future changes
in Rhine River runoff. The mesoscale Hydrological Model (mHM) forced with
an ensemble of climate projection scenarios is used to analyse future changes
in streamflow, snowmelt, precipitation and evapotranspiration at 1.5, 2.0 and
3.0 ◦C global warming. Simulation results suggest that future changes in flood
characteristics in the Rhine River Basin are controlled by increased precipitation
amounts on the one hand, and reduced snowmelt on the other hand. Rising
temperatures deplete seasonal snowpacks. At no time during the year, a warming
climate results in an increase in the risk of snowmelt-driven flooding. Counter-
balancing effects between snowmelt and precipitation often result in only little
and transient changes in streamflow peaks. Although, investigations point at
changes in both rainfall and snowmelt-driven runoff, there are no indications
of a transient merging of nival and pluvial Rhine flood regimes due to climate
warming. Flooding in the main tributaries of the Rhine, such as the Moselle
River, as well as the High Rhine is controlled by both precipitation and snowmelt.
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Caution has to be exercised labelling sub-basins such as the Moselle catchment as
purely pluvial-type or the Rhine River Basin at Basel as purely nival-type. Results
indicate that this (over-) simplifications can entail misleading assumptions with
regard to flood-generating mechanisms and changes in flood hazard. In the frame-
work of this thesis, some progress has been made in detecting, quantifying and
attributing past, present and future changes in Rhine flow/flood characteristics.
However, further studies are necessary to pin down future changes in the flood
genesis of Rhine floods, particularly very rare events.





Kurzfassung

Überflutungen durch Flusshochwasser stellen für zahlreiche Städte und Gemein-
den auf der ganzen Welt eine große Gefahr dar. Die Detektion, Quantifizierung
und Attribuierung sich verändernder Hochwassereigenschaften ist wichtig, um
Änderungen in der Gefahrenlage zu bewerten und Anrainerstaaten die Möglichkeit
zur Abschwächung und Anpassung an das Hochwasserrisiko zu geben. Der
Rhein ist einer der großen Flüsse Europas und zahlreiche Städte liegen an
seinen Ufern. Sich überlagernde Abflüsse aus den großen Zuflüssen prägen
das komplexe Abflussregime des Rheins. Sowohl Regen, Schneeschmelze als
auch Eisschmelze sind wichtige Abflusskomponenten. Vorrangiges Ziel dieser
Arbeit ist die Untersuchung der Möglichkeit einer durch den Klimawandel verur-
sachten vorübergehenden Überlagerung von nivalen und pluvial Hochwasser-
ereignissen im Rheingebiet. Steigende Temperaturen können zu einer früheren
Schneeschmelze und intensivieren Niederschlägen führen. Die Überlagerung
von durch Schneeschmelze angetriebenen Spitzenabflüssen aus den Alpen mit
intensiveren Hochwasserereignissen aus den pluvialen Zuflüssen, könnte zur
Bildung eines neuen Hochwassertyps mit möglicherweise katastrophalen Folgen
führen.

Eine interaktive Web-Anwendung, die es ermöglicht, Zeitpunkt und Saison-
alität von Abfluss auf der ganzen Welt zu untersuchen, führt in die Thematik
sich verändernder hydrologischer Abflussregime ein. Die Untersuchungen und
der Vergleich von unterschiedlichsten Abflusspegeln im Rheingebiet und darüber
hinaus weißen darauf hin, dass sich Flusssysteme auf der ganzen Welt im Wan-
del befinden. In der Gefahren- und Risikoforschung ist die Bereitstellung von
Hintergrundinformationen und Informationen zu aktuellen Entwicklungen für
Anwohner und Entscheidungsträger auf leicht zugängliche Weise von großer
Bedeutung. Zukünftige Studien sollten sich das Potential wissenschaftlicher Web-
Anwendungen, um die Kommunikation in Bezug auf Naturgefahren und -risiken
zu verbessern, verstärkt zu Nutze machen.

Nächster Schritt ist die Entwicklung einer kaskadierenden Sequenz analytis-
cher Methoden, um langfristige Änderungen in hydro-klimatoligischen Zeitrei-
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hen zu detektieren. Eine Kombination aus Quantil-Berechnungen, Statistiken
basierend auf gleitenden Mittelwerten und empirischer Bandzerlegung ermöglicht
die Extraktion hochaufgelöster Signale und die Identifizierungen zu Grunde
liegender Antriebsmechanismen. Die Ergebnisse der Analysen zeigen, dass der
Bau und Betrieb von großen Stauseen zur Gewinnung von Wasserkraft zu einer
Umverteilung von Wasser vom Sommer in den Winter führt. Zudem weisen
die Ergebnisse auf (mehr) intensivere Niederschläge hin, die wiederum hohe
Abflussquantile intensivieren. Die Entwicklung und Anwendung der analytis-
chen Sequenz stellt einen weiteren Schritt in dem wissenschaftlichen Bestreben,
natürliche Klimavariabilität, Signale des Klimawandels und direkte anthropogene
Einflüsse zu entwirren, dar.

Die detaillierte Untersuchung von Schneemessungen und die Simulation der
alpinen Schneedecke mittels physikalisch-basiertem Schneemodell, ermöglicht die
Quantifizierung von Änderungen in der Schneeschmelze im Rheingebiet oberhalb
von Basel. Steigenden Temperaturen verringern nicht nur hohe Schmelzraten, ein
Dreifach-Effekt kann identifiziert werden: Schneeschmelze wird schwächer, findet
früher statt und formiert sich in höhere Lagen. Auf Grund der großen Höhe-
nunterschiede im Gebiet, findet die Schneeschmelze nicht gleichzeitig in allen
Höhenlagen statt. Simulationen weisen darauf hin, dass Höhenbänder zusam-
men in Blöcken schmelzen. Der Beginn und das Ende eines Schmelzereignisses
scheint durch vorbeiziehende warme Luftmassen und die betroffenen Höhenla-
gen durch zugehörige Temperaturen und die Schneeverfügbarkeit bestimmt zu
werden. Basieren auf diesen Erkenntnissen, wird eine Hypothese, die höhenab-
hängige Kompensationseffekte in der Schneeschmelze beschreibt, vorgestellt: In
einem wärmeren Klima mit einer gleichbleibenden Abfolge von Witterungsbe-
dingungen, findet die Schneeschmelze in höheren Lagen statt, d.h., der Block
an Höhenbändern, der den Hauptbestandteil des Schmelzwassers freigibt, ist
nach oben verschoben. Die Verschiebung in höhere Lagen führt dazu, dass die
Schneeschmelze in einzelnen Höhenbändern früher kommt, der Zeitpunkt des
Schmelzereignisses jedoch unverändert bleibt. Schmelzwasser aus höheren Lagen
ersetzt, zumindest teilweise, Schmelzwasser aus tieferen Lagen.

Die Erkenntnisse über historische und gegenwärtige Änderungen im Abfluss,
der Schneedecke und zu Grunde liegenden Mechanismen bilden die Grundlage
der Untersuchungen möglicher zukünftiger Änderungen im Abfluss des Rheins.
Das für die Mesoskala entwickelte hydrologisiche Modell mHM wird mit einem
Ensemble aus Klimaszenarien angetrieben und projizierte Änderungen im Abfluss,
der Schneeschmelze, im Niederschlag und der Evapotranspiration bei 1.5, 2.0
und 3.0 ◦C Erwärmung untersucht. Ergebnisse der hydrologischen Simulationen
zeigen, dass künftige Änderungen der Hochwassereigenschaften im Rheingebiet
durch zunehmenden Niederschlagsmengen und abnehmende Schneeschmelze



XI

bestimmt werden. Steigende Temperaturen verringern saisonale Schneedecken.
Zu keinem Zeitpunkt im Jahr führen höhere Temperaturen zu einer Zunahme
des Hochwasserrisikos durch die Schneeschmelze. Kompensationseffekte zwis-
chen Schneeschmelze und Niederschlag resultieren oftmals in geringe und nur
vorübergehende Erhöhungen von Spitzenabflüssen.

Obwohl Untersuchungen auf Veränderungen sowohl in der Schneeschmelze
als auch im Niederschlag hinweisen, finden sich keine Hinweise auf eine durch
den Klimawandel verursachte vorübergehende Überlagerung von nivalen und
pluvialen Hochwasserregimen im Rheingebiet. Hochwasserereignisse in den
Hauptzuflüssen, wie zu Beispiel der Mosel, und dem Hochrhein werden sowohl
durch Niederschläge als auch Schneeschmelze kontrolliert. Vorsicht muss geübt
werden, wenn Teilgebiete, wie das Einzugsgebiet der Mosel als rein pluvial oder
das Rheingebiet oberhalb von Basel als rein nival gesehen werden. Die Ergeb-
nisse zeigen, dass diese (zu starke) Vereinfachung zu irreführenden Annahmen
bezüglich möglicher Änderungen von Hochwasser verursachender Mechanis-
men und Hochwassergefahr führen können. Diese Doktorarbeit ist ein Schritt
vorwärts im wissenschaftlichen Streben die Detektion, Quantifizierung und At-
tribuierung vergangener und zukünftiger Veränderungen in den Abfluss- und
Hochwasserregimen des Rheins zu verbessern. Weitere Untersuchungen sind
nötig, um zukünftige Veränderungen in der Hochwassergenese sehr seltener
Hochwasserereignisse einzuschätzen.
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1 | Introduction

1.1 Motivation

1.1.1 Natural hazards and risks

Natural disasters are a constant threat to communities around the world. On a
regular basis, climate-related or geophysical disasters cause enormous economic
losses and injure, displace and even kill people (CRED & UNISDR, 2018). Com-
monly, natural disasters are classified according to the underlying type of hazard,
whereby a natural hazard is defined as “an unexpected and/or uncontrollable
natural event of unusual magnitude that might threaten people” (Bokwa, 2013).
The compilation of data on the occurrence and impact of natural disasters usually
goes along with the distinction of hydrological (e.g., floods or wave action), meteo-
rological (e.g., storms or extreme precipitation) and geophysical (e.g., earthquakes
or vulcanic activity) disasters (CRED & UNISDR, 2018). One crucial aspect with
regard to loss prevention, is the correct assessment of the risk posed by natural
hazards. Risk is “the possibility of suffering harm from a hazard” (Eastman et al.,
1997) and is defined as a function of hazard probability, the exposed values and
their vulnerability (e.g., Crichton, 1999; Peduzzi et al., 2001; Schneiderbauer and
Ehrlich, 2004), whereby the components of the risk equation are not static, but can
change over time. For example, climatic changes have the potential to alter the
frequency and intensity of the hazard, the expansion of settlements can increase
the number of exposed values and the installation of protective constructions
can lower the vulnerability. Taking the transient nature of the risk components
into account, the risk is then calculated by integrating over the range of relevant
hazard levels (h):

Risk(t) =
∫

Hazard(h, t) · Exposure(h, t) ·Vulnerability(h, t) dh. (1.1)

This equations is widely accepted and used in hazard and risk research (e.g.,
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Schneiderbauer and Ehrlich, 2004; Kron, 2005; Merz et al., 2010). It underlines the
fact, that changes in risk can be due to changes in various factors ranging from
changes in hazard intensity to the capacity of communities to recover from a crisis
(Schneiderbauer and Ehrlich, 2004; UNDRR, 2019). Hazard and risk research
aims at a better understanding of all three risk components. Recent advances in
risk research include the development of probabilistic and fully scalable damage
models (Sieg et al., 2019; Schoppa et al., 2020), the compilation of consistent event
inventories (Veh et al., 2018, 2019), the advancements of radar-based precipitation
nowcasting (Ayzel et al., 2019, 2020; Costa Tomaz de Souza et al., 2020), the reliable
estimation of the distribution of extreme precipitation (Ulrich et al., 2020), the
application of novel measures to understand complex systems (Wendi et al., 2019),
the usage of complex networks to track extreme rainfall (Ozturk et al., 2018), the
assessment of flood synchrony on the continental scale (Kemter et al., 2020), the
usage of hydrological models to assess projected changes in floods, droughts and
water availability (Didovets et al., 2019; Mtilatila et al., 2020) and the investigation
of the dynamics of human behaviour in response to flooding (Bubeck et al., 2020).

1.1.2 Riverine flooding

The analysis conducted in the framework of this doctoral thesis addresses changes
in the hazard component of the risk equation. The focus is on changes in timing
and magnitudes of floods of complex river systems. River floods are among the
most frequent and costly types of natural disasters (UNDRR, 2019). In recent
decades, several large floods occurred in Europe. In August 2002, record breaking
rainfall amounts and intensities caused the Elbe River to burst its banks and
damage the historical cities of Prague and Dresden (Ulbrich et al., 2003; Kreibich
et al., 2005; Kundzewicz et al., 2005). In Germany, direct losses amounted to more
than 9 billion EUR (Mechler and Weichselgartner, 2003; Kreibich et al., 2005). Only
a few years later, in June 2013, high antecedent moisture and an atmospheric
blocking situation triggered widespread flooding in central Europe, particularly
in the Elbe and the Upper Danube Basins (Blöschl et al., 2013; Thieken et al.,
2016). In January 1995, saturated soils and centennial rainfall events triggered
several flood surges in the Moselle River, which where one of the main drivers
of the extreme flooding in the Lower Rhine, particularly in the city of Cologne
(Ulbrich and Fink, 1995). Cologne, together with other cities along the Rhine, such
as Koblenz or Bonn, had been flooded only less than two years earlier during
Christmas 1993 (Fink et al., 1996; Kundzewicz et al., 2013).

Presented examples of flood disasters demonstrate that the understanding of
mechanisms generating floods is crucial to assess flood risk and protect cities and
communities along the river banks. One key challenge in flood hazard research is
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the detection, quantification and attribution of historic and future changes in flood
regimes. Recent studies investigating river runoff in Switzerland (Horton et al.,
2006; Addor et al., 2014; Brunner et al., 2019b; Muelchi et al., 2020), the United
States (Lins and Slack, 1999; Villarini and Smith, 2010; Brunner et al., 2020a),
and Norway (Vormoor et al., 2015, 2016) all indicate that changes in flow/flood
regimes are ongoing and will continue to change in the future. Studies for Europe
point at the importance of a profound understanding of spatial patterns of flood
seasonality characteristics and underlying flood-driving mechanisms (Hall and
Blöschl, 2018; Berghuijs et al., 2019). The analysis of peak discharges recorded in
Europe between 1960–2010 inter alia hint at changes in the timing (Blöschl et al.,
2017), magnitude (Blöschl et al., 2019) and the spatial extent (Kemter et al., 2020)
of floods. Climatic changes are expected to further alter peak flow characteristics
in Europe (e.g., Alfieri et al., 2015; Thober et al., 2018).

1.1.3 The Rhine River Basin

The Rhine River is an important waterway in Europe and numerous large cities
(e.g., Basel or Cologne) reside at its shores (Fig. 1.1 b). It’s basin spans across
numerous country boarders and landscapes. In the South, the Rhine River Basin
encompasses parts of the European Alps and snowmelt and ice-melt are important
runoff contributors (Stahl et al., 2016). Catchments dominated by the build-up
and melt of seasonal snow covers commonly are classified as nival. Nival runoff
regimes are characterised by low discharge during winter when precipitation is
solid and accumulated in temporary snow packs and by high runoff values during
snowmelt season. The fact that the Rhine Basin upstream gauge Basel represents
approximately 20 % of the catchment area of the Rhine River, but delivers nearly
half of its discharge, points at the importance of the Alps as “water tower” (Viviroli
et al., 2007). On its way downstream to the delta region and the North Sea, the
Rhine River receives water from numerous tributaries draining low mountain
ranges and low land areas. Major tributaries, such as the Main River or the
Moselle River, often are referred to as pluvial-type rivers. A pluvial flow regime is
dominated by rainfall-driven runoff and discharge is high during winter and low
during summer. In the main channel of the Rhine River, pluvial and nival waters
from the different sub-basins superimpose and create a complex flow regime.
Climatic changes are expected to alter runoff characteristic of both pluvial and
nival flow regimes in the Rhine River Basin (e.g., Middelkoop et al., 2001; Pfister
et al., 2004; Menzel et al., 2006; Bosshard et al., 2014; Kundzewicz et al., 2018).
Due to the inestimable socio-economic value of the Rhine River, a comprehensive
understanding of future nival and pluvial flow/flood characteristics is of great
importance.
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Figure 1.1: Transient merging of Rhine flow regimes under climate change.

1.1.4 Detection and quantification of runoff changes

Numerous studies have been conducted to detect and quantify changes in river
runoff. Based on the underlying data type, two groups of investigations can
be distinguished: 1) studies based on observational data and 2) analyses using
hydrological model simulations. When investigating discharge recordings, major
benefits in attributing changes can be gained by performing a multi-variable
analysis and including additional information on temperature, snowmelt or pre-
cipitation (Kormann et al., 2015; Vormoor et al., 2016; Skålevåg and Vormoor, 2021).
Information on additional variables also is the key to determine and distinguish
flood generating processes (Berghuijs et al., 2019). Studies investigating changes in
flood characteristics often analyse the timing and magnitude of annual streamflow
maxima (e.g., Blöschl et al., 2017, 2019; Kemter et al., 2020) or runoff peaks above
a certain threshold (peak-over-threshold method) (e.g., Petrow and Merz, 2009;
Bačová-Mitková and Onderka, 2010; Vormoor et al., 2016). However, studies based
on observational data often are limited by the spatial and temporal coverage of
the data. A sufficient length of a time series is necessary to perform a meaningful
trend analysis. A high density of observational stations is crucial, inter alia, to
address spatial variability. Furthermore, observational data needs to undergo thor-
ough quality checks and the application of homogenisation techniques is required
to ensure that no non-climatic features affect the recordings (Moberg et al., 2006;
Li-Juan and Zhong-Wei, 2012). In addition, the installation and maintenance of
ground observation networks often is costly and labour-intensive, particularly at
remote locations.

In order to address limited data availability and to gain additional insights into
hydrological systems, hydrological models can be used to simulate river runoff.
Hydrological simulations foster hydrological process understanding and help to
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close existing knowledge gaps. Numerous different hydrological models were
developed over the last decades and are in use today. Hydrological models can be
classified using different criteria. Taking a look at the level of physical principles
implemented, physically-based (white box), conceptual (grey box) and empirical
(black box) models can be distinguished. Hydrological models can be used to
simulate specific events (event-based) or in a continuous manner. Parameters can
be either spatially distributed or lumped (Jajarmizadeh et al., 2012; Devia et al.,
2015). One key advantage using hydrological models is the ability to investigate
both historic and future hydrological conditions. Scenario-based simulations
provide vital information on impacts of climatic changes on the hydrological
cycle (e.g., Alfieri et al., 2015; Vormoor et al., 2015; Thober et al., 2018; Di Sante
et al., 2021). Ideally, multiple climate and hydrological models are used within a
multi-ensemble modelling chain (e.g., Samaniego et al., 2019).

1.2 Objectives and structure

The overarching aim of this thesis, as stated in the title, is the investigation of a
possible transient merging of Rhine flow/flood regimes under global warming
(Fig. 1.1 and 1.2). In the present climate, nival floods are seasonally separated
from rainfall-triggered floods, and the risk of nival and pluvial types occurring
together is negligible. However, continued global warming might cause snowmelt
to occur earlier in the year and rainfall to be more intense. The superposition of
snowmelt-induced floods originating from the Alps with (more intense) rainfall-
induced runoff from pluvial-type tributaries might create a new flood type with
potentially disastrous consequences. In view of this overarching aim, five specific
research questions (RQs) are formulated:

1. What are the main drivers of changes in runoff timing and seasonality?

2. Which analytical and visualisation techniques are suitable to detect and
present changes in river runoff?

3. How do higher temperatures affect snowmelt event characteristics?

4. Do precipitation events intensify?

5. What factors control future changes in Rhine River flood seasonality?

Four studies have been conducted to tackle these questions (Fig. 1.3). To
detect, quantify and present changes in hydrological flow regimes, an interactive



6 INTRODUCTION

web app that enables the investigation of runoff timing and runoff seasonality
observed at river gauges all over the world is developed and presented (Chapter
2). A cascading sequence of analytical tools to extract high resolution signals of
long-term changes in hydro-climatological data forms the basis of investigations
presented in Chapter 3. Detailed insights into changes in seasonal snow covers
due to rising temperatures are obtained simulating Alpine snow packs (Chapter
4). Future changes in flood characteristics in the Rhine River are investigated
forcing a hydrological model with an ensemble of climate projection scenarios
(Chapter 5).

Overarching research question

Specific research questions

Does global warming cause the transient merging of nival and pluvial Rhine flow 

regimes and the creation of a new flood type with catastrophic consequences?

What are the main drivers of changes in runoff timing and seasonality?

Which analytical and visualisation techniques are suitable to detect 
and present changes in river runoff?

RQ 1

RQ 2

How do higher temperatures affect snowmelt event characteristics?RQ 3

Do precipitation events intensify?RQ 4

What factors control future changes in Rhine River flood seasonality?RQ 5

Figure 1.2: Overview on overarching and specific research questions.
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Figure 1.3: Scheme of the structure of the main part of the doctoral thesis.

1.2.1 Changes in runoff timing and seasonality around the world

Discharge of many rivers, including the Rhine River, is measured at a large
number of gauging stations. However, it still remains rather difficult to access
the data and to quantify possible changes. As important as the detection of
changes, is the presentation of results in an easy accessible way for parties in- and
outside the scientific community. The main objective of investigations presented
in chapter 2 is the development of an interactive web application that enables
the investigation of discharge time series with regard to changes in runoff timing
and runoff seasonality in the Rhine River Basin and beyond. The aim is to
provide an interactive application that can be used to explore, learn, teach, and
communicate changes in river runoff, ensure easy accessibility and re-usability,
allow for testing of parameter sensitivity, and enable a straightforward comparison
between analytical tools, river gauges, regions, and time frames.



8 INTRODUCTION

1.2.2 Long-term runoff changes and underlying driving mecha-
nisms

The next step is the development of a cascading sequence of analytical tools
to investigate long-term changes in daily resolution hydro-climatic time series.
The combination of quantile sampling with moving average trend statistics and
empirical mode decomposition allows for the extraction of high resolution signals
and the identification of mechanisms driving changes in river runoff. The sequence
of analytical tools is applied to discharge data recorded along rivers with nival,
pluvial and mixed flow regimes as well as temperature and precipitation covering
the time frame 1869–2016. The main objective of investigations presented in
chapter 3 is the assessment of the long-term impact of changes in snow cover,
changes in precipitation and anthropogenic modifications of the river network on
river runoff.

1.2.3 Changes in seasonal snow packs and snowmelt-induced
river runoff

Changes in seasonal snow packs due to rising temperatures represent a key aspect
of the hypothesis of a transient merging of nival and pluvial flow regimes in
the Rhine River Basin. Hence, detailed investigations of changes in Alpine snow
packs are requisite to address this open research question. The analysis of in
situ snow measurements and snow simulations using a physically-based snow
model provide additional insights into changes in seasonal snow covers. The main
objectives of analysis presented in chapter 4 is the quantification of changes in
timing, magnitude and elevation of snowmelt in the sub-basin upstream gauge
Basel and a better understanding on how changes in snowmelt translate into
changes in river runoff.

1.2.4 Projected changes in Rhine River flood seasonality

The insights on past and present changes in river runoff, snow covers and underly-
ing mechanisms acquired in previous chapters form the basis of investigations of
potential future changes in Rhine River runoff. The mesoscale Hydrological Model
(mHM) forced with an ensemble of climate projection scenarios is used to analyse
future changes in streamflow, snowmelt, precipitation and evapotranspiration at
1.5, 2.0 and 3.0 ◦C warming. The main objective in chapter 5 is the investigation
future conditions of nival, pluvial and mixed hydrological regimes in Rhine River
Basin.
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1.3 Author contribution

The main part of this thesis consists of four research articles, which have been
published, or are submitted and are intended to be published in international peer-
reviewed journals. The manuscript layouts have been adjusted to the formatting
of this thesis, yet main text and figures remain as published/submitted, except
for the summarising key points, which where adjusted in the framework of this
thesis. Specific author contributions of the four articles are as follows:

Chapter 2: ER and AB designed the study. ER wrote the software code and set up
the Shiny server. Under the lead of ER, all authors contributed to the development
of the analytical tools and the user interface of the web app. ER wrote the original
draft of the paper with input from all co-authors. With the support of KV, ER
revised the manuscript during peer-review.

Chapter 3: ER developed the cascading sequence of analytical tools, conducted
the analysis and wrote the manuscript. TF, GB and AB provided guidance in the
process of data analysis and preparation of the original draft of the manuscript.
With the assistance of all co-authors, ER revised the manuscript during peer-
review.

Chapter 4: ER, KV and AB designed the study. ER conducted the snow simula-
tions and the data analysis. All authors interpreted and discussed the results. ER
wrote the original draft of the manuscript with input from all co-authors. With
support from all co-authors, ER revised the manuscript during peer-review.

Chapter 5: AB and GB drafted the hypothesis of a transient merging of Rhine
flow regimes. AB, GB and ER designed the study. ER conducted the hydrological
simulations and analysed model results. All co-authors provided guidance during
model set-up, model simulations and the analysis of simulation results. All
authors interpreted and discussed results. With input from all co-authors, ER
wrote the original draft of the manuscript and revised the manuscript during
peer-review.

In addition to the above mentioned manuscripts, the author also participated in
the following publications, which are not included in the thesis:

Erwin Rottler, Christoph Kormann, Till Francke and Axel Bronstert: Elevation-
dependent warming in the Swiss Alps 1981–2017: Features, forcings and feedbacks.
International Journal of Climatology, 39: 2556– 2568. https://doi.org/10.1002/
joc.5970, 2019.

https://doi.org/10.1002/joc.5970
https://doi.org/10.1002/joc.5970
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Kristin Vogel, Tobias Sieg, Bernhard Fiedler, Tomas Moran, Madlen Peter, Erwin
Rottler, Georg Veh and Axel Bronstert: Natural Hazards in transition. Earths’s
Future. submitted.





2 | Hydro Explorer: An interactive
web app to investigate changes
in runoff timing and runoff sea-
sonality all over the world

Published as: Erwin Rottler, Klaus Vormoor, Till Francke and Axel Bronstert:
Hydro Explorer: An interactive web app to investigate changes in runoff timing
and runoff seasonality all over the world. River Research and Applications, 1-11,
https://doi.org/10.1002/rra.3772, 2021.

Key points:

• Historic changes in runoff seasonality and runoff timing

• Development of the interactive web app Hydro Explorer

• Investigation of > 7000 discharge time series

• Quick comparison of gauges, regions, methods and time frames

Abstract

Climatic changes and anthropogenic modifications of the river basin or river
network have the potential to fundamentally alter river runoff. In the framework
of this study, we aim to analyse and present historic changes in runoff timing
and runoff seasonality observed at river gauges all over the world. In this
regard, we develop the Hydro Explorer, an interactive web app, which enables
the investigation of > 7000 daily resolution discharge time series from the Global
Runoff Data Centre (GRDC). The interactive nature of the developed web app
allows for a quick comparison of gauges, regions, methods, and time frames. We
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illustrate the available analytical tools by investigating changes in runoff timing
and runoff seasonality in the Rhine River Basin. Since we provide the source code
of the application, existing analytical approaches can be modified, new methods
added, and the tool framework can be re-used to visualise other data sets.

2.1 Introduction

Rivers are important lifelines nourishing communities along their shores. Their
waters inter alia are used for drinking, irrigation, energy production, industry and
transportation. Any change in the total amount or seasonal distribution of water
potentially has serious consequences. Human livelihood often is directly linked to
the water level. Hence, it is crucial to detect changes in river runoff and identify
underlying driving mechanisms. Discharge is measured at a large number of
gauging stations all over the world. However, it often remains rather difficult to
access the data and to quantify possible changes. In addition, as important as the
detection of changes, is the presentation of results in an easily accessible way for
parties in- and outside the scientific community. This is particularly difficult for
larger data sets covering multiple river basins on different continents.

In recent years, the potential of interactive web tools to share information
is increasingly recognised and used by the scientific community. Scientifically
engineered online tools support a very broad spectrum of objectives including
data distribution (Moghadas et al., 2019), the analysis of data (McMurdie and
Holmes, 2014; Brendel et al., 2019), drought monitoring (Zink et al., 2016), teaching
statistics (Doi et al., 2016), data mining (Dunning et al., 2017) or the evaluation
and selection of climate model ensembles (Parding et al., 2020). Often, the open-
source programming language R and the R package ’Shiny’ are used to develop
interactive web content. R fosters open and reproducible science and software is
ideally suited to be re-used, customised and refined (Slater et al., 2019).

In this perspective, the main object of this study is the development of the
Hydro Explorer, an interactive Shiny web application that enables the investigation
of runoff time series from all over the world in terms of changes in runoff timing
and runoff seasonality. Changes in timing or the seasonal distribution of runoff
are excellent indicators of impacts of climate change or modifications of the river
network or watershed (Stewart et al., 2004; Kormann et al., 2015; Schwartz et al.,
2017; Rottler et al., 2020; Brunner et al., 2020a). We aim to provide an interactive
tool that can be used in- and outside the scientific community to explore, learn,
teach and communicate topics related to streamflow, ensure easy accessibility and
re-usability, allow the testing of parameter sensitivity of analytical tools and enable
a straightforward comparison between analytical tools, river gauges, regions and
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Figure 2.1: Availability of GRDC daily resolution discharge time series by
year and continent (status as of May 2019).

time frames. Here, we present the analytical tools available and illustrate the
functionality of the web application by investigating selected gauging station from
the Rhine River Basin in Central Europe.

2.2 Runoff data

In the framework of this study, we focus on the global runoff data set from
the Global Runoff Data Centre (GRDC). GRDC was established in 1988 and is
operating under the patronage of the World Meteorological Organization (WMO)
to foster research on global and climate change. Their unique collection of
discharge time series comprises daily resolution runoff data from more than
7000 gauging stations from all over the world and represents a key data set for
hydrological research. The length of the stored discharge series varies and ranges
from a couple of years to more than 200 years. Most time series are available for
Europe and North America (Fig. 2.1). Updates to GRDC come with delays and
frequencies vary among contributing agencies. Therefore, fewer observations are
available in recent years. The daily resolution discharge data used in the following
analysis was provided by GRDC May 2019.

2.3 Architecture and implementation

The web app was implemented based on the R package ’Shiny’, which offers a
framework for web application development in R (Chang et al., 2019; Slater et al.,
2019). The core of the Hydro Explorer consists of the typical two-file structure of
a Shiny web app (Fig. 2.2). One R-file defines the layout and the appearance
of the web app (ui.R) and another one contains all computational instructions
(server.R). The Hydro Explorer is part of the R package ’meltimr’. The open-source
R package ’meltimr’ including detailed instructions how to install and test the
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Shiny App Hydro Explorer

server.Rui.R

R package meltimr

raster_hydro()

perc_hydro()

mean_hydro()

annmax_hydro()

volu_time()

Analytical functions/tools:

Shiny Server

grdc_meta.R

set_dir.R

read_grdc()

grdc_meta.csv

Percentile graph

Volume timing

Annual Max

Mean graphRaster graph

Layout/Appearance of 
user interface

Computational 
instructions

Meta data from files

Define file paths

Meta data table

Read discharge time 
series selected

Server programm to 
make applications 

available on the web

Data base
Discharge time series 
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6335060_Q_Day.Cmd.txt

6935051_Q_Day.Cmd.txt

6336050_Q_Day.Cmd.txt

6335500_Q_Day.Cmd.txt

6335600_Q_Day.Cmd.txt

Figure 2.2: Architecture and implementation of the Shiny web application
Hydro Explorer.

functionality is available at https://github.com/ERottler/meltimr. All functions
the Hydro Explorer needs are incorporated in this R package. We chose this set-up
to enable easy sharing and installation of the programme code. Existing tools can
be easily modified and new analytical approaches added. All analytical tools also
can be used outside the web app environment.

As a first step in order to use the web app, a table containing meta informa-
tion about all discharge time series located in the data folder (e.g. station name,
gauge location and file path) needs to be compiled (Fig. 2.2). This only has to
be done once, before the first start of the web app (see file grdc_meta.R). The
GRDC discharge data is imported in a later step following the interaction with
the user interface. The separation of the data base from the web app enables
the re-use of the web app with a different set of GRDC runoff data, facilitates
the incorporation of additional data sources and keeps required working mem-
ory at a minimum. To host the web app online, the installation of a shiny
web server is necessary. An example instance of the Hydro Explorer is available
at: http://natriskchange.ad.umwelt.uni-potsdam.de:3838/HydroExplorer/. Re-
sources needed to host the web app are low. A web server with one central
processing unit (CPU) and one gigabyte (GB) of working memory is sufficient, but
may need to be extended if larger traffic, i.e., multiple parallel users, are expected.

2.4 Analytical tools

In the following, we present the selection of analytical tools available within the
Hydro Explorer. The presented tools enable the investigation of daily resolution
discharge time series with regard to changes in runoff timing and runoff seasonal-
ity. Fig. 2.3 presents the user interface of the Hydro Explorer. Fig. 2.4 depicts the
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Short summary of web app Information on data and code availability

Description of analytical tools

Contact information

Interactive map

Layer control

Watershed boundaries

Available gauges

Moveable viewer panel

Download plot

Select analytical tool

Activate interactive options

Figure 2.3: User interface of the Hydro Explorer with call-outs giving infor-
mation about the individual components.

analytical tools and plot types.

2.4.1 Raster graph

A raster graph is a three-dimensional surface plot, where the x-axis is the day
of the year, the y-axis the individual years and the z-axis the daily value of
the investigated variable (e.g streamflow, temperature or snow depth). The
visualisation of the data using raster graphs provides a quick first insight into
the dynamics and processes controlling investigated variable at the selected site
(Koehler, 2004; Strandhagen et al., 2006). This visualisation tool enables the display
of inter- and intra-annual variability in one single figure. A similar visualisation
technique is used in Kormann et al. (2015) to display intra-annnual and elevation-
dependent signals in trends in alpine hydro-climatological data. Within the web
app, the time frame displayed and the start day of the (hydrological) year (e.g. 1.
October or 1. November) can be selected.

2.4.2 Mean graph

Mean annual cycles (or mean annual hydrographs) provide a very good first
insight into runoff seasonality, e.g. due to the build-up and melt of seasonal snow
packs. The Mean graph tool displays mean annual cycles for two selected time
frames. Vertical lines mark days of the year of the annual maximum value. The
time lag between the days of maximum runoff of the two selected time frames
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Figure 2.4: Analytical tools and plot types available within the Hydro Ex-
plorer.

is noted top right (Fig. 2.4). The two time frames compared can be varied. In
addition, a moving average window can be applied to the time series and its
impact on the annual cycles studied.

2.4.3 Volume timing

A frequently applied approach to investigate the timing of (snowmelt) runoff,
is the determination of the day of the year (DOY) a certain fraction of the total
annual volume passes a discharge gauging station (e.g. Stewart et al., 2004, 2005;
Maurer et al., 2007; Déry et al., 2009). The Volume timing tool displays the DOYs
when 25/50/75 % of the total annual runoff were recorded. On top of the panel,
mean DOY and a Theil-Sen estimate of the linear trend are noted for each volume
fraction (Theil, 1950; Sen, 1968; Bronaugh and Werner, 2013). The start day of the
year (e.g. 1.October or 1.November) can be modified interactively within the web
app. Furthermore, the time frame investigated can be varied.



18 HYDRO EXLORER: AN INTERACTIVE WEB APP

2.4.4 Annual maxima

The investigation of annual runoff maxima represents a common approach to
assess changes in flood characteristics (e.g. Petrow and Merz, 2009; Hall and
Blöschl, 2018; Kemter et al., 2020). Annual Max enables the investigation of
changes in timing and magnitudes of runoff maxima. Within the Hydro Explorer,
the annual maxima characteristic of interest can be selected via a drop-down
menu choosing ’Day of the year’ or ’Magnitude’. Furthermore, the investigation
of monthly maxima is possible (’Trend monthly maxima’). Linear trend estimates
based on the Theil-Sen approach are noted top right. Within the web app, the
start day of the year can be modified and the determination of maximum values
for selected months of the year (e.g. seasonal) conducted.

2.4.5 Percentile graph

The Percentile graph enables the investigation of changes in quantile values over
time. Changes in low, mean and high flows can be investigated. Quantile values
are estimated on a monthly level based on all daily values of a month. In a 50-year
time window, for example, quantile values for January are based on 50 times
31 values. Quantiles are estimated empirically based on type 8 of the function
’quantile’ in the R environment, as recommended by Hyndman and Fan (1996).
Two plot options are available: ’Line plot’ and ’Image plot’. For the selection ’Line
plot’, quantiles values of individual probability levels (e.g. 0.75 or 0.90) for two
selected time frames are compared. The ’Image plot’ option shows the difference
in quantile values between the two selected time frames for all probability levels,
i.e. 0.01 - 0.99 sorted along the y-axis.

2.4.6 Further options

River gauging stations can be filtered according to data availability and location
(see option Filter stations). Furthermore, watershed boundaries derived based
on the HydroSHEDS drainage network (Lehner, 2012) can be visualised via the
layer control on the bottom left (Fig. 2.3). A short summary, a description of
the analytical tools, information about the data and code availability and contact
information also are included into the web app (Fig. 2.3).

2.5 Example of use

In the following, we illustrate the functionality of the analytical tools using
examples from the Rhine River Basin (Fig. 2.5 and Tab. 2.1). The Rhine River
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Figure 2.5: Topographic map of the Rhine River Basin until gauge Worms
with selected gauges and sub-basins used to illustrated the func-
tionalities of the Hydro Explorer.

stretches from the European Alps in the south to the North Sea and is the second
largest river in Central Europe (Middelkoop et al., 2001; Belz et al., 2007; Stahl
et al., 2016). Snow and glacier melt dominate runoff in the Alpine part of the basin,
rainfall-runoff processes dominate the runoff regimes of important tributaries such
as Neckar, Moselle and Main. The Middle and Lower Rhine River is characterised
by a complex flow regime (Belz et al., 2007; Stahl et al., 2016). Time frame
investigated, i.e., 1919 to 2016, corresponds to the maximum common time period
of selected river gauges.

2.5.1 Raster graph

We use the raster graph tool to investigate the runoff seasonality at the two Swiss
gauges Diepoldsau and Gsteig (Fig. 2.5). Gauge Diepoldsau is located at the
Alpine Rhine just upstream Lake Constance, Gsteig gauging station is located in
the southern part of the Aare River. In the Alpine Rhine Basin, numerous large
reservoir lakes for hydropower have been constructed since the 1960s (Wildenhahn
and Klaholz, 1996; Bosshard et al., 2013). There are no large reservoir lakes for
hydropower production upstream gauge Gsteig. At both gauges, the raster graphs
hint at a strong runoff seasonality with low/high runoff during winter/summer
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Table 2.1: River gauges selected: Station name, associated river, location
(WGS 84), catchment area, mean runoff (MQ).

Name River Latitude Longitude Area [km²] MQ [m³/s]
Diepoldsau Rhine 47.383 9.6409 6.19 · 103 230.36

Gsteig Lutschine 46.664 7.8715 3.79 · 102 18.89
Murgenthal Aare 47.267 7.8306 1.01 · 104 285.78
Emmenmatt Emme 46.955 7.7488 4.43 · 102 11.85
Plochingen Neckar 48.707 9.4190 4.00 · 103 46.95

Stein Kocher 49.258 9.2871 1.93 · 103 22.20

(Fig.2.6 a and b). River runoff at gauges Diepoldsau and Gsteig seems to be
dominated by the build up and melt of a seasonal alpine snow cover. Furthermore,
a diagonal pattern is imprinted at gauge Diepoldsau since the 1960s. This is
a typical signal of high-head hydropower generation with reservoir lakes (e.g.,
Meile et al., 2011; Pérez Ciria et al., 2019; Rottler et al., 2020). Along with higher
energy consumption and hydropower production, more runoff is recorded during
the week compared to the weekend. As the days of the weeks shift over time, a
diagonal pattern shows up in the raster graph. The example presented shows that
the visualisation of discharge time series as raster graph is well suitable to get a
first quick insight into important runoff characteristics.

2.5.2 Volume timing

We also use the two Swiss gauges Diepoldsau and Gsteig to illustrate the func-
tionality of the analytical tool Volume timing. At gauge Diepoldsau, the timing of
the annual runoff fractions shifts towards the beginning of the hydrological year
(Fig. 2.6 c). The first 25 % of discharge are recorded more than 60 days earlier.
The DOY recording the centre of volume, i.e., 50 % of the annual runoff, occurs
almost 20 days earlier. We attribute detected changes at gauge Diepoldsau mainly
to the construction and operation of reservoirs, as hydropower production using
large reservoir lakes redistributes runoff from summer to winter (Verbunt et al.,
2005; Belz et al., 2007; Bosshard et al., 2013). In contrast, for gauge Gsteig, which
has no large reservoir lakes for hydropower production upstream, linear trend
estimates hint at little to no changes in the timing of runoff fractions (Fig.2.6 d).
The investigation of annual runoff fractions (e.g. centre of volume) can give a good
insight into changes in the seasonal redistribution of water. However, caution has
to be exercised interpreting changes, as the sensitivity of this indicator can vary
across the year and be influenced by other flow components (Whitfield, 2013).
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Figure 2.6: Raster graphs and changes in timing of annual runoff fractions
for discharge measured at gauges Diepoldsau (a and b) and
Gsteig (c and d) for the time frame 1919-2016.

2.5.3 Annual maxima

In order to introduce the analytical tool Annual Max, we investigate the timing of
runoff maxima observed at gauge Diepoldsau and Gsteig. We compare changes in
the timing of annual runoff maxima (determined between January and December)
with changes in the timing of runoff maxima determined between January to
August. The variation of months included into the quantification of runoff maxima
can help to assess the robustness of trends in the timing of runoff maxima and
supports the attribution of detected signals. In the example presented, we exclude
months at the end of the year (September to December), where snowmelt only
plays a marginal role for runoff generation. The resulting shorter period (Januar
to August) includes all important changes related to snowmelt. The comparison
of the two periods allows for assessing signal robustness and the potential impact
of an earlier snowmelt-runoff timing on the trends in the timing of annual runoff
maxima.

The analysis of annual runoff maxima (January to December) at gauge Diepold-
sau indicates that annual peak values occur about three weeks earlier in recent
years compared to the beginning of the time frame investigated (Fig. 2.7 a).
However, when only taking the months January to August into account, no shift
forward in time can be detected (Fig. 2.7 b). The attribution of an earlier annual
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Figure 2.7: Changes in timing of annual runoff maxima for gauge Diepold-
sau taking all months into account (a) and only values from
January to August (b). Time frame investigated: 1919-2016.

peak flow timing at gauge Diepoldsau (Fig. 2.7 a) to an earlier onset of snowmelt
does not seem to be tenable. At gauge Gsteig, runoff peaks show the tendency
to occur later in the year in more recent decades (Fig. 2.7 c). This tendency is
enhanced when only taking the months January to August into account (Fig. 2.7
d). Our results point at the sensitivity of trends in the timing of peak discharges
to the months included into the analysis. At both gauges, snowmelt seems to
dominate runoff. However, the exclusion of months outside the snowmelt season
from the analysis strongly affects the trend in timing of runoff peaks. This under-
lines that linear trends in runoff timing should always be interpreted with respect
to the choices made for the analysis (i.e. selection of time frames, seasons, and
stations).

2.5.4 Percentile graph

In order to illustrate the functionality of the analytical tool Percentile graph, we
calculate runoff quantiles for gauges Murgenthal and Emmenmatt. Gauge Mur-
genthal is located in the South-East of the Rhine Basin at the Aare River. At gauge
Emmenmatt, runoff of the Emme River, a tributary of the Aare River, is measured
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Figure 2.8: Percentile graph for the gauges Murgenthal (a) and Emmenmatt
(b) comparing the time frames 1919-1967 and 1968-2016.

(Fig. 2.5). We estimate quantiles empirically for the probability level 0.8 (80 %
of observed values are below determined threshold) on a monthly level taking
all daily values into account. We compare values between the two time frames
1919-1967 and 1968-2016 (Fig. 2.8 a and b). The time frames compared represent
the first and second half to the maximum common time period of all river gauges
selected (Tab. 2.1). Selecting the visualisation option ’Image plot’ within the tool,
the differences in quantile values for all probability levels (0.01-0.99) and months
are displayed (Fig. 2.8 c and d). At gauge Murgenthal, we detect increasing
quantile values for high probability levels for spring and summer (Fig. 2.8 c).
At the same time, decreasing values show up for lower probability levels. At
Emmenmatt, a similar, but less pronounced signal appears. We suspect changes in
precipitation characteristics to contribute to detected changes in runoff quantiles.
However, also changes in snowmelt and the impact of anthropogenic modifica-
tions of the river network, e.g. the numerous hydropower installations and the
Jura water corrections (Wetter et al., 2011; Bodemann and Pfammatter, 2015), need
to be considered. In order to pin down the underlying mechanisms causing the
detected signals in river runoff, detailed analyses of precipitation and snowmelt
are required.

2.5.5 Mean graph

Using the analytical tool Mean graph, we compare annual cycles for the two time
frames 1919-1967 and 1968-2016 and assess the impact of data aggregation prior to
the calculation of mean annual cycles. The time frame 1919 to 2016 represents the



24 HYDRO EXLORER: AN INTERACTIVE WEB APP

maximum time period of all river gauges selected (Tab. 2.1). Gauges investigated,
i.e., Plochingen and Stein, are located in the catchment of the Neckar River, one
of the main tributaries of the Rhine River (Fig. 2.5). In contrast to the runoff
seasonality in Alpine catchments, the Neckar River has a pluvial runoff regime
with high runoff during winter and low runoff during summer (Fig. 2.9). Before
the calculation of the mean annual cycles, we apply a 0-day, a 30-day or a 90-day
moving average filter on the time series. The application of moving average filters
has a strong smoothing effect on the annual cycles and affects the time lag between
the maximum values of the two time frames. Furthermore, our analyses hint at
more runoff in the second, more recent time window (1968-2016), particularly
during winter. Studies investigating possible future runoff conditions in similar
hydro-climatological settings hint at the possibility of a further increase in runoff,
particularly during winter (e.g. Wolf, 2003; Pfister et al., 2004; Menzel et al., 2006;
Bosshard et al., 2014).

2.6 Conclusion

The Shiny web app Hydro Explorer proved to be well suited to investigate large
discharge data sets with regard to changes in runoff timing and runoff seasonality
in an interactive way. The presented set of analytical tools enables a quick yet
comprehensive investigation of daily discharge time series. We find that for the
assessment of signal robustness, the ability to easily compare results of different
methods, gauges, regions and time frames is crucial. We exemplary investigate
a small selection of river gauges in the Rhine River Basin. The global coverage
of the underlying GRDC discharge data set enables the exploration of a great
diversity of river systems ranging from arid to tropical, from natural to controlled
by human activities and from small catchments of only a few square kilometres
to the largest basin on the globe.

The implementation of the Hydro Explorer as a free and open-source software
embedded in an R package provides access to the programme code and enables
the re-usage and modification of existing structures. The software architecture
facilitates the incorporation of additional data source and keeps working memory
at a minimum. The Hydro Explorer can serve as powerful tool in- and outside
the scientific community to explore, learn, teach and communicate water related
issues. An application and re-use of the Hydro Explorer in academic teaching at
university (e.g. for demonstrating hydrological concepts), environmental research
(e.g. for the assessment of changes in riverine habitats) as well as water related
industrial sectors (e.g. in hydropower production) is conceivable. Moreover, when
maintained at a public server, it also opens up a low-threshold entry point for
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Figure 2.9: Mean annual cycles of discharge for gauges Plochingen and
Stein. Before the calculation of mean annual cycles no (a and b),
a 30-day (b and c) or a 90-day (e and f) moving average filter is
applied.



26 HYDRO EXLORER: AN INTERACTIVE WEB APP

quick insights into properties of runoff regimes to private persons in riparian
communities. Climatic changes and human activities can fundamentally alter
river runoff. A close investigation and understanding of underlying processes is
of great importance. Next steps in the development of the Hydro Explorer could
be the incorporation of additional analytical tools and the application to other
hydro-climatological data sets.

Software and data availability

An example instance of the web app is available at http://natriskchange.ad.
umwelt.uni-potsdam.de:3838/HydroExplorer/. Source code and instructions
on how to use and modify the web app can be found at https://github.com/
ERottler/meltimr. Discharge data and watershed boundaries can be requested
from the Global Runoff Data Centre, 56068 Koblenz, Germany (GRDC).
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Keypoints:

• Set of analytical tools to investigate hydro-climatic time series

• Combination of quantile sampling with moving average trend statistics and
empirical mode decomposition

• Long-term changes in river runoff (pluvial, nival and mixed flow regimes)

• Impacts of changes in snow cover and precipitation along with reservoir
constructions

Abstract

Recent climatic changes have the potential to severely alter river runoff, partic-
ularly in snow-dominated river basins. Effects of changing snow covers super-
impose with changes in precipitation and anthropogenic modifications of the
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watershed and river network. In the attempt to identify and disentangle long-term
effects of different mechanisms, we employ a set of analytical tools to extract
long-term changes in river runoff at high resolution. We combine quantile sam-
pling with moving average trend statistics and empirical mode decomposition and
apply these tools to discharge data recorded along rivers with nival, pluvial and
mixed flow regimes as well as temperature and precipitation data covering the
time frame 1869-2016. With a focus on central Europe, we analyse the long-term
impact of snow cover and precipitation changes along with their interaction with
reservoir constructions.

Our results show that runoff seasonality of snow-dominated rivers decreases.
Runoff increases in winter and spring, while discharge decreases in summer
and at the beginning of autumn. We attribute this redistribution of annual flow
mainly to reservoir constructions in the Alpine ridge. During the course of the last
century, large fractions of the Alpine rivers were dammed to produce hydropower.
In recent decades, runoff changes induced by reservoir constructions seem to
overlap with changes in snow cover. We suggest that Alpine signals propagate
downstream and affect runoff far outside the Alpine area in river segments with
mixed flow regimes. Furthermore, our results hint at more (intense) rainfall
in recent decades. Detected increases in high discharge can be traced back to
corresponding changes in precipitation.

3.1 Introduction

In many regions of the world, rivers constitute essential lifelines and form the basis
of human livelihood. However, recent climate changes may severely affect the
hydrological cycle and jeopardize the functional diversity of river systems. Most
severe changes are expected to occur in snow-dominated river basins. In a warmer
world, snow cover characteristics and snowmelt contribution to river runoff will
change fundamentally. Rising temperatures are expected to cause less winter
precipitation to fall as snow and existing snow covers to melt earlier in spring
(Barnett et al., 2005; Simpkins, 2018; Kormann et al., 2015; Birsan et al., 2005).
Recent studies suggest that rainfall amount and the number of extreme rainfall
events increase due to warmer air holding more water along with enhanced
evaporation (Lehmann et al., 2015; Coumou and Rahmstorf, 2012; Mueller and
Pfister, 2011). Investigating changes in features of snowpack and snowmelt for
key mountain regions, Stewart (2009) summarizes "that both temperature and
precipitation increases to date have impacted mountain snowpacks" already. For
the Rhine River, one of the most important rivers in Europe, Stahl et al. (2016)
indicate that "the influence of climate change is visible particularly in the temporal
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shifts of seasonal minima and maxima of the hydrological regimes of snow and
glacier melt dominated alpine headwater catchments."

In addition to changes in snowpacks and precipitation, anthropogenic modi-
fications of land surface, subsurface properties and the river network alter river
runoff. During the 20th century, more than 45 000 large dams were constructed
around the world (Word Commision on Dams, 2000). Also in the Rhine River
basin, human activities change runoff with regard to amount, its temporal distri-
bution as well as water quality (Wildenhahn and Klaholz, 1996; Belz et al., 2007;
Wildi et al., 2004).

The current knowledge of how climatic changes and changing watershed
properties impact river runoff comes largely from instrumental records of hydro-
climatic variables, particularly temperature, precipitation and runoff. Birsan et al.
(2005) state that "as a spatially integrated variable streamflow is more appealing
for detecting regional trends than point measurements of precipitation which is
highly variable in space and time", but also point out that watershed properties
and their changes over time constitute an "obvious complication in interpreting
trends in streamflow data." In addition, quality and length of recorded time series
often are insufficient to identify and disentangle effects of the various mechanisms.
A sufficient length of the time series inter alia is crucial to be able to distinguish
between natural climate variability and signals of climate change. Variability
of large-scale atmospheric flow on annual to multi-decadal scales, for example,
can cause variations in hydro-climatic data, which can either counterbalance
or reinforce signals of long-term changes (Hanson et al., 2006; Frei et al., 2000;
Kerr, 2000; Scherrer et al., 2016). Studies preparing and investigating long time
series of high quality are of great importance and form the basis of our current
understanding of features and magnitudes of recent climatic changes (e.g. Vincent
et al., 2002; Begert et al., 2005; Schmidli and Frei, 2005; Moberg et al., 2006; Scherrer
et al., 2016). Often, simple linear regression approaches are applied to assess
characteristics of climatic changes. One frequently used analytical tool in this
regard is the robust non-parametric Mann-Kendall trend test (Kendall, 1975; Theil,
1950; Sen, 1968). However, restricting the assessment to linear trends only is hard
to justify. The potential of more detailed analyses with regard to seasons, moving
time windows (e.g. Kormann et al. (2015)) or quantiles of the target variable have
hardly been tapped. To further consolidate and extend findings obtained so far,
new sets of analytical tools to extract information stored in this time series need
to be developed, tested and applied on climatological and hydrological records.

Our study aims at a better understanding of long-term changes in river runoff
and identifying potential underlying driving mechanisms, by analysing daily
resolution hydro-climatic time series recorded in central Europe between 1869
and 2016. We assess long-term changes in a highly resolved manner by com-
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bining quantile sampling, moving average trend statistics and empirical mode
decomposition. The two main research question we want to address are the
following:

• What is the long-term impact of changes in snow cover on river runoff?

• How do runoff changes induced by changes in snow cover compare with
changes caused by reservoir constructions and changes in precipitation?

3.2 Study area and data

We investigate discharge time series from four gauging stations (Fig. 3.1 and
Tab. 3.1). The depicted gauges stand out by the exceptional length of their
records and represent different types of flow regimes: nival, pluvial and complex.
Gauge Wasserburg is located at the Inn River in Upper Bavaria, Germany. The
Inn River is a right tributary of the Danube. The river´s source is located in the
Swiss Alps and most of its drainage area (1.20 · 104 km² until gauge Wasserburg)
possesses high Alpine character. The other three gauges investigated, namely
Basel, Würzburg and Cologne, are located in the Rhine River basin. The Rhine
River is one of the largest rivers in Europe. It is a heavily used waterway and
livelihood for the region. At gauge Basel, river runoff is dominated by snowmelt
and rainfall runoff from the Alps. Gauge Würzburg is located at the Main River
in northern Bavaria, Germany. The Main river is a right tributary of the Rhine
river. The catchment area until gauge Wuerzburg is 1.40 · 104 km². The city of
Cologne is the largest city along the Rhine River and located in the Lower Rhine
region after the confluences with all major tributaries. Until Cologne, the Rhine
river drains an area of 1.44 · 105 km². For all selected gauges, discharge data at
daily resolution have been available since at least 1869. For gauge Basel, statistical
tests on daily runoff means conducted by Pfister et al. (2006) show that measured
discharge is homogeneous since 1869 (digitally available part of the time series);
i.e. the values are free of anthropogenic effects such as change in instrumentation,
change in daily recording frequency or lowering of the river bed (Pfister et al.,
2006). Other gauging stations investigated are part of the hydrometric observation
network of the water authorities in Germany. Recordings are regularly checked to
ensure high quality and reliability. Discharge time series were obtained from the
Global Runoff Data Centre (GRDC). Data from the GRDC were used as-is without
any further treatment. Elevation distributions and monthly Pardé coefficients for
investigated river basins are presented in the appendix (Fig. 3.6).
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Figure 3.1: Topographic map of the study area with the locations of river
gauges, river basins and meteorological stations.
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Furthermore, we analyse daily resolution temperature and precipitation data
provided by the Federal Office of Meteorology and Climatology of Switzerland
(MeteoSwiss). At MeteoSwiss, a standardized homogenization procedure is ap-
plied to a set of monthly temperature and precipitation time series (Begert et al.,
2005). During this homogenization procedure attained monthly correction values
are also applied on daily resolution data. The homogenization of long climato-
logical time series is necessary to correct for non-climatic factors influencing the
data. Currently, homogenized daily temperature/precipitation data are available
for 28/73 stations. In the following, we focus on meteorological stations where
both temperature and precipitation data have been available since at least 1869
and there is no gap in the data longer than 60 days. In total, nine stations fulfil
these criteria. Results of the three most prominent stations are displayed and
discussed in the main paper (Fig. 3.1 and Tab. 3.1), information on (Tab. 3.3) and
results of (Fig. 3.9) the remaining stations are given in the Appendix. These strict
selection criteria with regard to data length and quality strongly limit the number
of recordings suitable for analysis. However, even if a smaller database can reduce
the significance of attained results, this is a trade-off we need to accept. Only with
recordings having sufficient length and quality, can we ensure that the advantages
of the proposed analytical tools described in the following chapter can take effect.

3.3 Methods

To detect long-term changes in the investigated hydro-climatic data, we combine
quantile sampling with moving average trend statistics and empirical mode de-
composition (EMD). The selected analytical tools and their combined application
to daily time series enable a highly resolved investigation of changes throughout
the investigated time frame. The analysis is divided into four steps. Each analysis
step complements and extends the information of the previous one, so that step
by step, a comprehensive picture of long-term changes takes shape (Fig. 3.3). A
list of all abbreviations and acronyms used can be found in the Appendix (Tab.
3.4).

3.3.1 Seasonality of river runoff

To investigate the seasonality of river runoff, we estimate quantiles on a daily basis
(QDAY). For every day of the year (DOY), we take all available measurements (i.e.
148 daily values for the period 1869-2016) and calculate QDAYs empirically for
probabilities ranging from 0.01 to 0.99. In the framework of this study, quantiles
are calculated as the k−1/3

n+1/3 plotting position, with n as the sample size and k =
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Figure 3.2: Discharge recordings from gauges Wasserburg (a) and Cologne
(b) and measurements from all 1.February / 1.June days for gauge
Wasserburg / Cologne after applying a 30-day moving average
filter over the entire time series (c, d). The robust Theil-Sen
trend estimator and the Mann-Kendall trend test were applied to
assess the magnitude and the significance of the linear trends (red
line). The CEEMDAN residual is used to extract the non-linear
evolution of the trend (blue curve).

1,....n being the rank (e.g. Hyndman and Fan, 1996). This approach corresponds
to type 8 of the ’quantile’ function in the R environment (R Core Team, 2019).

3.3.2 Changes in seasonality

In order to get a first insight into changes in runoff seasonality, we estimate
quantiles from and within a 30 day moving window (QMOV). QMOV operates
on discharge data and is independent of previously computed QDAYs. Quantiles
are calculated for probabilities between 0.01 and 0.99. The results are continuous
quantile time series for each discharge series (Fig. 3.3). To assess the temporal evo-
lution of these values over the observation period, we employ trend analysis. We
calculate trend magnitudes of QMOV using the robust Theil-Sen trend estimator
(TST) on a daily basis for all quantiles. Since the computation of the trend uses
the values of the same DOY of successive years, auto-correlation should not be of
any concern. Within the linear regression approach of the TST, trend magnitudes
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Figure 3.3: Schematic overview of analytical tools used to detect long-term
changes in hydro-climatological time series. The analysis of
discharge data is subdivided into four steps, where each step com-
plements and extends the information acquired in the previous
step.

are estimated as the median slope of ranked data values (Theil, 1950; Sen, 1968;
Bronaugh and Werner, 2013).

3.3.3 Onset and evolution of changes

The use of linear trends to quantify the temporal evolution of hydro-climatic
variables often lacks physical justification. The respective signals are likely to be
non-linear (Fig. 3.2 c and d). Even when using parametric functions for capturing
the non-linear behaviour, e.g. exponential or power-law functions, it is not guar-
anteed that results will reflect the actual characteristics of underlying processes
in the data. An adaptive approach, which does not require a predetermined
basis function, is required to get a more flexible characterization of the trend. We
employ EMD for this purpose. EMD is an empirical, direct and adaptive method
to analyse non-linear trends. It decomposes the signal into oscillatory modes and
provides a powerful tool to separate short timescale signals from a general trend
(Wu et al., 2007; Huang et al., 1998; Luukko et al., 2016; Huang et al., 1999). To
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avoid mode mixing issues, we performed EMD on an ensemble of the initial data
signal: ensemble EMD (EEMD) (Wu and Huang, 2009). Each ensemble member
is perturbed by low-amplitude white noise and the results are averaged at the
end of the computations. To keep the characteristics of a complete decomposition,
i.e. all extracted intrinsic mode functions (IMFs) sum up to the original signal,
the averaging process is carried out separately for each IMF component (Torres
et al., 2011). This extension results in a complete EEMD with additive noise
(CEEMDAN). We use an ensemble of 10000 members, a noise strength of 0.5 times
the standard deviation of the input signal, and R package ’Rlibeemd’ (Luukko
et al., 2016) to perform CEEMDAN. The residual of CEEMDAN "can be used to
represent the intrinsic trend of the data" (Luukko et al., 2016).

We assess these residuals for discharge, temperature and precipitation on a
daily basis after calculating moving average values within a window with a width
of 30 days for discharge and temperature and a width of 90 days for precipitation.
Testing different window sizes, commonly used monthly (30) and seasonal (90)
values proved to be a good compromise between robustness of the signal and
preservation of signal variability. To make results of different days comparable, we
centre each residual by subtracting its mean. To enable the comparison between
CEEMDAN residuals and more commonly used linear approaches, we assess,
whether the non-parametric Mann-Kendall trend test (MK) detects statistical
significant monotonic trends in the data CEEMDAN was applied to (α = 0.05)
(Mann, 1945; Kendall, 1975). Days with significant monotonic changes are marked
with points on top of the respective plot panels (third column in Fig. 3.4 and
columns one and three in Fig. 3.5).

3.3.4 Changes in quantiles

Furthermore, we investigate changes in quantile magnitudes over time. Therefore,
quantiles are estimated on an annual level (QYEA) (Fig. 3.3). The temporal
evolution of QYEAs over the investigated time frame is assessed by applying
CEEMDAN. In the case of precipitation, we only use values from ’rainy days’ (i.e.
precipitation > 1 mm). The MK test serves to assess the significance of the trends
(marked with points on top of the panel (see section 3.3.3)).

3.4 Results

3.4.1 Seasonality of river runoff

Runoff recorded at gauges Wasserburg and Basel is highly seasonal with high/low
runoff during summer/winter (Fig. 3.4 a1, b1). Compared to gauge Wasserburg,
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Figure 3.4: Seasonality of river runoff, change in seasonality, onset and
evolution of changes and changes in quantiles for discharge
measured at gauges Wasserburg (a), Basel (b), Cologne (c) and
Würzburg (d). Isolines in left panels ’1. Seasonality of runoff’ in-
dicate quantiles for probabilities 0.1, 0.5 and 0.9 determined over
the entire time series using all available measurements. Points on
top of the panels (two right columns) indicate days/probabilities
with significant changes according to the Mann-Kendall trend
test. Time frame investigated: 1869-2016.

more runoff is recorded at Basel during winter, i.e. the contrast between sum-
mer and winter is less pronounced. At gauge Wasserburg, very high discharge
values are almost solely recorded between the months of May and September.
Conversely, at gauge Basel, days with very high runoff show up throughout the
year. Downstream from gauge Basel, runoff from rain-dominated tributaries such
as the Neckar, Main and Mosel blend with Alpine runoff (see gauge Cologne
Fig. 3.4 c1). Rainfall-runoff-dominated basins are characterized by high discharge
during winter and the beginning of spring and low discharge in summer, as seen
for Würzburg (Fig. 3.4 d1).

3.4.2 Changes in seasonality

At gauges Wasserburg and Basel, runoff increases during winter and spring for
all quantiles, while it decreases during summer and at the beginning of autumn
(Fig. 3.4 a2, b2). This corresponds to a reduction in runoff seasonality. A very
similar overall pattern of changes in runoff can be detected at gauge Cologne:
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Figure 3.5: Onset and evolution of changes and changes in quantiles for
temperature and precipitation measured at stations Bern (a),
Basel (b) and Zurich (c). Points on top of the panels indi-
cate days/probabilities with significant changes according to the
Mann-Kendall trend test. Time frame investigated: 1869-2016.

runoff increases during winter and spring and decreases during summer and
autumn (Fig. 3.4 c2). In contrast, at gauge Würzburg, discharge quantiles increase
throughout, except for high levels at the end of February and March (Fig. 3.4
d2). Similarly to gauges Basel and Cologne, the strongest increases occur during
winter.

3.4.3 Onset and evolution of changes

At gauge Wasserburg, pronounced changes in seasonality started in the second
half of the 20th century during the 1960s (Fig. 3.4 a3). In contrast, changes at
gauge Basel seem to be more gradual and starting earlier in the investigated
time period already (Fig. 3.4 b3). At gauge Würzburg, a clear onset of change
cannot be detected (Fig. 3.4 d3), however, increases seem to be more uniform
and enhanced in recent decades. Patterns of change from snowmelt and rainfall-
runoff-dominated tributaries overlap at gauge Cologne (Fig. 3.4 c3).

Looking at the respective evolution of potential drivers, temperatures contin-
uously increased throughout the year (Fig. 3.5 a1, b1, c1). Similar amplitude
and interannual patterns are apparent in the three time series. The amount of
precipitation increases in recent decades, particularly during winter (Fig. 3.5 a3,
b3, c3). The MK trend test detects significant monotonic increases/decrease in
runoff during winter/summer for gauges Wasserburg and Basel (Fig. 3.4 a3, b3).
For temperature, the MK detects significant increases throughout the year (Fig.
3.5 a1, b1, c1). Precipitation increases significantly during winter (Fig. 3.5 a3, b3,
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c3).

3.4.4 Changes in quantiles

Since the 1960s, QYEAs have strongly increased/decreased at levels below/above
0.6 at gauge Wasserburg (Fig. 3.4 a4). These changes in QYEAs correspond to
the strong decrease in seasonality in recent decades (see section 3.4.2): runoff
diminishes in summer and increases in winter. Likewise, at gauge Basel lower
QYEAs (levels < 0.6) increase and higher QYEAs (levels 0.6 - 0.8) decrease (Fig. 3.4
b4). However, the onset of changes is earlier and changes are smoother compared
to detected signals at gauge Wasserburg. Particularly changes in low QYEAs start
to increase at the beginning of the investigated time frame already. In contrast
to results from gauge Wasserburg, QYEAs at the highest levels (> 0.8) have been
increasing at gauge Basel since the 1960s (Fig. 3.4 b4). QYEAs from gauge
Würzburg increase over the entire range investigated (Fig. 3.4 d4). Changes in
QYEAs below a level of approximately 0.6 occur earlier and are smoother than
for higher levels. There, the increases have been enhanced in recent decades.
At gauge Cologne, high QYEAs have increased in recent decades (Fig. 3.4 c4),
making it similar to findings from gauges Basel and Würzburg. Also the lower
QYEAs have experienced an increase. This increase, however, is not a gradual
one over the entire time frame, but is rather a U-shaped process (decline until the
1940s, then increase).

For precipitation, similar pattern seem to show up. Increasing QYEAs hint
at more (intense) rainfall in recent decades (Fig. 3.5 a4, b4, c4). Increases in
QYEAs in temperature seem to occur earlier and seem to be enhanced at lower
temperatures (Fig. 3.5 a2, b2, c2). Changes in quantiles for individual seasons are
given in the Appendix (Fig. 3.7 and Fig. 3.8). At gauge Wasserburg, changes in
QYEAs are significant according to the MK (Fig. 3.4 a4). The more a trend pattern
deviates from a monotonic increase and more U-shaped signals emerge, the more
often the MK results in non-significant p values. The main results depicted in Fig.
3.4 are summarized in Tab. 3.2.

3.5 Discussions

3.5.1 Seasonality of river runoff

Runoff at gauge Wasserburg is dominated by the accumulation and depletion
of a seasonal snowpacks. The intra-annual variability of runoff is very high and
high flows mainly occur during the snowmelt season and during summer, when
higher temperatures enable liquid precipitation in large fractions of the catchment
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(Fig. 3.4 a1). There are no bigger lakes that could attenuate flood or low-flow
events generated in the basin. In comparison, large lakes constitute an important
element of the Rhine River basin until gauge Basel. Furthermore, large parts
of the basin are sub-Alpine terrain. As a result, liquid rainfall is an important
streamflow component throughout the year and runoff less seasonal compared to
gauge Wasserburg (Stahl et al., 2016). A detailed overview of hydrological regimes
in Switzerland and their characteristics can inter alia be found in Weingartner
and Aschwanden (1992) or Speich et al. (2015). Reconstructing the largest flood
events in the High Rhine basin since 1268, Wetter et al. (2011) indicate that about
half of all major floods occur during summer. Flood events during summer
usually are the result of high baseflow due to a melting Alpine snow cover
superimposing with heavy rainfall (Wetter et al., 2011). Extreme flood events
during autumn, winter and spring often are caused by long-lasting precipitation
events coinciding with strong snowmelt due to rain on snow (RoS) and/or a
temporary temperature increase (Wetter et al., 2011; Schmocker-Fackel and Naef,
2010). For higher-elevated river basins, RoS events play an important role in
runoff formation (Sui and Koehler, 2001; Merz and Blöschl, 2003). The RoS flood
that occurred in the Bernese Alps, Switzerland in October 2011 showed how
damaging these kinds of events can be (Rössler et al., 2014). Another example
is the RoS events from January 2011, where rainfall released vast amounts of
water stored in a temporary snow cover and caused RoS-driven flood events in
whole central Europe (Freudiger et al., 2014). However, the importance of different
flood-generating mechanisms is changing with recent climatic changes (see e.g.
Blöschl et al. (2017, 2019); Berghuijs et al. (2019)).

Even though about one-third of the runoff in the Main River originates from
snowmelt (Stahl et al., 2016), there is only little impact of snow accumulation and
melt on the seasonal distribution of discharge. It seems that low temperatures
rarely prevail long enough to enable the accumulation and preservation of snow
over a longer period. Runoff is dominated by large-scale rainfall events occurring
in winter and increased evapotranspiration during summer (Fig. 3.4 d1). At
gauge Cologne, we have the situation of superimposing nival and pluvial runoff
components (Fig. 3.4 c1). This overlap results in a more uniform seasonal
distribution of discharge. High QDAYs are higher during winter, whereas low
QDAYs are higher during summer (Fig. 3.4 c1). This reversal in the seasonal
distribution hints at the importance of different flow components for different
flow situations. Runoff due to large-scale rainfall events over the middle and
lower parts of the catchment are important for high discharge values, particularly
during winter. During summer, snowmelt and glacier melt from the Alpine part
of the basin play an important role in the sustenance of runoff in the lower reaches
of the Rhine River (Stahl et al., 2016).
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3.5.2 Changes in seasonality

In the snow-dominated river basins Wasserburg and Basel, the seasonality of river
runoff decreases over the investigated time frame. For the increasing runoff values
during winter and early spring, several mechanisms have to be taken into account.
First of all, changes in the Alpine snow cover have to be considered. In recent
decades, rising temperatures have caused less snow accumulation during winter
(Laternser and Schneebeli, 2003; Marty, 2008; Scherrer et al., 2004; Wielke et al.,
2004; Marty et al., 2017). Thus, a greater fraction of total precipitation is liquid
and reaches the river system without being stored in snowpacks. In addition, the
frequency of days with temperatures above 0 °C increases, causing parts of any
existing snow cover to melt (Scheifinger et al., 2003; Kreyling and Henry, 2011;
Zubler et al., 2014; Schädler and Weingartner, 2010). Rising temperatures also
result in shorter snow duration, where "shorter snow duration is mainly caused by
earlier snow melting in spring than by later first snowfalls in autumn" (Laternser
and Schneebeli, 2003). The earlier onset of snow melt in spring represents a
much-noticed effect of rising temperatures on Alpine river runoff (e.g. Kormann
et al., 2015; Birsan et al., 2005; Stewart, 2009).

Less snow accumulation during the preceding winter results in lower dis-
charges during the following melting period, i.e. late spring and early summer.
Furthermore, recent studies suggest that rising temperatures might lead to a
reduction in snowmelt rates (Musselman et al., 2017; Wu et al., 2018). "Slower
snowmelt in a warmer world may decrease the likelihood that wetness thresh-
olds that permit hydrologic connectivity will be exceeded, leading to spring and
summer streamflow declines and lower runoff efficiency" (Musselman et al., 2017).

Changes in the liquid/solid fraction of precipitation overlap with changes in
the total amount of rainfall. We observed increased rainfall during winter for all
stations investigated. Likewise, numerous other studies point at a recent increase
in precipitation, particularly during winter (e.g. Begert et al., 2005; Scherrer et al.,
2016; Frei and Schär, 2001). However, increasing catchment evaporation due to
increasing radiation, air temperature and vegetation activity might at least partly
compensate detected changes in precipitation (Duethmann and Blöschl, 2018;
Schädler and Weingartner, 2010; Norris and Wild, 2007; Wild et al., 2007).

At gauge Cologne, we also detect a decrease in discharge during summer and
autumn (Fig. 3.4 c2). We hypothesize that this decrease is the result of a down-
stream propagation of the Alpine signal, possibly overlapping with increasing
evaporation rates in the basin. The decrease in summer discharge in the Lower
Rhine cannot be attributed to reduced ice melt contributions from the Alpine
glaciers. Assessing the snow and glacier melt components of streamflow of the
Rhine River for the time frame 1901-2006, Stahl et al. (2016) showed that "despite
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the glacier retreat the modelled ice melt component of the streamflow in the
Rhine does not show a strong long-term trend over the entire study period, i.e.
a systematic decline or increase of this component. The detailed results of the
modelling suggests that an increased ice melt due to increased temperature may
have been compensated by the reduction in glacier area". Gauge Würzburg, with
its discharge increasing throughout the entire year, does not show any detectable
changes in seasonality.

3.5.3 Onset and evolution of changes

Investigating long-term snow trends of the Swiss Alps, Laternser and Schneebeli
(2003) suggest that "mean snow depth, the duration of continuous snow cover
and the number of snowfall days in the Swiss Alps all show very similar trends
during the observation period 1933-99: a gradual increase until the early 1980s
(with significant interruptions during the late 1950s and early 1970s) followed by
a statistically significant decrease towards the end of the century".

At gauge Basel, these changes in Alpine snowpacks seem to be insufficient to
explain the decrease in runoff seasonality detected. In particular, winter discharge
(low QYEAs) increases already from the beginning of the investigated time frame
on (Fig. 3.4 b3 and b4). Instead, we suspect anthropogenic alterations of the
river network, particularly reservoir constructions, to be an important driver.
These might have caused the redistribution of water from summer to winter
earlier in the investigated time frame already. Large fractions of the Swiss and
Austrian Alpine river systems have been dammed to produce hydropower. The
two Alpine countries have the highest specific hydroelectric production per surface
area globally (Truffer et al., 2001). The first hydropower station in Switzerland
was constructed in 1899 (Verbunt et al., 2005). Dam constructions in the Alpine
Rhine and along other Alpine rivers, such as the Aare, Limmat and Reuss, gained
momentum in the 1920s and most of the large storage lakes were constructed
between 1950 and 1970 (Meile et al., 2011; Wildenhahn and Klaholz, 1996; Wagner
et al., 2015; Bosshard et al., 2013) (Fig. 3.10). The total storage volume of large
storage lakes (river weirs not included) of the High Rhine/entire Rhine basin is
estimated to amount to 1.86/3.12·109 m³ (Wildenhahn and Klaholz, 1996). In order
to ensure full functional capability of high-head storage hydropower stations,
reservoirs need to have sufficient water volume stored at all times. Therefore,
reservoirs tend to be filled during summer when discharge is high. Conversely,
storages are depleted during low flow in winter (Belz et al., 2007; Meile et al., 2011;
Farinotti et al., 2016; Wesemann et al., 2018). A rough estimation supports this
notion: assuming the 1.86 · 109 m³ of storage being emptied between December and
April (and filled between June and October), mean runoff would increase/decrease
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by approximately 10 m³/s/dec in these months during the investigated time frame,
which corresponds to the trend magnitudes depicted in Fig. 3.4 b2. In addition to
reservoir constructions, regulations of lake levels and routing of rivers through
lakes, e.g. the diversion of the Aare River into Lake Biel in 1887 (part of the First
Jura-Waters Corrections), need to be considered (Wetter et al., 2011).

At gauge Wasserburg, pronounced changes in runoff seasonality do not show
up until the second half of the 20th century (Fig. 3.4 a3 and a4). In the Inn basin,
the constructions of key reservoirs, such as the Gepatsch reservoir (Tyrol, Austria),
the Lago di Livigno reservoir (Grisons, Switzerland and Lombardy, Italy) and
the Lai da Ova Spin compensation reservoir (Grisons, Switzerland), were not
completed until the 1960s. The construction of those big reservoirs coincides
with the detected onset of changes in river runoff. We suspect that also in the
Inn River basin, the construction and management of reservoirs for hydropower
might be an important factor changing seasonality of river runoff. In addition to
changes in seasonality, the operation of high-head hydropower stations causes
unnatural fluctuation on (sub-)daily timescales (hydropeaking) (Meile et al., 2011;
Pérez Ciria et al., 2019) (see also Fig. 3.11). Effects of reservoirs possibly overlap
(with) changes induced by changes in snow cover.

Also rainfall-runoff-dominated rivers, such as the Main River at Würzburg,
are strongly affected by hydro-engineering installations. One large-scale project
inaugurated in 1992 after numerous decades of constructions is the Rhine-Main-
Danube waterway. In order to raise low water discharge in the Main River, about
1.55 · 108 m³ (3.50 · 108 m³) of water is transferred on average per year (in a dry year)
from the Danube into the Main River basin via the Main-Danube Canal (Maniak,
2016). The connection from the Rhine River until Würzburg with constructions of
weirs to regulate the river´s water level was completed in the 1940s (Wirth, 1995).
This onset of water-level regulations in the 1940s coincides with increasing low
QYEAs (< 0.6) at gauge Würzburg (Fig. 3.4 d4). We suspected that anthropogenic
alterations strongly impacted the discharge of the Main River, particularly during
low-discharge periods. However, they seem to be insufficient to explain changes
in higher QYEAs.

3.5.4 Changes in quantiles

We detect increasing high QYEAs at gauges Basel, Cologne and Würzburg (Fig. 3.4
b4, c4 and d4). Possible driving mechanisms might be changes in precipitation: our
results hint at more (intense) rainfall in recent decades (Fig. 3.5). In the following,
we discuss possible underlying forcing mechanisms of detected signals. These
include changes in large-scale circulation patterns, solar dimming/brightening
and temperature-moisture feedbacks.
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Long-term changes in the occurrence frequencies and/or characteristics of
circulation patterns are known to have a strong impact on local climate. More
frequent zonal circulation in winter since the 1970s, for example, might be respon-
sible for "more frequent mild and humid winters in Central Europe" (Bárdossy and
Caspary, 1990). This increase in zonal circulation follows upon several decades
with increased numbers of blocking days during winter (Häkkinen et al., 2011).
Blocking in the Atlantic region is anti-correlated with phases of the North Atlantic
Oscillation (NAO) (Scherrer et al., 2006; Stein, 2000; Pavan et al., 2000). Negative
values of the NAO index "indicate periods of reduced north-south pressure gradi-
ent, reduced westerly winds and weaker advection of warm oceanic air onto the
cold European landmass" (Parker et al., 2007). Wintertime NAO on the other hand
is influenced by the Atlantic Multidecadal Oscillation (AMO): a "positive phase
of the AMO results in more frequent negative NAO" (Peings and Magnusdottir,
2014). The AMO depicts multi-decadal (60-70 years) variations in sea surface tem-
peratures in the North Atlantic basin (Peings and Magnusdottir, 2014; Kerr, 2000).
After several decades of warm anomalies of sea surface temperatures (positive
phase of AMO, which coincided with more frequent blocking days), the North
Atlantic started to cool down and to transition into a negative AMO phase in the
1960s (Peings and Magnusdottir, 2014; Häkkinen et al., 2011). This transition into
a negative AMO phase and fewer blocking days coincides with more frequent
zonal circulation in winter (Bárdossy and Caspary, 1990), more (intense) rainfall
(Fig. 3.5 a3, b3, c3, a4, b4, c4) and an increase in discharge, whereas changes seem
to overlap with changes induced by anthropogenic alteration of the river network
and changes in alpine snow packs (Fig. 3.4 b4, c4, d4).

Generally, detected patterns in temperature time series investigated in the
framework of this study are consistent across all stations (Fig. 3.5 and Fig. 3.9). In
the case of precipitation, overall patterns are similar, however, stronger variations
among stations show up. Precipitation is subject to stronger local and regional
variability than temperature. This evidently limits the informative value of precip-
itation recorded at individual points for discussions on catchment scale. However,
variations of local meteorological variables are strongly influenced by large-scale
flow and regional-scale weather pattern (Scherrer et al., 2016; Murawski et al., 2018;
Weusthoff, 2011). Weather patterns/types represent specific synoptic conditions
and lead to certain meteorological conditions in a region. For western Germany,
precipitation correlates well on scales of hundreds of kilometres, particularly
during winter (Schönwiese and Rapp, 1997). During summer, local convective
storms are an important source of rainfall and strong differences in amount and
intensity over very short distances are possible (Sodemann and Zubler, 2010;
Lavers et al., 2013). However, such convective storms ’are hardly of any relevance
for the formation of floods in the large river basins of Central Europe, because the
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extent of convective rainstorms is restricted to local occurrence’ (Bronstert et al.,
2007). Rainfall-runoff processes on larger scales are dominated by advective pre-
cipitation. The main moisture source then is the Atlantic Ocean (Sodemann and
Zubler, 2010). Following the above-mentioned aspects, we hypothesize that even
if superimposed by local variability due to smaller-scale processes and regional
variations due to general precipitation gradients, long-term signals in precipitation
detected on point scale can provide important information for discussions on
catchment scale. However, caution has to be exercised, results of available stations
compared and findings not transferred to places outside the region of influence.

Marty (2008) relate detected shifts in snow days in Switzerland to an enhanced
temperature increase due to changes in circulation patterns coinciding with "the
full magnitude of the greenhouse effect, which is no longer masked by solar
dimming". After a multi-decadal decrease from about the 1950s to the 1980s
(solar dimming), recent decades saw an increase in regional solar irradiance
(solar brightening) due to decreasing amounts of anthropogenic aerosols in the
atmosphere (Ruckstuhl et al., 2008; Norris and Wild, 2007; Ruckstuhl and Norris,
2009).

Rapidly rising temperatures have the capacity to affect the entire hydrolog-
ical cycle. A feedback mechanism of major importance in this respect is the
temperature-moisture feedback: rising temperatures result in increasing evapo-
ration and precipitation, which in turn leads to an intensification of the entire
hydrological cycle (Huntington, 2006; Held and Soden, 2000). Lehmann et al.
(2015) indicate that a "thermally driven moisture increase has significantly con-
tributed to the intensification of extreme rainfalls since the 1980s".

Against the background of recent changes in temperature, precipitation, and
frequencies in zonal circulation and following Labat et al. (2004), we suggest that
rapid increases in temperatures in recent decades have resulted in an increased
sea-land-transport of moisture and increases in precipitation and runoff. Signals
possibly overlap with changes in moisture transport due to varying frequencies in
zonal circulation and blocking days.

At gauge Wasserburg, in contrast to other gauges investigated, high QYEAs
do not increase. We suspect that in this case, high discharges are also controlled
by snowmelt processes rather than by liquid rainfall. Furthermore, investigated
rain gauges might not depict changes in precipitation in the complex Alpine
topography of the catchment. In the High Rhine basin up to gauge Basel, large
fractions of the basin are located outside the Alpine ridge and liquid precipitation
plays an important role throughout the year. Therefore, impacts of changes
in snow cover, reservoir constructions and effects of more (intense) rainfall all
seem to be detectable in measured discharge (Fig. 3.4 b4). Changes in snow
cover and river regulations, which decrease runoff seasonality, seem to primarily
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affect QYEAs below a level of 0.85 and more intense rainfall events increase the
magnitude of higher QYEAs.
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3.6 Conclusions

We investigate daily observational data from key river gauges and meteorological
stations located in central Europe covering the time frame 1869-2016. Investigated
time series stand out by the exceptional length and quality of their continuous
recordings. A cascading sequence of analytical tools is used to extract high-
resolution signals of long-term changes. In order to acquire a comprehensive
picture of long-term changes, we combine quantile sampling with moving average
trend statistics and empirical mode decomposition. Given that the recordings
have sufficient length and quality, presented tools enable investigations of high
resolution and provide detailed insights into underlying trend patterns. A very
high quality of the time series is required to prevent non-climatic factors, such
as changes in observation practices or site relocation, from affecting the determi-
nation of trends (Begert et al., 2005; Scherrer et al., 2016; Begert and Frei, 2018).
A sufficient length of the time series is vital to be able to distinguish between
natural climate variability and signals of climate change. When adopting strict
criteria regarding data length and data quality, the number of stations suitable for
analysis strongly decreases. A small database limits the significance of attained
results, though. This is a trade-off we need to accept in order to ensure full
functionality of presented analytical tools. Consistent results for stations and
parameters investigated make us confident that even if the number of stations is
limited, we will attain meaningful results that are worth discussing.

The seasonality of the analysed snow-dominated rivers decreases. We suspect
river regulations, particularly reservoir constructions, to be the main driver of
detected changes. Reservoirs are filled during summer when discharge is high
and storages depleted during low flow in winter (e.g. Belz et al., 2007; Meile et al.,
2011). In recent decades, runoff changes induced by reservoir constructions seem
to overlap with changes in Alpine snowpacks (Laternser and Schneebeli, 2003;
Scherrer et al., 2004). Rising temperatures reduce seasonal snow covers and the
seasonal redistribution of runoff from winter to summer. An exact separation
of effects of reservoirs and changes in snow cover and investigations of possible
counterbalancing interactions are still pending and are focus of future research.
Furthermore, we suspect that detected decreases in discharge during summer
and autumn in the Lower Rhine region at gauge Cologne are the result of a
downstream propagation of the Alpine signal, possibly further overlapping with
increasing evaporation rates in the basin.

In addition, our results hint at more (intense) rainfall in recent decades, par-
ticularly during winter. Detected changes in precipitation seem to intensify high
discharges. The detected increase in precipitation (intensity) is not a gradual one
over the entire time frame, but rather follows a U-shape (decline until the 1940s,
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then increase). Further research is necessary to pin down underlying mechanisms
of detected changes in precipitation and runoff. We suspect that detected signals
might be due to an increase in sea-land transport of moisture, particularly dur-
ing winter, being part of a recent intensification of the entire hydrological cycle
(Huntington, 2006; Held and Soden, 2000; Lehmann et al., 2015; Labat et al., 2004).
Temperature-driven increases in moisture and precipitation possibly overlap with
natural multi-decadal variations in sea-land-moisture transport (Parker et al., 2007;
Kerr, 2000; Häkkinen et al., 2011; Peings and Magnusdottir, 2014; Bárdossy and
Caspary, 1990; Scherrer et al., 2006; Pavan et al., 2000).

Over recent decades, hydrological regimes have been changing at a very fast
pace. Some progress has been made in extracting long-term signals of change in
hydro-climatic data. However, further studies investigating long-term changes
in river runoff focusing on the detection of underlying mechanisms and the
disentanglement of their effects are of great urgency and importance.

Data availability

Climatological data used in this study were obtained from the Federal Office
of Meteorology and Climatology of Switzerland, CH-8058 Zurich Airport (Me-
teoSwiss). Discharge data analysed were provided by the Global Runoff Data
Centre, 56068 Koblenz, Germany (GRDC). Data analysis was carried out using
the R statistical software (https://www.r-project.org/, last access: 7 April 2020; R
Core Team (2019)).

Author contributions

ER conducted the analysis and wrote the manuscript. TF, GB and AB provided
guidance in the process of data analysis and preparation of the manuscript.

Competing interests

The authors declare that they have no conflict of interest.

Acknowledgements

The Federal Office of Meteorology and Climatology of Switzerland (MeteoSwiss)
and the Global Runoff Data Centre (GRDC) provided climatological and discharge



Appendix 51

data, respectively. The Copernicus Land Monitoring Service, implemented by the
European Environmental Agency, provided the European Digital Elevation Model
(EU-DEM), version 1.1.

Financial support

This research was supported by the Deutsche Forschungsgemeinschaft (GRK
2043/1-P2) within the NatRiskChange research training group at the University
of Potsdam (https://www.uni-potsdam.de/natriskchange/, last access: 7 April
2019).

Review statement

This paper was edited by Jim Freer and reviewed by Massimiliano Zappa and one
anonymous referee.

Appendix

Figure 3.6: Elevation distribution (raster cells at 500 m resolution calculated
based on EU-DEM v.1.1 by the EU Copernicus Programme) and
Pardé coefficients (mean monthly discharge divided by the mean
annual discharge) (Pardé, 1933; Spreafico and Weingartner,
2005) for investigated river basins Wasserburg, Basel, Cologne
and Würzburg.
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Table 3.3: Additional climate stations investigated: station name, location
(WSG 84), altitude [m], daily resolution time series investigated
with temperature (T) and precipitation (P) and data source Fed-
eral Office of Meteorology and Climatology of Switzerland (Me-
teoSwiss).

Station Lat. Lon. Alt. Vari. Data source
Sion 46.2186 7.3303 482 T-P MeteoSwiss

Samedan 46.5264 9.8789 1709 T-P MeteoSwiss
Neuchatel 47.0000 6.9533 485 T-P MeteoSwiss

Lugano 46.0042 8.9602 273 T-P MeteoSwiss
Geneve / Cointrin 46.2475 6.1278 411 T-P MeteoSwiss

Chaumont 47.0492 6.9789 1136 T-P MeteoSwiss

Figure 3.7: Changes in quantiles for individual seasons (spring: March-
May, summer: June-August, autumn: September-November
and winter: December-February) for discharge measured at
gauges Wasserburg (a), Basel (b), Cologne (c) and Würzburg
(d). Points on top of the panels indicate days/probabilities with
significant changes according to the Mann-Kendall trend test.
Time frame investigated: 1869-2016.
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Figure 3.8: Changes in quantiles for individual seasons (spring: March-May,
summer: June-August, autumn: September-November and win-
ter: December-February) for precipitation measured at stations
Bern (a), Basel (b) and Zuerich (c). Points on top of panels indi-
cate days/probabilities with significant changes according to the
Mann-Kendall trend test. Time frame investigated: 1869-2016.
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Figure 3.9: Onset and evolution of changes and changes in quantiles for
temperature and precipitation measured at stations Sion (a),
Samedan (b), Neuchatel (c), Lugano (d), Geneva (e) and Cha-
mont (f). Points on top of the panels indicate days/probabilities
with significant changes according to the Mann-Kendall trend
test. Time frame investigated: 1869-2016.
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Figure 3.10: Cumulative storage volume of large storage lakes (active storage
volume more than 0.3 hm³) in the High Rhine basin until
gauge Basel. The figure is based on information presented
in Wildenhahn and Klaholz (1996). Time frame displayed:
1900-1985.

Figure 3.11: Raster hydrograph for gauge Wasserburg. In recent decades,
hydropeaking (weekly pattern) due to the operation of high-head
storage hydropower stations imprinted. Time frame displayed:
1869-2016.
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Keypoints:

• Impact of rising temperatures on seasonal snowpacks

• Investigations on the point scale for elevation bands and from a catchment
perspective

• Threefold effect: snowmelt becomes weaker, occurs earlier and forms at
higher elevations

• Meltwater from higher elevations can, at least partly, replace meltwater from
elevations below

Abstract

In snow-dominated river basins, floods often occur during early summer, when
snowmelt-induced runoff superimposes with rainfall-induced runoff. An earlier
onset of seasonal snowmelt as a consequence of a warming climate is often
expected to shift snowmelt contribution to river runoff and potential flooding
to an earlier date. Against this background, we assess the impact of rising
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temperatures on seasonal snowpacks and quantify changes in timing, magnitude
and elevation of snowmelt. We analyse in-situ snow measurements, conduct snow
simulations and examine changes in river runoff at key gauging stations.

With regard to snowmelt, we detect a threefold effect of rising temperatures:
Snowmelt becomes weaker, occurs earlier and forms at higher elevations. Due to
the wide range of elevations in the catchment, snowmelt does not occur simulta-
neously at all elevations. Results indicate that elevation bands melt together in
blocks. We hypothesise that in a warmer world with similar sequences of weather
conditions, snowmelt is moved upward to higher elevation. The movement up-
ward the elevation range makes snowmelt in individual elevation bands occur
earlier, the timing of the snowmelt-induced runoff, however, stays the same. Melt-
water from higher elevations, at least partly, replaces meltwater from elevations
below.

4.1 Introduction

Alpine landscapes react particularly sensitive towards climatic changes. By the
end of the century, glaciers in the European Alps most likely will be gone and
seasonal snow packs downsized to a small fraction (Zemp et al., 2006; Horton
et al., 2006; Huss, 2011; Fatichi et al., 2014; Gobiet et al., 2014; Beniston et al., 2018b;
Hanzer et al., 2018). Cryospheric changes are ongoing and will fundamentally
alter river runoff and water availability on regional and global scale (Clow, 2010;
Gillan et al., 2010; Stewart, 2009; Viviroli et al., 2011; Laghari et al., 2012; Radić
and Hock, 2014).

Snowmelt is an important flood-generating process (Berghuijs et al., 2019;
Parajka et al., 2019). In snow-dominated river basins, flooding often occurs during
spring and early summer, when high baseflow due to snowmelt overlaps with
strong precipitation (Wetter et al., 2011; Vormoor et al., 2015). For Switzerland,
changes in mean and extreme regimes in both rainfall- and melt-dominated
regions are expected (Addor et al., 2014; Brunner et al., 2019b). Recent studies
investigating regional flood discharge trends for Europe indicate that climate
change impact on flood timing and frequency is ongoing already (Blöschl et al.,
2017, 2019; Bertola et al., 2020).

Studies analysing cryospheric and hydrological climate change impacts often
focus on changes in timing and mean annual cycles in relatively small areas,
i.e. individual valleys. Seldom, larger catchments covering a wide range of
elevations and pre-alpine to high-alpine areas are analysed. So far, only very
few studies have resolved changes along the elevation range (e.g. Hunsaker et al.,
2012; Kormann et al., 2015). However, in alpine settings, temperature is a function
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of both time and elevation. Elevation as additional dimension with regard to
changes in snowmelt often receives only little attention.

In this study, we analyse snow observations, conduct snow simulations and
analyse discharge records from key gauging stations in the Rhine Basin upstream
gauge Basel. We use MODIS snow cover maps to validate our model results. The
main goal is to better understand the impact of rising temperatures on alpine
snowpacks. We focus on the timing, magnitude and elevation of snowmelt events
and assess how changes in snowmelt translate into changes in river runoff.

4.2 Study area and data

Study area is the Rhine Basin upstream gauge Basel. The basin covers a total
area of 3.59 · 104 km² and an elevation range of almost 4000 m (Fig. 4.1). Gauge
Basel is located at 294 m a.s.l. Southern parts of the basin are of high alpine
character. Highest mountain peaks reach up to elevations above 4000 m a.s.l.
In winter, precipitation often is solid and accumulates in temporary snowpacks.
Depending on the elevation, areas are covered by snow for weeks or even months.
A considerable fraction of runoff originates from snowmelt (Stahl et al., 2016). In
general, elevation is an important factor determining local climatic conditions,
vegetation and land use. The basin also encompasses large parts of the Swiss
Plateau, hilly to flat areas north of the alpine ridge, which mostly cover elevations
between 300 and 1000 m a.s.l. In recent decades, temperatures in the Swiss
Alps have been rising at a very fast pace (e.g. Ceppi et al., 2012; Rottler et al.,
2019). Studies inter alia hint at changes in forest growth, species distribution and
phenology (e.g. Walther et al., 2005; Mietkiewicz et al., 2017; Gehrig-Fasel et al.,
2007). Very prominent changes have been observed with regard to glaciers (Zemp
et al., 2006; Huss and Farinotti, 2012; Fischer et al., 2014; Beniston et al., 2018b).
Strong alteration of runoff due to rising temperatures are expected in glacierized
headwater catchments (Huss et al., 2008; Junghans et al., 2011). However, the
importance of ice-melt with regard to runoff decreases with the distance to the
glacier. At gauge Basel, only 2% of the total annual runoff originate from ice-melt
(Stahl et al., 2016). The investigations presented are based on daily records of
temperature, rainfall, snow depth and discharge measurements, MODIS snow
cover maps, in situ observations of snow water equivalent (SWE), as well as
gridded temperature and rainfall data sets.

All station-based meteorological and cryospheric observational data was pro-
vided by the Federal Office of Meteorology and Climatology of Switzerland
(MeteoSwiss) and the Institute for Snow and Avalanche Research (SLF) from the
Swiss Federal Institute for Forest, Snow and Landscape Research (WSL) (Tab. 4.1).
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Figure 4.1: Topographic map of the Rhine Basin upstream gauge Basel (main
map) with locations of meteorological stations and nested catch-
ments of the Aare River (Bern-Brugg-Untersiggenthal; blue)
and the Rhine River (Diepoldsau-Neuhausen-Rekingen; green)
and elevation distribution of the Rhine Basin until gauge Basel
(raster cells in 500 m resolution based on EU-DEM v1.1 by the
EU Copernicus Programme).

Discharge times series were obtained from the Global Runoff Data Centre (GRDC).
Daily and nearly cloud-free MODIS snow cover maps for the European Alps in
a resolution of 250 m and from 2002 onwards were provided by the Institute for
Earth Observation, Eurac Research, Bolzano/Bozen, Italy (Matiu et al., 2019, 2020).
All data analysis was carried out using the free software R 3.6.1 (R Core Team,
2019).

MeteoSwiss and WSL conduct monitoring and analysis programs for the
snowpack in Switzerland at numerous locations. In this study, we focus on a few
selected stations. Selected records of snow depth stand out by their length and
cover a broad range of elevations, i.e. 555 to 2691 m a.s.l. To examine changes in
river runoff, we exert a nested catchment approach in the two main branches of
the Rhine River network: the Aare branch (left in Fig. 4.1) and the Rhine branch
including Lake Constance (right in Fig. 4.1). The two branches flow together
approximately 60 km upstream Basel. The Aare river is the main tributary of the
High Rhine. We analyse discharge data from the Aare river recorded at gauges
Bern, Brugg and Untersiggenthal. Between gauge Brugg and Untersiggenthal, the
two rivers Reuss and Limmat merge with the Aare river increasing the size of the
Aare River Basin by about 50 %. The Rhine branch is subdivided into nested basins
from gauges Diepoldsau, Neuhausen and Rekingen. The enclosing character of
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individual basins enables the backtracking and localisation of changes in runoff.
Gridded temperature and precipitation data used to drive snow simulations
originate from E-OBS v12 gridded data sets from the European Climate & Dataset
(ECA&D) project (Hofstra et al., 2008; Cornes et al., 2018). Within the project
"EDgE - End-to-end Demonstrator for improved decision making in the water
sector in Europe" by Copernicus, these data were further refined to a 5 km grid
using external drift kriging (EDK). EDK addresses altitude effects and provides
input data for hydrological modelling at high spatial resolutions (e.g. Zink et al.,
2017; Marx et al., 2018; Samaniego et al., 2018a; Thober et al., 2018).

4.3 Methods

Our analysis bases on the combination of both observed and modelled data. We
analyse changes in snowpacks and snowmelt dynamics and assess the effect of
changes in snowpacks on the timing and magnitude of snowmelt-induced runoff.
An in-depth analysis of discharge data and governing flood-drivers complements
the investigations (Fig. 4.2).

4.3.1 Snow observations

In order to get a first insight into observed changes in snowpacks, we display
snow observations as raster graphs and determine the mean annual cycle for
snow depth and accumulation/melt rates for two time windows: 1958-1987 and
1988-2017. We select the time windows in order to have two 30-year time windows
with maximum data availability at individual stations, while keeping a sufficient
overlap with the snow simulation period (1951-2014). Enhanced warming since
the 1980s strongly affects Swiss snow packs (Laternser and Schneebeli, 2003;
Scherrer et al., 2004; Marty, 2008; Philipona et al., 2009; Rottler et al., 2019). By
comparing two 30-year windows located before and after the onset of strong
changes, we aim to capture signals of change in the snow cover in a robust way.
Accumulation/melt rates are calculated as the difference in snow depth between
two consecutive days. These mean annual cycles are calculated after applying a
30-day moving average window.

4.3.2 Snow simulations: model selection, adaption and verifica-
tion

We conduct snow simulations in order to extent first insights gained by analysing
snow observations. For our study, we need a flexible snow model being able to
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Figure 4.2: Schematic overview of analytical steps describing main objective,
data, methods and visualisation techniques.

easily operate on spatial scales of several thousand square kilometres and time
frames of several decades. Main focus is on the effect of changing temperatures
on the timing and magnitude of snowmelt events. As rain-on-snow can be an
important driver of high melt rates, the energy input from rainfall needs to be
represented. In view of the model requirements, we conduct snow simulations
using the energy balance method of the modelling framework ECHSE (Eco-
Hydrological Simulation Environment) (Kneis, 2015). In comparison to empirical
approaches, physically-based model set-ups allow more detailed investigations of
the snow cover processes and offer several possibilities to refine the model set-up
if necessary.

ECHSE is an open-source modelling framework developed to facilitate "the
rapid development of new, re-usable simulation tools and, more importantly, the
safe modification of existing formulations" (Kneis, 2015). The ECHSE environment
provides mathematical representations of various hydrological processes, e.g.,
evapotranspiration, runoff concentration or the dynamics of a snow cover. Recent
application of the ECHSE modelling framework include Abon et al. (2016), Kneis
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et al. (2017), Pilz et al. (2020). Key feature of ECHSE is its well-documented
open source software, which forms the basis for transparent and reproducible
studies. In our analysis, we do not build an entire model engine, but focus on the
simulation of the Alpine snow cover. The standard ECHSE snow module couples
mass and energy balances with snow water equivalent and snow energy content
as primary state variables. Snow albedo is considered an auxiliary state variable.
The meltwater outflow from the snow pack is computed from available meltwater
and the current hydraulic conductivity in the snowpack. A detailed description of
the snow module including all equations can be found in Kneis (2014). We use the
original functions from the ECHSE online repository written in C++ and conduct
simulations in an R environment. In order to avoid instabilities in the melting
process, we perform daily snow simulations in 24 intermediate steps, with daily
mean temperature input values being disaggregated assuming sinusoidal diurnal
temperature variations. Thereby the amplitude was set to 8 °C, and the timing of
the maximum value to 14:00 h. Daily precipitation input is equally distributed
among all intermediate time steps. An average yearly cycle of global radiation
is calculated based on measurements (1981-2017) from the Swiss meteorological
station Napf (1404 m a.s.l) and used as radiation input. Values of air pressure,
relative humidity, wind speed and cloud coverage currently are assumed constant
having values of 1000 hPa, 70 %, 1 m/s and 50 % respectively.

As a first step, we validate the model setup and modifications using measured
temperature and precipitation records from meteorological stations and a default
parameter set for daily data from two sites in the German low mountain ranges
(Kneis, 2014). After ascertaining flawless model operation, we re-calibrate model
parameters (see Tab. 4.2) using the particle swarm optimization (PSO) algorithm
from the R-package ’ppso’ (https://github.com/TillF/ppso). This calibration
aims to improve model performance by customising parameters to the alpine
setting. We employ 5000 model runs and asses model performance using the
average root mean square error normalised using the standard deviation of
the observations (NRMSE) (Zambrano-Bigiarini, 2017) between simulated and
measured snow water equivalent (SWE) for the locations Andermatt, Davos,
Zermatt and Weissfluhjoch within the time frame 1983-2014, i.e. maximum
overlap of available meteorological input for snow simulations. We use the
NRMSE in the attempt to weight stations equally during calibration. We give
the NRMSE in percentage. A value of 100% indicates that the RMSE is equal to
the standard deviation. In order to facilitate the evaluation of attained values,
we also calculate the percentage bias (PBIAS) (Sorooshian et al., 1993) and the
Nash-Sutcliffe Efficiency (NSE) (Nash and Sutcliffe, 1970).

Next, we use the resulting parameters and gridded data sets of tempera-
ture and precipitation (available for the time frame 1950-2014) to perform snow

https://github.com/TillF/ppso
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simulations for the entire study area upstream gauge Basel. The temperature
grid used to drive the simulations was obtained by downscaling from 5 to 1 km
resolution using a lapse rate based approach. The lapse rates, i.e, changes of
temperature with elevation, were determined for every day individually based
on the temperature grid and information on elevation from the EU-DEM v.1.1 by
the EU Copernicus Programme (resampled to a resolution of 1 km). Based on the
information on temperature and elevation, we calculate lapse rates as linear trends
using the Theil-Sen trend estimator (Theil, 1950; Sen, 1968; Bronaugh and Werner,
2013). To downscale temperature to the 1-km-grid, the temperate lapse rates are
multiplied by the elevation differences calculated as the difference between the
elevation of the 1 km resolution grid cells to the elevation of the respective cell in
the 5-km-grid.

In the following, we aggregate results into 50 m elevation bands and calculate
annual cycles of mean average and trends in SWE, SWE area volume totals and
accumulation/melt rates. Accumulation/melt rates are calculated as difference in
SWE volume between two consecutive days. In addition, we asses mean annual
cycles and trends for temperature and precipitation. Trends are determined using
the Theil-Sen trend estimator (Theil, 1950; Sen, 1968; Bronaugh and Werner, 2013)
after applying a 30-day moving average filter. Grid points showing a continuous
accumulation of snow over the simulation period were classified as ‘glacier points’
and not included into this analysis (2.75 % of the data points). In order to validate
our modelling approach, we calculate annual average snow cover durations and
compare with satellite-based snow cover maps. With regard to snow simulations,
areas are considered covered by snow when SWE is equal or exceeds 2 mm. All
points classified as ’water body’ in more than 90 % of the MODIS maps, where
treated as lake surfaces and not included into the analysis.

4.3.3 Snowmelt as flood driver

Interested in snowmelt as flood-generating process, we calculate the total snowmelt
within a 14-day moving window for all 50 m elevation bands from modelling
results, i.e. snowmelt rates, determine the annual maximum (max14) thereof and
assess the two characteristics timing (T−max14) and magnitude (M−max14). In
addition, we determine the mean elevation of defined max14 within a 30-day mov-
ing window (E−max14). In order to assess changes over time, we compare max14
characteristics between the two 30-year time frames 1954-1983 and 1984-2013. We
also calculate timing and magnitude of max14 on catchment-scale (T−max14− C
and M − max14− C) for the total snow volume in the basin. We assess trend
magnitude and significance of these variables using the Theil-Sen trend estimator
and the Mann-Kendall trend test (Mann, 1945; Kendall, 1975).
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In order to improve our understanding of the interplay between snowmelt-
induced runoff and rainfall-induced runoff with regard to the annual maximum
runoff events, we take a closer look at the 3-day sums of precipitation and 14-day
sums of modelled snow accumulation/melt and visualise these variables along
with observed discharge measured at gauge Basel. We differentiate between solid
and liquid precipitation following the temperature threshold obtained during
model calibration (see Tab. 4.2). In addition, we add information on the timing
T −max14 for all elevation bands to identify elevations contributing most to the
snowmelt. Measurements of snow depth from five selected stations are added to
enable an additional visual comparison of snowmelt timing in different elevations.
We visualise these variables for selected years. We select years with the aim
to give an insight into the different possible interactions between liquid/solid
precipitation and the build-up and melt of the seasonal snow cover.

For characterising floods according to their genesis, we use a peak-over-
threshold approach: we determine runoff peaks above the 95-percent-quantile
observed at gauge Basel for the time window 1951-2014 (i.e. time frame of snow
simulations). In order to ensure the independence of detected peaks, two runoff
peaks need to be apart at least 14 days. Similar to the approach presented in
Vormoor et al. (2016), we distinguish rainfall and snowmelt-driven events by
estimating their snowmelt and rainfall contributions based on gridded data. We
use the ratio of snowmelt of the preceding 14 days to snowmelt of the preceding
14 days plus liquid precipitation of the preceding 3 days and compare the two
time windows 1951-1982 and 1983-2014 for all seasons and for events observed
between February and June.

4.3.4 Discharge

In addition to changes in snow cover, many other factors can cause changes in
runoff in snow-dominated river basins (e.g., the modification of the river network,
the construction and operation of reservoirs of high-head hydropower plants or
changes in precipitation characteristics). The last step of our analysis aims at
setting changes in snow cover in relation to other factors. Therefore, we analyse
discharge observations for the simulation period 1951-2014 and an extended time
frame 1919-2016. At all gauging stations, continuous daily data is available at
least since 1919. The extension of the study period enables the assessment of
more robust signals of change less influenced by climate variability. With the
aim of getting an overview of runoff seasonality and intra/inter-annual runoff
variability, we display discharge measured as raster graphs (Keim, 2000; Koehler,
2004). A horizontal line in the figure represents one year of measured discharge.
Furthermore, we calculate quantile discharge values on a monthly level based on
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all daily values of a month for the time windows 1951-1982, 1983-2014, 1919-1967
and 1968-2016. These time windows have been chosen to locate two time windows
with maximum length in the two time periods investigated, respectively. In the
time window 1968-2016, quantiles for the month of January, for example, are
based on 49 times 31 daily values. Probability levels investigated range from 0.01
to 0.99. Changes in quantile values between the two investigated time frames are
determined by subtracting the value of the older time window from the recent
one.

4.4 Results

4.4.1 Snow observations

Seasonal snowpack characteristics are subject to strong inter-annual variability
(Fig. 4.3 a). In recent decades (1988-2018), seasonal snowpacks are diminished
at all stations compared to 1958-1988 (Fig. 4.3 b). Our results indicate that
accumulation is reduced. Maximum snow depth is often reached earlier in the
year already. For stations above 1000 m, a pattern of increased melt rates at the
beginning of the snowmelt period and a reduction in maximum melt rates shows
up (Fig. 4.3 c). Snowpacks have thawed completely earlier in the year already.
Changes in measured snow depth only are an indication for changes in water
stored in the snow cover. During compaction of a snowpack, for example, snow
depth can decrease, while water content stays the same.
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Figure 4.3: Snow observation from selected stations for the time frame 1958-
2018: a) snow depth, b) comparison of mean average annual
cycles of snow depth and c) accumulation/melt rates calculated
as difference in snow depth between two consecutive days for the
two 30-year time windows 10/1958-09/1988 (blue) and 10/1988-
09/2018 (red). Mean annual cycles and accumulation/melt rates
are computed after applying a 30-day moving average filter. See
Table 4.1 for station codes.
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4.4.2 Snow simulations: calibration, validation and application
of snowpack model

The snow simulations at the point scale indicate that the calibrated snow model
captures the dynamic of high alpine snow packs well (Fig. 4.4). The average
NRMSE of the four stations is 46 %, the average PBIAS -5.8 % and the NSE 0.78.
Both timing of accumulation and melt are in good agreement with observed
values. The attained NRMSE indicates that the RMSE is on average less than half a
standard deviation of measured values. Furthermore, results indicate that highest
SWE values observed at the peak of the snow season tend to be underestimated
(e.g. Fig.4.4 c and d). A factor possibly contributing to this uncertainty is a bias
in the driving data caused by undercatch of snowfall (Savina et al., 2012) and
consequently, reduced precipitation input to the snow simulations.
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Figure 4.4: Simulations and measurements of snow water equivalent (SWE)
for stations a) Andermatt, b) Davos, c) Zermatt and d) Weiss-
fluhjoch. Time frame investigated: 1983-2014.

At the catchment scale, SWE depth and snow cover duration increase with
elevation (Fig. 4.5 a). Total SWE volume is distributed more uniformly along
the elevation range, as the areal fraction an elevation band covers decreases with
elevation (Fig. 4.5 c and Fig. 4.1). Similar to results from snow observations, the
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simulations indicate that SWE depth and volume is reduced in recent decades,
particularly before and during the melt season (Fig. 4.5 b and d). We detect
a decline also in snow accumulation for elevation bands below approximately
2000 m. Annual averages and trends in snow melt/accumulation rates, i.e. snow
volume changes between two consecutive days, are depicted in Fig. 4.5 e and f.
The time window where snow is accumulating widens with elevation (Fig. 4.5 e).
At the highest elevation bands investigated, snow is accumulating from October
until April. The snowmelt season lasts approximately from February at the lowest
elevations to July at the highest elevation. Negative values in Fig. 4.5 f indicate
either decreases in accumulation or increases in snowmelt (initial negative values
further decrease). Positive values in Fig. 4.5 f, on the other hand, indicate either
increases in accumulation or decreases in snowmelt. Simulation results hint at an
increase in snowmelt at the beginning of the snowmelt period and at an earlier
disappearance of the snow at the end of the melting season. For most part of
the year, decreases in snowmelt rates at the end of the snowmelt season (blue
diagonal feature in Fig. 4.5 f) coincides with increases from higher elevations. In
May, for example, snowmelt rates between approximately 1500 and 2000 m seem
to decrease, while snowmelt rates above 2000 m increase. Mean annual cycles of
average temperatures point at strong differences in temperature depending on
elevation and time of the years (Fig. 4.5 g). Trends in temperature are positive
and subject in inter-annual variability (Fig. 4.5 h). With regard to precipitation,
increases and decreases in precipitation show up (Fig. 4.5 h).
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Figure 4.5: Snow simulation results for the Rhine Basin upstream gauge
Basel for the time frame 01/10/1951 - 30/09/2014 aggregated
into 50 m elevation bands: a) Mean depth snow water equivalent
(SWE), c) mean SWE volume, e) mean SWE volume change,
i.e. accumulation/melt calculated as difference in SWE volume
between two consecutive days, g) mean temperature, i) mean
precipitation, b) trends in SWE depth, d) trends in mean SWE
volume, f) trends in average daily SWE volume change, h) trends
in temperature and j) trends in precipitation.

In general, patterns of average annual snow cover duration are similar for
simulations and MODIS snow cover maps (Fig. 4.6). The features of the terrain
reflect in the duration of the seasonal snow cover. On the Swiss Plateau and on
the valley bottoms, there are only few days with snow cover. On the other hand,
the high alpine parts are characterised by a short snow-free period. However,
differences show up, particularly for two types of areas: 1) In very high elevations,
particularly in glaciated areas, satellite-based maps show more days with snow
cover, and 2) in the valleys of the Alpine Rhine in the South-East; the satellite-
based maps show less days with snow cover as compared to the simulation
results.
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Figure 4.6: Average annual snow cover duration a) simulated and c) based
on daily MODIS snow cover maps (Matiu et al., 2020). The
difference between (a) and (c) is depicted in (b). Time frame
investigated: 01/08/2002 - 31/07/2014.

4.4.3 Snowmelt as flood driver

In recent decades, max14 events occur earlier in the year and are weaker in
magnitude (Fig. 4.7 c). Comparing E−max14 for the two 30-year time frames
1954-1983 and 1984-2013, our results suggest a shift upward the elevation range
by about 170 m. On the basin scale, our analysis shows a wide temporal spread of
max14 ranging from February to June (Fig. 4.7 c). No significant change in timing
(T −max14− C) nor magnitude (M−max14− C) can be detected.
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Figure 4.7: Determination of snowmelt event characteristics for elevation
bands and on catchment scale: a) Spatial domains, b) Illustra-
tions of the determination of snowmelt event characteristics and
c) changes in snowmelt event characteristics based on model
simulations. Numbers 1 to 5 describe analytical steps taken.

Fig. 4.8 describes the interplay of precipitation and snowmelt with regard
to the annual runoff maximum for four selected hydrological years. In the year
1969/1970, the highest discharge value is observed at the end of February after
strong, mainly liquid, precipitation in the basin (Fig. 4.8 a). According to the
model results, a part of the precipitation input is solid and stored in temporary
snow packs ( 23 %). Our results indicate that the runoff event is exclusively
rain-fed, no snowmelt is contributing. In the year 1978/1979, the annual runoff
maximum is recorded in June. Rainfall-induced runoff overlaps with high baseflow



74 SNOWMELT COMPENSATION EFFECTS

due to snowmelt from high elevations (Fig. 4.8 b). In the two years 1980/1981 and
1987/1988, the annual runoff maximum is recorded in March (Fig. 4.8 c and d).
In March 1981, strong snowmelt from low elevations overlaps with a moderate
rainfall event. In March 1988, heavy precipitation is the main driver of the runoff
peak observed. A part of the rainfall is stored in high elevation snowpacks. The
temporarily stored water is released in the following months. Snowmelt from
low elevations (below 1000 m a.s.l.), on the other hand, seems to contribute to the
observed runoff peak.
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Figure 4.8: Simulated snowmelt dynamics and corresponding measured dis-
charge for four selected years in the Rhine Basin until gauge
Basel: 1) 3-day moving window sum of precipitation (black/blue
indicating solid/liquid precipitation), 14-day moving window
sum of snow accumulation/melt (grey) and daily discharge mea-
sured at gauge Basel with circles indicating annual runoff max-
ima, 2) total 14-day moving window sum of snowmelt (grey)
with black dots indicating the timing of max14 (point size in
proportion to magnitude of melt event) and 3) snow depth mea-
surements from stations Weissfluhjoch (WFJ - 2691 m), Arosa
(ARO - 1878 m), Davos (DAV - 1594 m), Einsiedeln (EIN -
957 m) and Zuerich (SMA - 555 m) (areas between two suc-
cessive stations coloured according to higher elevated station).
Years displayed: a) 1969/1970, b) 1978/1979, c) 1980/1981 and
d) 1987/1988.
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Figure 4.9: Frequency of discharge peaks above the 95-percent-quantile ob-
served at gauge Basel for the time frame 1951-2014 (two peaks
at least fourteen days apart): a) Events classified according to
the ratio of snowmelt of the preceding 14 days and snowmelt of
the preceding 14 days plus precipitation the preceding 3 days
and b) magnitudes of total 14-day snowmelt and 3-day liquid
precipitation preceding the detected runoff peaks. Time windows
compared: 1951-1982 and 1983-2014.

In total, we detect 174 independent discharge peaks above the 95th percent
quantile at gauge Basel for the time frame 1951-2014 (Fig. 4.9). With regard to
the events of all seasons, precipitation is the dominant flood-generating process.
Between the months February to June, snowmelt-induced runoff is more important
compared the whole year. Our results indicate that for the time window February
and June, 49 out of the 79 detected events for the time frame 1951-2014 potentially
have snowmelt contributions of more than 25%. The total number of events and
the number of precipitation-dominated events increases in the more recent time
frame (1983-2014) with regard to both ’All seasons’ and ’February to June’. This
overall increase goes along with a decrease in snowmelt contribution to detected
events. The number of discharge peaks with potential snowmelt contributions of
>50% decreases from 12 to 7. Absolute contributions of snowmelt/rainfall tend to
decrease/increase (Fig. 4.9 b).



Results 77

4.4.4 Discharge

Seasonal snowpacks are an important factor redistributing runoff from winter
to summer at all gauges investigated (Fig. 4.10). Runoff seasonality is most
pronounced in the alpine part of the catchment (Fig. 4.10 f and g). A strong
weekly pattern of reservoir operations for hydropower production with higher
runoff during weekdays than on the weekend is imprinted at gauge Diepoldsau
since the 1960s (’dashed pattern’ in Fig. 4.10 g).

In the Rhine branch including Lake Constance, our results hint at a decrease
in runoff during summer (Fig. 4.11 a5, a6, a7, b5, b6 and b7). At the same time,
runoff increases during winter and spring. In the Aare branch including gauges
Bern, Brugg and Untersiggenthal, decreases in runoff during summer seem to be
less pronounced (Fig. 4.11 a1, a2, a3, b1, b2 and b3). The most prominent signal
in the Aare branch arises at gauge Brugg: High runoff values increase from the
beginning of spring until the beginning of summer (Fig. 4.11 a3 and b3). At gauge
Basel, signals from the two branches overlap and a general redistribution of runoff
from summer to winter superimposes with increases in high runoff values from
spring until the beginning of the summer (Fig. 4.11 a1 and b1). With increasing
length of the time windows, patterns showing up get more stable and differences
between neighbouring quantiles and months are less abrupt.
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Figure 4.10: Raster plots for discharge for the time frame 1919-2016 for river
gauges a) Basel, b) Untersiggenthal, c) Rekingen, d) Brugg,
e) Neuhausen, f) Bern and g) Diepoldsau. Left (b, d and f)
and right (c, e and g) column, respectively, represent nested
catchments of the Aare and Rhine River, which merge upstream
gauge Basel.
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Figure 4.11: Changes in runoff quantiles from the time window a) 1951-
1982 to 1983-2014 and b) 1919-1967 to 1968-2016 for prob-
ability levels 0.01 to 0.99 determined with all daily runoff
values of a month (quantile value of the earlier time window
subtracted from the recent time window). Stations investigated:
1. Basel, 2. Untersiggenthal, 3. Brugg, 4. Bern, 5. Rekingen,
6. Neuhausen and 7. Diepoldsau. Stations 2, 3 and 4 and
stations 5, 6 and 7, respectively, represent nested catchments of
the Aare and Rhine River, which merge upstream gauge Basel.
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4.5 Discussion

4.5.1 Snowmelt events characteristics

Rising temperatures reduce seasonal snow packs (Fig. 4.3 and 4.5) (Laternser
and Schneebeli, 2003; Scherrer et al., 2004; Marty, 2008; Marty and Blanchet, 2012;
Klein et al., 2016). The effects seem most pronounced at elevations below 2000 m.
In those elevations, our simulation results hint at strong decreases during both
snow accumulation and snowmelt (Fig. 4.5 b and d). In addition, we detect
indications of potential elevation-dependent compensation effects for parts of the
year (approximately March to June) (Fig. 4.5 f).Increases/decreases in meltwater
outflow seem to be partly compensated by changes in meltwater from the snow
cover from elevations below/above. The reduction in seasonal snowpacks goes
along with decreases in maximum melt rates (Fig. 4.7 c). Detected changes go
along with results from Musselman et al. (2017), who indicate that a "shallower
snowpack melts earlier, and at lower rates, than deeper, later-lying snow-cover"
and "that the fraction of meltwater volume produced at high snowmelt rates is
greatly reduced in a warmer climate".

According to our analysis, rising temperatures do not just decrease the maxi-
mum melt rates, we identify a threefold effect: Snowmelt becomes weaker, occurs
earlier and originates from higher elevations (Fig. 4.7 c). If we refer to a fixed
location (e.g., at an observational site) we can detect the shift forward in time.
Conversely, if looking at a fixed time of year, the location of the melt event (i.e.
contributing elevation bands) moves upward the elevation range (Fig. 4.12 a).
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Figure 4.12: Idealised effects of rising temperatures on snow cover: a) earlier
and higher snowmelt and b) idealised change in elevation-
dependent contribution to snowmelt with points indication
elevation bands mostly contributing to snowmelt. Arrows
indicate shifts forward in time and upward the elevation range,
respectively.

4.5.2 Snowmelt as flood driver

In the Rhine Basin upstream gauge Basel both snowmelt and precipitation seem to
be important flood-drivers. Even moderate precipitation events can cause the an-
nual runoff maximum, when superimposing with snowmelt-induced runoff (e.g.,
Fig. 4.8 c). Investigations of snow observations and snow simulations demonstrate
that snowmelt-induced runoff originates from a wide range of elevations. How-
ever, due to this wide elevation range, snowmelt does not occur simultaneously at
all elevations. Our results indicate that elevation bands commonly melt together
in blocks (Fig. 4.8 a2, b2, c2 and d2). The beginning and end of a snowmelt
event occurring in the basin, seems to be determined by the passage of warm air
masses, the respective elevation range affected by accompanying temperatures
and snow availability. We hypothesise that in a warmer climate with similar
sequences of weather conditions, snowmelt is moved up to higher elevation, i.e.
the block of elevations bands contributing most to the snowmelt-induced runoff
is located at higher elevations (Fig. 4.12 b). The movement upward the elevation
range makes snowmelt in individual elevation bands (e.g., T−max14 within an
elevation band) occur earlier, the timing of the snowmelt-induced runoff, however,
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stays the same. Snowmelt from higher elevation might, at least partly, replaces
meltwater from lower elevations. Investigating five peak discharge events in the
mountain river basin of the Merced River in California, US, Biggs and Whitaker
(2012) were able to show that for each discharge peak, between 60% to 80% of the
snowmelt originated from elevations that only covered between 22% and 38% of
total basin relief. They refer to the elevations contributing most to a runoff event
as the ’critical zone’.

4.5.3 Role of precipitation

The analysis of the annual runoff maximum of the hydrological year 1969-1970
indicates in an exemplary way, how precipitation alone can cause high runoff
values (Fig. 4.8 a). According to our analysis, no snowmelt is contributing to the
runoff peak. On the contrary, part of the precipitation is solid and stored in tem-
porary snowpacks. The accumulation of snow reduces the effective precipitation,
i.e. precipitation translating into river runoff. In the following, we will refer to
this effect of partial storage of precipitation in snowpacks as protective effect of
snow accumulation. Strong precipitation events do not have an immediate effect,
when their water is stored in snowpacks. However, with rising temperatures, the
snowline moves upward and larger fractions of the basin potentially receive liquid
precipitation (Barnett et al., 2005; Scherrer and Appenzeller, 2006; Allamano et al.,
2009a,b; Kormann et al., 2015; Beniston et al., 2018b). Hence, in a warmer climate,
the protective effect of snow accumulation is reduced. Effective precipitation
might increase. A simple calculation supports this notion: Without the protective
effect (all precipitation liquid), the cold season (October until March) annual max-
ima 3-day rainfall events would have been stronger by 11.4 % on average in our
simulations. Recent studies point at the increasing importance of rainfall-induced
runoff with regard to flooding in catchments influenced by a seasonal snow cover
(e.g. Middelkoop et al., 2001; Addor et al., 2014; Vormoor et al., 2016; Brunner
et al., 2019b; Rottler et al., 2020). Our analysis of runoff peaks observed at gauge
Basel further supports these investigations (Fig. 4.9). The number of runoff peaks
with mostly precipitation as flood-driver tends to increase, while at the same time,
events with a majority of snowmelt-induced runoff decreases.

With the analysis of observed discharge, we complete our analysis by assessing
changes induced by other factors. The extension of the time frame back to 1919,
beyond the simulation period, helps to reduce the impact of inter-annual to
decadal climate variability, e.g., due to varying frequencies of weather types
(Rottler et al., 2019). We attribute detected increases in high runoff values during
spring and early summer (Fig. 4.11) to variations in rainfall characteristics.
The nested catchment approach indicates, that increases in high runoff values
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during spring and early summer are most prominent at gauge Brugg, whose
catchment covers large parts of the Swiss Plateau and whose discharge is strongest
influenced by rainfall-induced runoff compared to the other gauges investigated.
Another factor having strong impact on the runoff in Rhine River basin upstream
gauge Basel, are the numerous large reservoirs that have been constructed for
hydropower production during the course of the 20th century (e.g. Wildenhahn
and Klaholz, 1996; Bosshard et al., 2013). In the Alpine Rhine Basin until gauge
Diepoldsau, for example, the total storage volume is about 10% of the total annual
runoff (Bosshard et al., 2013). The redistribution of water from summer to winter
and a weekly pattern with high/low discharge on weekdays/weekends, are well
known effects of reservoir operations (Fig. 4.10 g) (Verbunt et al., 2005; Belz et al.,
2007; Meile et al., 2011; Pérez Ciria et al., 2019; Rottler et al., 2020).

4.5.4 Model performance and limitations

We are confident that our modelling approach enables investigations of snow
cover changes. Temporal dynamics and absolute values have been reproduced
for the stations, patterns realistically generated on the catchment scale. Elevation-
dependent differences in snowpack characteristics are represented well. However,
our modelling approach includes several assumptions and simplifications that
require caution and limit the explanatory value of our simulations. In the frame-
work of our snow model, we do not address changes in incoming solar radiation.
Instead, the simple mean annual cycle we use as input inter alia does not sup-
ply information on recent regional brightening effects (Norris and Wild, 2007;
Ruckstuhl et al., 2008; Ruckstuhl and Norris, 2009; Duethmann and Blöschl, 2018).
Thus, our modelling set-up is solely driven by variations and changes in tem-
perature and precipitation. However, the energy-based concept enables us to
address energy input during rain-on-snow events, which is a phenomenon poorly
reflected by empirical approaches. Rain-on-snow is an important flood-generating
process in upland basins (e.g. Freudiger et al., 2014; Rössler et al., 2014; Sui and
Koehler, 2001). The current modelling set-up does not include redistribution of
snow by wind or avalanches (e.g. Freudiger et al., 2017; Warscher et al., 2013; Kerr
et al., 2013; Musselman et al., 2015). Missing redistribution processes increase the
uncertainty with regard to snow volume distribution along the elevation range.
Furthermore, aspect and slope can be important parameters controlling snow
accumulation and snowmelt.

With regard to the detected differences between simulated annual snow cover
durations and MODIS snow cover maps, we identify several possible factors
contributing to these differences: First, the current model setup does not resolve
very high elevations. The resolution of 1 km in combination with the simple
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lapse rate-based approach to downscale temperature does not capture the highest
elevations in the basin. Likewise, it introduces a smoothing effect to the very
low-lying cells, resulting in an overestimation of snow cover there. In addition,
we suspect the precipitation input is not capturing the full altitudinal gradient. It
seems that climatic conditions, particularly in the valley bottoms in the South-East
are not well captured in the meteorological input used to drive the snow simu-
lations. Precipitation patterns seem too coarse to capture the strong differences
over short distances in this complex terrain (Freudiger et al., 2016). In addition,
the parameters fitted for the observations at the four snow gauges possibly do
not capture the entire range of conditions in the basin. Particularly the snow
simulated in the comparatively dry valleys in the South-East and in the highest
altitudes might need an adapted set of parameters to describe its properties more
accurately.

4.6 Conclusions

We analyse snow and discharge observations and simulate the Alpine snow
cover in order to get a better understanding of how changes in snowmelt timing
translate into changes in river runoff. Focus of the study is the Rhine River Basin
upstream gauge Basel. We are confident that the physically-based snow model
set-up used represents the snow cover dynamics in the basin well. However,
several assumptions and simplification advice caution, most importantly the lapse-
rate based approaches applied to downscale gridded temperature input, simple
seasonal cycle used as radiation input and the neglect of snow redistribution
processes.

Our results point at strong decreases in seasonal snow packs in recent decades.
With regard to snowmelt events, we detect a threefold effect of rising temperatures:
Snowmelt becomes weaker, occurs earlier and forms at higher elevations (Fig. 4.7
c). Investigations on the catchment scale indicate that snowmelt-induced runoff
can originate from a wide range of elevations. Due to the wide range of elevations
covered in the basin, snowmelt does not occur simultaneously at all elevations.
Elevations bands rather melt together in blocks (Fig. 4.8). The beginning and end
of the release of meltwater seems to be determined by the passage of warm air
masses, the respective elevation range affected by accompanying temperatures and
snow availability. We hypothesise that in a warmer world with similar sequences
of weather conditions, snowmelt is moved upward to higher elevations, i.e. the
block of elevation bands providing most water to the snowmelt-induced runoff is
located at higher elevations (Fig. 4.12 b). The movement upward the elevation
range makes snowmelt in individual elevations bands occur earlier, the timing of
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the snowmelt-induced runoff, however, stays the same. Meltwater from higher
elevations, at least partly, replaces meltwater from elevations below.

Furthermore, our analysis points at the protective effect of snow accumulation
with regard to flooding. Precipitation in form of snow in part of the catchment
reduces the effective precipitation, i.e. precipitation directly translating into river
runoff. With rising temperatures, the snowline moves upwards and an increased
fraction of the precipitation possibly is liquid instead of solid (Scherrer and
Appenzeller, 2006; Allamano et al., 2009b; Vormoor et al., 2015). The analysis
of discharge time series enabled the assessment of other factors modifying river
runoff, i.e. more intense rainfall increasing high runoff quantiles in spring and
early summer and the construction of reservoirs for hydropower production
redistributing runoff from summer to winter (Meile et al., 2011; Bosshard et al.,
2013; Pérez Ciria et al., 2019; Rottler et al., 2020).

This study represents a further step towards understanding how changes in
alpine snowpacks translate into changes in river runoff. Future studies need
to further investigate the proposed hypotheses describing elevation-dependent
compensation effects. Investigations using meso-scale hydrological modelling
frameworks in combination with satellite-data derived snow cover maps seem
predestined for such a task.
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Table 4.1: Data base studied: Station ID, station name, location (WGS
84), altitude [m], daily resolution time series investigated with
snow depth (SD), snow water equivalent (SWE), discharge (D),
temperature (T), precipitation (P) and radiation (R) and data
source with Federal Office of Meteorology and Climatology of
Switzerland (MeteoSwiss), Institute for snow and avalanche
research (SLF) from the Swiss Federal Institute for Forest, Snow
and Landscape Research and Global Runoff Data Centre (GRDC).

ID Station Lat. Lon. Alt. Vari. Data source
WFJ Weissfluhjoch 46.8333 9.8000 2691 SD-T-P MeteoSwiss
ARO Arosa 46.8000 9.6833 1878 SD MeteoSwiss
SIA Segl-Maria 46.4333 9.7666 1804 SD MeteoSwiss
ZER Zermatt 46.0292 7.7531 1638 T-P MeteoSwiss
GRC Graechen 46.2000 7.8333 1606 SD MeteoSwiss
DAV Davos 46.8166 9.8500 1594 SD-T-P MeteoSwiss
ANT Andermatt 46.6333 8.5833 1438 SD-T-P MeteoSwiss
SMM Sta. Maria, Val Muestair 46.6000 10.4333 1386 SD MeteoSwiss
ABO Adelboden 46.5000 7.5666 1322 SD MeteoSwiss
DIS Disentis 46.7000 8.8500 1197 SD MeteoSwiss

ELM Elm 46.9166 9.1833 957 SD MeteoSwiss
EIN Einsiedeln 47.1331 8.7567 910 SD MeteoSwiss
SMA Zuerich/Fluntern 47.3833 8.5666 555 SD-P MeteoSwiss
BER Bern / Zollikofen 46.9908 7.4639 552 P MeteoSwiss
BAS Basel / Binningen 47.5411 7.5836 316 P MeteoSwiss
NAP Napf 47.0047 7.9400 1404 R MeteoSwiss
5WJ Weissfluhjoch 46.8294 9.8093 2540 SWE SLF
4ZE Zermatt 46.0234 7.7512 1600 SWE SLF
5DF Davos Flueelastr. 46.8125 9.8482 1560 SWE SLF
2AN Andermatt 46.6329 8.5919 1440 SWE SLF

- Basel, Rheinhalle 47.5594 7.6167 294 D GRDC
- Untersiggenthal 47.5166 8.2348 373 D GRDC
- Brugg 47.4825 8.1949 380 D GRDC
- Bern 46.9331 7.4480 552 D GRDC
- Rekingen 47.5704 8.3300 370 D GRDC
- Neuhausen 47.6823 8.6259 430 D GRDC
- Diepoldsau 47.3831 9.6409 456 D GRDC
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5 | Projected changes in Rhine River
flood seasonality under global
warming

Under review: Erwin Rottler, Axel Bronstert, Gerd Bürger and Oldrich Rakovec:
Projected changes in Rhine River flood seasonality under global warming. Hydrol-
ogy and Earth System Sciences, 2021.

Key points:

• The mesoscale Hydrologic Model (mHM) forced with climate projections

• Future characteristics of nival, pluvial and mixed hydrological regimes

• Changes scrutinized for 1.5, 2.0 and 3.0 ◦C global warming levels

• Impact of changes in snowmelt, precipitation and evapotranspiration

Abstract

Climatic change alters the frequency and intensity of natural hazards. In order to
assess potential future changes in flood seasonality in the Rhine River Basin, we
analyse changes in streamflow, snowmelt, precipitation, and evapotranspiration
at 1.5, 2.0 and 3.0 ◦C global warming levels. The mesoscale Hydrological Model
(mHM) forced with an ensemble of climate projection scenarios (five general
circulation models under three representative concentration pathways) is used
to simulate the present and future climate conditions of both, pluvial and nival
hydrological regimes.

Our results indicate that future changes in flood characteristics in the Rhine
River Basin are controlled by increases in antecedent precipitation and diminish-
ing snow packs. In the pluvial-type sub-basin of the Moselle River, an increasing
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flood potential due to increased antecedent precipitation encounters declining
snowpacks during winter. The decrease in snowmelt seems to counterbalance in-
creasing precipitation resulting in only small and transient changes in streamflow
maxima. For the Rhine Basin at Basel, rising temperatures evoke changes from
solid to liquid precipitation, which enhance the overall increase in precipitation
sums, particularly in the cold season. At gauge Basel, the strongest increases
in streamflow maxima show up during winter, when strong increases in liquid
precipitation encounter almost unchanged snowmelt-driven runoff. The analysis
of snowmelt events for gauge Basel suggests that at no point in time during
the snowmelt season, a warming climate results in an increase in the risk of
snowmelt-driven flooding. Snow packs are increasingly depleted with the course
of the snowmelt season. We do not find indications of a transient merging of
pluvial and nival floods due to climate warming.

5.1 Introduction

Current climatic changes entail changes in the frequency and intensity of natural
hazards. Among other things, rising temperatures reinforce heat waves (Meehl
and Tebaldi, 2004; Della-Marta et al., 2007; Fischer and Schär, 2010) and dry spells
(Blenkinsop and Fowler, 2007; Samaniego et al., 2018a; Grillakis, 2019) and more
intense precipitation increases the risk posed by floods and land slides (Dankers
and Feyen, 2008; Rojas et al., 2012; Alfieri et al., 2015; Crozier, 2010; Huggel et al.,
2012). Fundamental changes are expected in snow-dominated regions (Hock
et al., 2019); alpine climatic changes go along with declining seasonal snow packs
(Steger et al., 2013; Beniston et al., 2018a; Hanzer et al., 2018), thawing permafrost
(Serreze et al., 2000; Schuur et al., 2015; Elberling et al., 2013; Beniston et al.,
2018a) and retreating glaciers (Zemp et al., 2006; Huss, 2011; Radić and Hock,
2014; Hanzer et al., 2018). Those cryospheric changes, in turn, impact water
availability in and outside mountain areas (Barnett et al., 2005; Stewart, 2009;
Junghans et al., 2011; Viviroli et al., 2011). The European Alps, for example, are
the source region of numerous large rivers that form the basis of the economic
and cultural development in various cities and communities (Beniston, 2012).

Recent studies suggest that rapid climatic changes have already altered flood
characteristics in river systems across Europe. For example, Blöschl et al. (2019)
indicate that during 1950–2010, increasing rainfall and soil moisture led to higher
river flood discharges in northwestern Europe, while decreasing rainfall together
with higher evapotranspiration rates decreased flood discharge in southern parts
of the continent. Detected trends in flood magnitudes seem to align with trends in
the spatial extent of the floods (Kemter et al., 2020). A further distinction of floods
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depending on return period and catchment area enables a detailed investigation
of processes generating floods (Bertola et al., 2020). Most important mechanisms
driving flooding in Europe are extreme precipitation, snowmelt and soil moisture
excess (Berghuijs et al., 2019).

In large and diverse river basins, such as the the Rhine River Basin, all relevant
mechanisms generating riverine floods can be detected. The southern part of the
basin is influenced by snowmelt from the Alps and therefore commonly classified
as nival (Belz et al., 2007; Speich et al., 2015). The runoff of a nival hydrological
regime is primarily controlled by the accumulation and melt of a seasonal snow
cover. Hence, runoff is low during winter and high during summer. The main
tributaries of the Rhine River are rainfall-dominated. Runoff is high during winter
and low during summer. Flooding in the rainfall-dominated tributaries usually
occurs in winter and is driven by large-scale advective precipitation (Pfister et al.,
2004; Bronstert et al., 2007).

Investigating changes in runoff seasonality and flood-generating mechanisms
is important to assess challenges in future water resources management. Previous
investigations conducted in Switzerland (e.g., Horton et al., 2006; Addor et al.,
2014; Brunner et al., 2019a), Austria (e.g., Kormann et al., 2015, 2016; Hanzer
et al., 2018), Norway (e.g., Vormoor et al., 2015, 2016) or the United States (e.g.
Brunner et al., 2020b,a) point at changes in snowmelt- and rainfall-generated
runoff. For the Rhine River, studies have indicated that changes in both nival and
pluvial flow alter hydrological regimes and their high/low flow characteristics
(e.g., Middelkoop et al., 2001; Belz et al., 2007; Hurkmans et al., 2010; Huang et al.,
2013; Alfieri et al., 2015; Stahl et al., 2016; Thober et al., 2018; Marx et al., 2018;
Huang et al., 2018). Projections of discharge attained using hydrological models
proved key in the attempt to assess the impact of climatic changes.

The aim of the present study is to investigate future changes in rainfall- and
snowmelt-induced flooding in the Rhine River. We use the mesoscale Hydrologic
Model (mHM; Samaniego et al., 2010; Kumar et al., 2013) forced with an ensem-
ble of climate projection scenarios (five general circulation models under three
representative concentration pathways) to assess projected changes in streamflow,
snowmelt, rainfall and evapotranspiration characteristics under 1.5, 2.0, and 3.0 ◦C
global warming. Special focus is on the hypothesis of a transient merging of nival
and pluvial flow regimes by climate change, which suggests that in a warmer
world, earlier snowmelt-induced floods originating from the Alps might super-
impose with more intense rainfall-induced runoff from pluvial-type tributaries,
creating a new flood type with potentially disastrous consequences (Fig. 5.1).
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Figure 5.1: Idealised seasonal distribution of nival and pluvial flood frequen-
cies and potential overlap due to climate change.

5.2 Data and Methods

5.2.1 Model set-up

The mesoscale hydrologic model (mHM) v.5.10 (Samaniego et al., 2010; Kumar
et al., 2013; Samaniego et al., 2018b) is used to detect and assess projected changes
in Rhine River floods under future climate conditions (Fig. 5.2 and 5.3). mHM
is a spatially distributed hydrologic model based on grid cells. Key feature
of mHM is the Multiscale Parameter Regionalization (MPR) technique, which
allows to account for subgrid variability and provides simulations in seamless
manner over multiple resolutions (e.g., Kumar et al., 2013; Rakovec et al., 2016;
Samaniego et al., 2017). During MPR, high resolution physiographic land surface
descriptors are translated into model parameters in the two phases of MPR, i.e.,
regionalization and upscaling. In the framework of this study, the high resolution
physiographical datasets describing the main features of the terrain, e.g., digital
elevation model, aspect, slope, soil texture, geological formation type, land cover
and leave area index (LAI), are in 500 m resolution (Samaniego et al., 2019). The
mHM model set-up distinguishes six soil layers up to a depth of 2 m based on
Hengl et al. (2017). For each soil horizon the soil types are defined based on clay
content, sand content and bulk density. We distinguish eight hydrogeological
units. The baseflow recession parameters characterising each unit are determined
during model calibration. Long-term climatologic monthly LAI maps are based
on Mao and Yan (2019). Using a modified IGBP MODIS Noah classification
scheme, 23 LAI classes are distinguished, whereby classes representing croplands,
grassland, coniferous forest, mixed forest and mosaics of cropland and natural
vegetation being the most common classes in the basin. More information on
physiographical datasets, the mapping on a common 500 m × 500 m spatial
resolution and underlying data sources is presented in Samaniego et al. (2019).
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Figure 5.2: Topographic map of the Rhine River Basin at gauge Lobith with
locations of all gauges and sub-basins investigated.

All dominant hydrological processes are modelled at 5 km spatial resolution.
Meteorological forcing data of the model consists of daily average, maximum

and minimum temperature and precipitation. Observational data sets are based
on the E-OBS v12 gridded data sets (Haylock et al., 2008). Climate model data
originates from the Inter-Sectoral Impact Model Intercomparison Project (ISI-MIP)
(Hempel et al., 2013a,b; Warszawski et al., 2014). ISI-MIP bases on Global Climate
Model (GCM) runs performed during the fifth phase of the Coupled Model
Intercomparison Project (CMIP5; Taylor et al., 2012). Within ISI-MIP, daily data
from five Global Climate Models (GCMs), i.e., GFDL-ESM2M, HadGEM2-ES, IPSL-
CMSA-LR, MIROC-ESM-CHEM, NorESM1-M, were bias corrected and bi-linearly
interpolated to a 0.5◦ × 0.5◦ grid. Bias correction of climate model data represents
an indispensable step in climate change impact modelling applications. Systematic
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deviation, e.g., due to imperfect model representations of atmospheric processes
or errors in the parameterisation chain, need to be corrected (Ehret et al., 2012).
A detailed description of the trend-preserving statistical bias correction method
developed and applied within ISI-MIP, which includes an additive correction
approach for temperature and a multiplicative correction for precipitation, is
presented in Hempel et al. (2013b). GCM data used cover the period 1950–2099
and include three representative concentration pathways (RCPs) 2.6, 6.0 and 8.5.
In the framework of the project “EDgE - End-to-end Demonstrator for improved
decision making in the water sector in Europe” by order of the Copernicus
Climate Service (edge.climate.copernicus.eu), meteorological data sets were
interpolated to a 5 km grid using external drift kriging (Samaniego et al., 2019).

mHM forced with E-OBS meteorological data is calibrated for the Rhine
Basin at gauge Lobith against observed streamflow at the three gauges Lobith,
Basel and Cochem during 1951–1975 using the Dynamically Dimensioned Search
algorithm (DDS; Tolson and Shoemaker, 2007) and the Nash-Sutcliffe efficiency
(NSE; Nash and Sutcliffe, 1970). In the framework of this multi-basin calibration,
we simultaneously optimise NSE values for the three gauges and attain one set
of global parameters, which we apply to the entire basin. We use a multi-basin
approach to ensure that rainfall and snowmelt triggered runoff from both nival
and pluvial dominated sub-basins as well as streamflow in the main channel of
the Rhine River are considered during calibration. MPR enables the sampling in a
lower-dimensional space, in turn, speeding up the convergence of the optimization
algorithm (Samaniego et al., 2010). In total, we calibrate 47 global parameters
using 1000 model iterations. A detailed overview of global parameters and
their linkage with basin predictors in the regionalization transfer functions are
presented in Samaniego et al. (2010) and Kumar et al. (2013). In order to evaluate
the model performance in all important sub-regions of the entire Rhine River, the
mHM performance is evaluated at additional six independent gauges (Fig. 5.2)
and during an independent evaluation period (1976–2000) using the NSE and the
Kling-Gupta-Efficiency (KGE; Gupta et al., 2009) (Table 5.1). Analyses evaluating
streamflow simulations for the historic time frame 1951–2000 are given in the
Appendix (Fig. 5.10, 5.11 and 5.12). Similar to investigations presented in the
supplementary material of Thober et al. (2018), we assess streamflow maxima and
the 90 % streamflow quantile of the hydrological year. In addition, we evaluate
the timing of annual streamflow maxima and 90 % streamflow quantiles on a
monthly basis. All observational discharge times series are obtained from the
Global Runoff Data Centre (GRDC).

edge.climate.copernicus.eu
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The multiscale Routing Model (mRM; Thober et al., 2019) is used for routing
river runoff using the adaptive time step scheme (aTS). The kinematic wave
equation (Lighthill and Whitham, 1955), a simplification of the Saint-Venant
equation (de Saint-Venant, 1871), is solved using a finite difference scheme. The
kinematic wave equation only needs little information on the river topography
and assesses the advection and the attenuation of flood waves. The time step
selected within aTS only depends on the spatial resolution and is independent
of the temporal resolution of the meteorological forcing. In our model set-up,
water is routed through the river network at a temporal resolution of 30 min. The
high-resolution river network is based on a 500 x 500 m digital elevation map
and is upscaled to operate on a 5 km routing resolution. Within the upscaling
process, the flow direction in the lower resolution (routing resolution) is equal
to the flow direction in the underlying high-resolution grid cell with the highest
flow accumulation (Samaniego et al., 2010). The stream celerity is determined as
a function of terrain slope (Thober et al., 2019).

All dominant hydrological processes are modelled at 5 km spatial resolution.
We estimate reference crop evapotranspiration following the Hagreaves-Samani
equation, an empirical approach using minimum climatological data (Hargreaves
and Samani, 1985; Samani, 2000). The empirical coefficient of the equation is deter-
mined during calibration. The usage of this simple approach enables a consistent
set-up across historical and future model space. The actual evapotranspiration is
estimated based on the fraction of roots in the soil horizons and a stress factor
for reducing potential values calculated based on the actual soil moisture. The
stress factor is determined using the Feddes equation (Feddes et al., 1976). If the
soil moisture is below the permanent wilting point, evapotranspiration is reduced
to zero. In case the soil moisture is above field capacity, the evapotranspiration
equals the fraction of roots. If the soil moisture is in between the permanent
wilting point and field capacity, evapotranspiration is reduced by the fraction of
roots times the stress factor. The mHM set-up distinguishes six soil layers up to a
total depth of 2 m. Organic matter is possible until 0.3 m. In total, more than 2000
soil types with different clay content, sand content and bulk density are defined.
Land surface with impervious cover are treated as free-water surfaces and actual
evapotranspiration is estimated with an additional evaporation coefficient. More
details of the soil parameterization in mHM can be found in Livneh et al. (2015).

The canopy interception is modelled with a maximum interception approach.
The maximum interception capacity is estimated based on the given LAI values.
Water can leave the interception storage as throughfall, which is estimated as a
function of the current and maximum canopy water content and the incoming
precipitation. Evaporation from the canopy storage depends on the current and
maximum canopy water content and the potential values of evapotranspiration.
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We simulated snow using an empirical degree-day approach, whereas degree-day-
factors differ depending on the dominant land use class. In order to account for
snowmelt following the energy input from liquid rainfall, degree-day factors are
increased depending on the amount of liquid precipitation. Degree-day factors
only can increase to a certain threshold value. Due to the spatial resolution
of 5 km, our model set-up does not capture the highest elevations in the basin.
To also capture the snow dynamics at mountain peaks, meteorological input
data would need to be at higher spatial resolution and more advanced snow/ice
processes would need to be considered. Surface runoff from impervious areas is
calculated based on a linear reservoir exceedance approach. Interflow from the
unsaturated zone is determined using a nonlinear reservoir with saturation excess.
Groundwater is assumed as a linear reservoir. mHM does not included glacier
and lake modules yet.

The changes in mHM-based flood seasonality are further differentiated and
scrutinised for three different warming levels: 1.5, 2.0 and 3.0 ◦C. Within each
future model run, the 30-year time windows when the warming levels (compared
to the historic time window 1971–2000) are reached, are determined. The period
1971–2000 is assumed to be warmer by 0.46 ◦C compared to pre-industrial levels
already (Vautard et al., 2014). For example, when comparing 30-year running
temperature means from the IPSL-CM5A-LR model run under RCP 6.0, tempera-
tures reach 1.5 ◦C warming compared to pre-industrial levels in the 30-year time
window 2009–2038, 2.0 ◦C warming during 2028–2057 and a 3.0 ◦C warming in
the period 2066–2095. 14 GCM-RCP realisations reach 1.5 ◦C, 13 reach 2.0 ◦C, and
8 reach 3.0 ◦C global warming. A detailed description of the determination of
warming levels including a table with 1.5, 2.0 and 3.0 ◦C time periods of GCM-
RCP realisation (Table S1) is given in the supplementary material of Thober et al.
(2018).

5.2.2 Changes in streamflow characteristics

In order to assess the changes in flood characteristics, we determine the timing
and magnitude of annual and monthly maxima of streamflow, precipitation (total
and liquid), snowmelt and actual evapotranspiration for the hydrological year
starting on the 1st of October (Tab. 5.2). In case of precipitation, we investigate
maxima of 5-day sums (Pmax5). Investigating thousands of annual streamflow max-
ima for different Swiss catchments with regard to flood-triggering precipitation,
Froidevaux et al. (2015) conclude that precipitation 2 to 3 days before an event is
an important determinant of flood magnitude. To account for larger catchment
sizes and hence longer travel times in our study catchments, we chose a five 5-day
window. For snowmelt and evapotranspiration, we extend this time window to 10
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Figure 5.3: Scheme of the analytical set-up depicting gauges (Basel, Cochem
and Cologne) and sub-basins (at gauges Basel and Cochem)
investigated in detail.

days and assess the magnitude and timing of 10-day sums (Smax10 and ETmax10).
We assume that in order to have substantial impact on streamflow, meteorological
conditions favouring snowmelt or evapotranspiration need to prevail longer than
only a few days. According to our experience, a 10-day window width provides a
good estimate to assess potential impacts on streamflow.

In the case of annual maxima, we display the timing and magnitude as boxplots
and histograms. The length of the boxplot whiskers is 1.5 times the interquartile
range (IQR). However, if no data point exceeds this distance, the whiskers only
reach until the minimum/maximum value. The notches extent to +/− 1.58 · IQR√

n
with n being the length of the data vector (McGill et al., 1978; R Core Team, 2019).
The notches roughly represent 95% confidence intervals for the difference in two
medians. For visualisation purposes, we do not display whiskers and outliers of
boxplots displaying monthly maxima values. Histograms always depict the proba-
bility density and have a total area of one. To estimate the snowmelt contribution
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mean annual discharge) (Pardé, 1933; Spreafico and Weingart-
ner, 2005) for gauges Cochem, Basel and Cologne calculated
based on measured discharge from the time frame 1971 to 2000.

with regard to annual streamflow peaks, we calculate the ratio between snowmelt
the preceding 10 days and snowmelt the preceding 10 days plus precipitation the
preceding 5 days (S f rac). Furthermore, we estimate evapotranspiration loss as the
ration between actual evapotranspiration the preceding 10 days and snowmelt the
preceding 10 days plus precipitation the preceding 5 days (ETloss). In addition,
we determine mean average annual cycles of S f rac, the average elevation of the
snowmelt (Selev) and the solid fraction of precipitation (Psolid) and the median
average annual cycle of ETloss.

In the framework of the analysis, we focus on the three gauges: Basel, Cochem
and Cologne (Fig. 5.3). Selected gauges and sub-basins enable a detailed insight
into changes in pluvial and nival processes and changes in the main channel
of the Rhine River. Gauge Basel is located at the transition from High to Up-
per Rhine. The basin upstream gauge Basel encompasses large areas of high
alpine character. Snowmelt during spring and early summer is an important
runoff/flood-generating process (Wetter et al., 2011; Stahl et al., 2016). Runoff at
gauge Cochem (Moselle River) is characterised by a pluvial flow regime with high
runoff during winter and low runoff during summer (Fig. 5.4). Flooding typically
occurs in winter and early spring due to large-scale advective precipitation (Pfister
et al., 2004; Bronstert et al., 2007). The gauge Cologne is located in the Lower
Rhine region after the confluences of the main tributaries Moselle, Neckar and
Main (Fig. 5.2). Streamflow at gauge Cologne is characterised by a complex flow
regime containing both nival and pluvial characteristics.
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5.3 Results

5.3.1 Annual maxima

The magnitudes of annual streamflow maxima at gauge Basel increase with rising
temperatures (Fig. 5.5 a). However, this increase is not linear with the magnitude
of the warming. The most prominent increase shows up between the historic
time frame (1971–2000) and the 1.5 ◦C warming level. According to the model
simulations, the median of annual streamflow maxima increases from 2557 m3

s−1 in the historic period to 2827 m3 s−1 supposing a warming of 1.5 ◦C. Among
the different warming levels we distinguish marginal differences (Fig. 5.5 a). At
gauge Basel, annual streamflow maxima occur throughout the year (Fig. 5.5 d).
In the historical period, runoff peaks cluster during spring and early summer
(snowmelt season). In a warming climate, this cluster is more and more dispersed
and annual maxima are increasingly recorded during winter, in particular for the
3 ◦C warming level. At gauge Cochem, no clear signals of change are detected,
neither for the magnitudes nor the timing of annual streamflow maxima (Fig.
5.5 b and e). At gauge Cologne, streamflow maxima tend to be stronger at the
selected warming levels compared to the historic time frame (Fig. 5.5 c and f).
Again, differences among warming levels are small.
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Figure 5.5: Magnitudes and timing (hydrological year starting 1. Octo-
ber) of annual streamflow maxima simulated for gauges Basel,
Cochem and Cologne under selected warming levels (14 GCM-
RCP realisations reach 1.5 ◦C, 13 reach 2 ◦C and 8 reach 3 ◦C
warming) and displayed as boxplots and histograms. Histograms
depict probability density and have a total area of one.

For both gauges Basel and Cochem, the estimated contribution of snowmelt
to annual streamflow maxima (S f rac) strongly decreases with rising temperatures
(Fig. 5.6 a and b). At gauge Basel (Cochem), the median of S f rac decreases from
15.7% (23.0%) during the historical time frame to 6.7% (0.2%) at a 3 ◦C warming.
At a 3 ◦C warming, only 27.2% (16.8%) of the annual streamflow maxima have
an estimated snowmelt contribution of more than 15% at gauge Basel (Cochem).
For both gauges Basel and Cochem, magnitudes of Smax10 diminish (Fig. 5.6 c and
d). The median of annual Smax10 for gauge Basel (Cochem) is around 32.6 mm
(23.9 mm) in the historic time frame and is reduced to 20.6 mm (8.5 mm) at a 3 ◦C
warming. At gauge Basel, Smax10 do not only get weaker, they also tend to be
recorded earlier in the hydrological year (Fig. 5.6 e). At gauge Cochem, the timing
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of annual 10-day snowmelt maxima (Smax10) remains unchanged (Fig. 5.6 f). In
both sub-basin, liquid and total annual Pmax5 increase with rising temperatures
(Fig. 5.6 g, h, i, and j). At gauge Basel (Cochem), the median of liquid annual
Pmax5 increases from 63.4 mm (43.9 mm) in the historic time frame to 74.4 mm
(50.5 mm) at a 3 ◦C rise in temperature. The median of the estimated evaporation
loss during the genesis of annual streamflow maxima (ETloss) is 21.8% (9.2%)
at gauge Basel (Cochem) during the historic time period (Fig. 5.6 k an l). At
gauge Basel, ETloss remain fairly stable for moderate warming levels (1.5 and
2 ◦C) and strongly decreases to 15.4 mm at a 3.0 ◦C warming, as streamflow peaks
more frequently are recorded during winter. At gauge Cochem, the median of
ETloss remains almost unchanged and has a value of 9.4% at a 3 ◦C warming.
Magnitudes of annual ETmax10 increase with rising temperatures (Fig. 5.6 m and
n). At a 3 ◦C warming, the median of ETmax10 magnitudes increases by 11.7%
(6.2%) for gauge Basel (Cochem) compared to the historic simulations.
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Figure 5.6: Estimated contribution of snowmelt to the annual streamflow
maxima (S f rac; a and b), magnitudes (c and d) and timing (e
and f) of annual 10-day snowmelt maxima (Smax10), magnitudes
of annual total (g and h) and liquid (i and j) 5-day precipitation
maxima (Pmax5), estimated evapotranspiration loss during the
genesis of annual streamflow maxima (ETloss; k and l) and
magnitudes of annual 10-day actual evapotranspiration maxima
(ETmax10; k and l) for sub-basins at Basel (left column) and
Cochem (right column) under selected warming levels (14 GCM-
RCP realisations reach 1.5 ◦C, 13 reach 2 ◦C and 8 reach 3 ◦C
warming).
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5.3.2 Annual cycles

At gauge Basel (Cochem), the solid fraction of precipitation (Psolid) reaches values
of 69.9 % (43.9 %) during winter in the historic time frame (Fig.5.7 a and b).
Our results indicate that at a 3 ◦C warming, on average, the fraction of solid
precipitation will be reduced to less than 40 % (17 %) at gauge Basel (Cochem)
in winter. At gauge Basel, the estimated average contribution of snowmelt to
streamflow (S f rac) reaches values values up to 40 % during winter, spring and
early summer (Fig. 5.7 c). Strongest decreases in S f rac show up in summer (Fig.
5.7 c). In the Moselle catchment at gauge Cochem, S f rac values strongly decrease
during the cold season (Fig. 5.7 d). Upstream of Basel, the average melt elevation
(Selev) is moving upward the elevation range throughout the year (Fig. 5.7 e).
On average, Selev is 359 m higher at 3 ◦C warming compared to the historic time
period. At gauge Cochem, Selev is restricted to elevations below 1100 m (Fig. 5.7
f). Simulation results hint at higher Selev, particularly at the beginning and end
of the snow season. However, changes are less prominent compared changes
detected at gauge Basel. At gauge Basel, the estimated average evapotranspiration
loss (ETloss) is below 100 % almost throughout the year (Fig. 5.7 g). Only during
summer months and more frequently with stronger warming, ETloss reach values
above 100 %. At gauge Cochem, ETloss are below 100 % between October and
March (Fig. 5.7 h). During the course of the summer, average ETloss can reach
values up to almost 400 %.
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Figure 5.7: Mean annual cycles of the fraction of solid precipitation (Psolid;
a and b), estimated contribution of snowmelt to streamflow
(S f rac; c and d), average elevation of snowmelt (Selev; e and
f) and estimated evapotranspiration loss (ETloss; g and h) for
sub-basins at Basel and Cochem under selected warming levels
(14 GCM-RCP realisations reach 1.5 ◦C, 13 reach 2 ◦C and 8
reach 3 ◦C warming).

5.3.3 Monthly maxima

At gauge Basel, monthly streamflow maxima generally increase during winter
and decrease in late summer (Fig. 5.8 a). Streamflow maxima in May and June
seem to increase in magnitude at the more moderate warming levels (up to a
warming of 2 ◦C) and decrease as warming progresses. A similar pattern of initial
increases in monthly maxima and a subsequent stabilisation or even a decrease at
higher warming levels shows up in December and January at gauge Cochem (Fig.
5.8 b) and in all winter months at gauge Cologne (Fig. 5.8 c). In general, patterns
of change in monthly streamflow maxima at gauge Cologne seem to reflect an
overlap of features visible at gauges Basel and Cochem.

At gauge Basel, magnitudes of Smax10 remain fairly stable during winter (Fig.
5.9 a). Strong decreases in Smax10 show up in spring and are most pronounced
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Figure 5.8: Magnitudes of monthly streamflow maxima simulated for gauges
a) Basel, b) Cochem and c) Cologne under selected warming
levels (14 GCM-RCP realisations reach 1.5 ◦C, 13 reach 2 ◦C
and 8 reach 3 ◦C warming). Whiskers and outliers of the boxplots
are not displayed.

from May to July. In the Moselle catchment at gauge Cochem, Smax10 strongly
decrease throughout the cold season (Fig. 5.9 b). Pmax5 tend to increase throughout
the year (Fig. 5.9 c, d, e and f). In the Moselle catchment, no big differences
between changes in liquid and total Pmax5 are detected. In the Rhine Basin
upstream gauge Basel, rising temperatures seem to evoke changes from solid to
liquid precipitation, which enhance the overall increase in 5-day precipitation
sums, particularly in the cold season (Fig. 5.9 c and e). Our model simulation
suggest that evapotranspiration only plays a minor role in the Rhine Basin during
winter (Fig. 5.9 g and h). We detect highest values of ETmax10 reaching up to
35 mm for the sub-basin at Cochem during summer. Values of ETmax10 increase
with rising temperatures.
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Figure 5.9: Magnitudes of 10-day snowmelt maxima (Smax10; a and b),
liquid (c and d) and total (e and f) 5-day precipitation (Pmax5)
and 10-day actual evapotranspiration maxima (ETmax10; g and
h) for sub-basins at Basel and Cochem under selected warming
levels (14 GCM-RCP realisations reach 1.5 ◦C, 13 reach 2 ◦C
and 8 reach 3 ◦C warming). Whiskers and outliers of the boxplots
are not displayed.

5.4 Discussion

Rising temperatures diminish seasonal snow covers (see also Bavay et al., 2009;
Rousselot et al., 2012; Schmucki et al., 2015; Beniston et al., 2018a). As a result,
the importance of snowmelt as a flood-generating process decreases (Fig. 5.6
a, b, c and d). In the Rhine Basin at Basel, 10-day snowmelt maxima (Smax10)
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decrease for all months of spring and summer (Fig. 5.8 a). At no point in time
during the snowmelt season, a warming climate results in an increase in risk of
snowmelt-driven flooding. Our results indicate that the detected earlier timing of
the annual snowmelt maxima (Fig. 5.6 e) is not due to an increase in snowmelt
magnitudes earlier in the year. It rather seems that events early in the snowmelt
season, even if weakened by rising temperatures, more often are the strongest of
the year already, as snow packs are increasingly depleted within the course of the
snowmelt season. For the basin at Basel, we can not find indications that an earlier
snowmelt due to rising temperatures shifts the risk of snowmelt-driven flooding
forward in time. Despite the temporal shift forward of annual snowmelt maxima,
flood hazard seems to decrease, as the temporal shift concurs with a strong
decrease in snowmelt magnitudes (Fig. 5.6 c). Our findings go along with results
from Musselman et al. (2017), who suggest that a “shallower snowpack melts
earlier, and at lower rates, than deeper, later-lying snow-cover”. However, the
disappearance of snow packs and glaciers is likely to favour low-flow conditions
along the Rhine River (Junghans et al., 2011; Stahl et al., 2016). Another factor
having the potential to initiate or reinforce low-flow situation are increasing values
of evapotranspiration, particularly during summer (Fig. 5.9 g and h).

Our results indicate that at Basel during winter, the lack of snowmelt from
lower elevations, at least partly, is compensated by snowmelt from areas located
at higher elevations (Rottler et al., 2021) (Fig. 5.7 c and e and Fig. 5.9 a). This
compensation effect seems to be increasingly insufficient as the snowmelt season
progresses and the snowline moves upward. We suggest that in winter, the almost
unchanged potential of snowmelt-induced runoff at Basel encounters increased
antecedent precipitation (Fig. 5.9 c), in turn, resulting in a strong increase in
streamflow maxima (Fig. 5.8 a). Our results confirm previous studies suggesting
that rising temperatures might lead to stronger precipitation events (e.g., Lehmann
et al., 2015; Alfieri et al., 2015; King and Karoly, 2017; Bürger et al., 2019; Rottler
et al., 2020) (Fig. 5.6 g-j and Fig. 5.9 c-f) and a shift from solid to liquid rainfall (e.g.,
Allamano et al., 2009b; Addor et al., 2014; Davenport et al., 2020) (Fig. 5.7 a and
b). In catchments having mixed hydrological regimes with rainfall and snowmelt,
rising temperatures seem to lead to a shift from snowmelt to rainfall as most
important flood generating process (Vormoor et al., 2015, 2016). Reconstructing
the largest floods in the High Rhine since 1268, Wetter et al. (2011) indicate that
about half of all large events occurred during summer due heavy precipitation
combined with high baseflow from snow- and ice-melt. Our results indicate that
with rising temperatures, most flood events will occur in winter (Fig. 5.5 d).

In March and April, the increase in rainfall amounts in the basin at Basel
compares to increases in winter, the magnitudes of streamflow maxima, however,
hardly change (Fig. 5.8 a). We suggest that the increasing potential of rainfall-
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induced flooding is counterbalanced by decreasing snowmelt (Fig. 5.9 a and c).
Furthermore, our results hint at a transient increase in flood magnitudes during
May and June (Fig. 5.8 a). It seems that during those two months, snowmelt is
still strong enough to support an increase in streamflow peaks due to increased
antecedent precipitation at moderate warming levels (1.5 ◦C and 2.0 ◦C). With
further rising temperatures, however, the magnitudes of streamflow maxima
reduce along with declining snowmelt (Fig. 5.8 a). The mHM model set-up
that we use to simulate the Rhine River does not include a lake module. The
simulation results attained for the Rhine Basin, particularly for gauge Basel, can
be further refined by the representation of the large lakes located in Switzerland
and Southern Germany (Imhoff et al., 2020). The large storage volume and the
possibility to regulate lake levels dampen streamflow peaks.

For gauge Cochem and the associated sub-basin of the Moselle River, we detect
similar counterbalancing effects between snowmelt and rainfall: an increasing
flood potential due to increased precipitation amounts encounters declining
snow packs. Again, decreases in snowmelt magnitudes seem to counterbalance
increased precipitation resulting in comparatively small and transient increases
in streamflow maxima (Fig. 5.8 b and Fig. 5.9 b and d). As highest mountains
in the sub-basin only reach up to around 1300 m a.s.l., snowmelt compensation
effects, i.e., snowmelt from higher elevations, at least partly, replaces the lack of
snowmelt from lower elevation, only plays a marginal role. Analysing changes in
frequencies of rain-on-snow (RoS) events with flood-generating potential for large
parts of Europe for the historic time frame 1950–2011, Freudiger et al. (2014) hint
at similar processes changing flood hazard. Their analyses suggest an increase in
flood hazard from RoS events in medium-elevation mountain ranges in the Rhine
River Basin in winter due to increased rainfall and a decrease in RoS events in
spring due to decreases in snow cover. Although important Rhine tributaries, such
as the Moselle River, often are characterised as pluvial-type rivers, the importance
of snowmelt as runoff component must not be underestimated. Simulating the
Rhine River for the time frame 1901–2006, Stahl et al. (2016) suggest that at gauge
Cochem, 26 % of the annual streamflow originates from snowmelt. During winter,
this fraction increases up to almost 40 % (see also Fig. 5.7 b). However, the inter-
annual variability of annual streamflow and the relative fractions of streamflow
components is high, particularly in pluvial-type tributaries of the Rhine River
(Stahl et al., 2016).

In Cologne, which is located at the main stream after the confluence of all
major tributaries, signals emerging from the different sub-basin superimpose.
Accordingly, we detect increases in runoff peaks during winter (Fig. 5.8 c).
Detected increases seem to level off as temperatures continue to rise beyond
the 2 ◦C warming level. We do not find indications supporting the hypothesis
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describing the creation of a new flood type in the Rhine River Basin due to a
transient merging of nival and pluvial flood types. We detect counterbalancing
effects between changes in snowmelt and precipitation within the sub-basins.
Rising temperatures strongly reduce snowfall, snow accumulation and the snow
volume available for melt. The reduction in snowmelt-driven runoff during flood
genesis seems to impede the increase in streamflow peaks due to increases in
antecedent precipitation. Caution has to be exercised labelling basins such as
the Moselle catchment as pluvial-type or the Rhine Basin at Basel as nival-type.
In both sub-basins, snowmelt and precipitation are important factors for flood
generation. In the framework of this study, we mostly focus on changes in
streamflow seasonality and analyse average changes in streamflow generating
mechanisms. A detailed analysis of isolated extremes simulated is still pending.

5.5 Conclusions

We investigate changes in flood seasonality in the Rhine River Basin under 1.5,
2.0 and 3.0 ◦C warming using the spatially distributed hydrologic model mHM.
In order to improve our understanding of changes in rainfall- and snowmelt-
driven runoff, we carried out a detailed inspection of the Rhine River Basin at
Basel and the Moselle River Basin at Cochem. We detect significant changes in
both rainfall- and snowmelt-driven runoff peaks. Rising temperatures deplete
seasonal snowpacks. As a consequence, the importance of snowmelt as flood-
generating process diminishes. At no time during the year, a warming climate
results in an increase in the risk of snowmelt-driven flooding. Furthermore,
solid precipitation (snowfall) strongly decreases during winter. The shift from
solid to liquid precipitation further enhances the overall increase in antecedent
precipitation.

Our results indicate, that in order to understand changes in annual and
monthly streamflow maxima, the examination of counterbalancing effects between
changes in snowmelt- and rainfall-driven runoff is crucial. We suggest that
future changes in flood characteristics in the Rhine River Basin are controlled
by increased precipitation amounts on the one hand, and reduced snowmelt on
the other hand. The nature of their interaction defines the type of change in
runoff peaks. In the case of the Moselle River, increased rainfall amounts during
winter, at least partly, are counterbalanced by reduced snowmelt contribution
to the streamflow peaks, resulting in only small or transient changes. In the
Rhine Basin at Basel, strong increases in antecedent liquid precipitation encounter
almost unchanged snowmelt-driven runoff during winter. Hence, streamflow
maxima increase strongly. During May and June, our results hint at a transient
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increase in streamflow magnitudes at gauge Basel (Fig. 5.8 a). It seems that
snowmelt is still strong enough to support an increase in streamflow peaks due
to increased antecedent precipitation at moderate warming levels (1.5 ◦C and
2.0 ◦C). With further rising temperatures, however, the magnitudes of streamflow
maxima reduce along with declining snowmelt (Fig. 5.8 a). In addition to a
strong decline in snow packs in the Alps, we detect an upward movement of the
snowmelt elevation. It seems that during winter, snowmelt from higher elevation,
at least partly, can replace snowmelt for elevations below (Rottler et al., 2021).
Our findings confirm previous investigations suggesting a shift from snowmelt
to precipitation as most important flood generating mechanism (Vormoor et al.,
2015, 2016). We can not find indications of a transient merging of pluvial and
nival flood types in the Rhine Basin.

The understanding of future changes in flood characteristics along the Rhine
River and its tributaries is of great importance for water resources and flood
management. Within this study, some progress has been made in assessing the
importance of rainfall and snowmelt as flood-generating processes under different
warming levels. However, only further studies pursuing the improvement of
meteorological input data and hydrological modelling can ensure a comprehensive
understanding of future flood characteristics in the Rhine River. Next steps could
be the implementation and validation of a physically-based snow routine and a
glacier module in mHM in order to substantiate our current results regarding the
relevance of snowmelt magnitude and timing for the generation of Rhine floods.
The usage of satellite-based snow cover maps during model calibration and/or
validation might further improve the simulation of the snow cover dynamics.
A streamflow component model enabling the tracing of river flow originating
processes (e.g., Stahl et al., 2016) might ameliorate the understanding of snowmelt
and rainfall as flood-generating processes at different Rhine gauges. Furthermore,
the representation of lakes (e.g., Imhoff et al., 2020) and reservoirs and their
management might improve streamflow simulations, particularly during low-flow
conditions.

Code and data availability

Source code of the hydrologic model mHM v.5.10 can be accessed at https:
//git.ufz.de/mhm/mhm (last access: 8 October 2020). R-scripts used to analyse
simulation results are available at https://github.com/ERottler/mhm_rhine (last
access: 9 November 2020). Discharge data can be requested from the Global Runoff
Data Centre, 56068, Koblenz, Germany (GRDC). Further data sets used can be
made available upon request

https://git.ufz.de/mhm/mhm
https://git.ufz.de/mhm/mhm
https://github.com/ERottler/mhm_rhine
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Figure 5.10: Scatter plot of observed and simulated annual streamflow max-
ima (MAX) and the 90 % streamflow quantile (Q90) of the
hydrological year starting 1 October for all validation gauges
(a-d; Fig. 5.2) and for selected gauges (e-h). Panels a, b, e
and f depict observed discharge and simulated discharge using
E-OBS-based meteorological forcing. Panels c, d, g and h de-
pict observed discharge and simulated discharge using climate
model data from the ISI-MIP project. Time frame investigated:
1951–2000.
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Figure 5.11: Timing of annual streamflow maxima observed and simulated
using E-OBS-based meteorological forcing and climate model
data from the ISI-MIP project for all validation gauges (Fig.
5.2). Time frame investigated: 1951–2000.
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Figure 5.12: Streamflow quantiles (90 %) for every month of the year based
on daily resolution observations and simulations using E-OBS-
based meteorological forcing and climate model data from the
ISI-MIP project for all validation gauges (Fig. 5.2). Time frame
investigated: 1951–2000.





6 | Synthesis, conclusion and out-
look

6.1 Synthesis and conclusion

River flooding poses a threat to riparian communities all over the world. The
detection, quantification and attribution of changes in flood characteristics is
key to assess possible changes in flood hazard and to help affected societies to
timely mitigate and adapt to emerging risks. Within this thesis, some progress
has been made in assessing historic and projected changes in flood characteristics
in the Rhine River Basin. In the following, the main findings and conclusions for
the specific and overarching research questions (Fig. 1.2) are summarised and
discussed.

RQ 1: What are the main drivers of changes in runoff timing and runoff sea-
sonality?

The construction and operation of large reservoirs strongly affect the runoff timing
and runoff seasonality in the southern part of Rhine River Basin. The operation of
high head hydropower stations with reservoir lakes redistributes water from sum-
mer to winter (Fig. 3.4). Signals emerging in the Alpine part of the Rhine Basin
propagate downstream the Rhine River. Furthermore, a weekly pattern following
the energy consumption and hydropower productions with high discharge during
the week and low discharge on weekends shows up (Fig. 2.6). Changes in runoff
seasonality imposed by hydropower production overlap with changes due to
changes in seasonal snow covers. Rising temperatures reduce snow accumulation
and snow covers are depleted earlier in the year already (Fig. 4.3 and 5.9 a and
b). In addition, changes in precipitation characteristics affect changes in runoff
timing and seasonality. The analysis of observational data hints at more (intense)
rainfall in recent decades, particularly during winter, in turn increasing high
runoff quantiles (Fig. 3.4). Hydrological simulations using an ensemble of climate
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projections point a shift from solid to liquid precipitation, which enhances the
overall increase in precipitation sums (Fig. 5.9 c–f). Mechanisms not specifically
addressed in the framework of this thesis include the effect of lake regulations,
land use changes and the retreat of Alpine glaciers.

RQ 2: Which analytical and visualisation techniques are suitable to detect and
present changes in river runoff?

The developed interactive web application Hydro Explorer is a powerful tool to
present, explore, learn and teach analytical and visualisation techniques related
to streamflow changes (Chapter 2). A selection of commonly used analytical
techniques, i.e., raster graphs, mean annual cycles, the timing of runoff fractions,
quantile estimations and annual/monthly maxima, can be explored and more
than 7000 runoff gauges all around the world investigated. The exploration and
comparison of a great diversity of river gauges in the Rhine River Basin and be-
yond indicates that river systems around the world undergo fundamental changes.
Results point out, that each analytical technique has its assets and drawbacks and
that for the assessment of signal robustness, the ability to easily compare results
of different methods, gauges, regions, and time frames is crucial. Next step in
the development of the Hydro Explorer could be the incorporation of additional
analytical tools and the application to other hydro-climatological data sets. The
development and application of the analytical sequence, which combines quantile
sampling with moving average trend statistics and empirical mode decomposition
(Chapter 3), represents a further step in the scientific quest to disentangle natural
variability, climate change signals and direct human impacts. In general, the
usage of adequate analytical and visualisation techniques and the presentation of
results in an easy accessible way is key in the communication of scientific insights.
Future studies need to develop and improve visualisation techniques using newly
available web-based infrastructures.

RQ 3: How do higher temperatures affect snowmelt event characteristics?

Alpine landscapes react particularly sensitive towards climatic changes. A thor-
ough investigation of changes in seasonal snow packs is of great importance to
anticipate future changes in flood hazard in the Rhine River Basin. The analysis
of historic snow cover changes in the Rhine Basin upstream gauge Basel provides
first insights on how changes in snowmelt translate into changes in river runoff
(Fig. 4.3). Results obtained analysing snow observations are extended by simula-
tions of the Alpine snow cover using a physically based snow model (Chapter 4)
and hydrological simulations of the Rhine River Basin forcing the hydrological
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model mHM with an ensemble of climate projections (Chapter 5). Results hint
at strong decreases of both snow accumulation and snowmelt (Fig. 4.5 and 5.9 a
and b). Rising temperatures do not just decrease maximum melt rates, a threefold
effect can be identified: snowmelt becomes weaker, occurs earlier and forms at
higher elevations (Fig. 4.7 and 5.7 e). Due to the wide range of elevations in the
basin, snowmelt does not occur simultaneously at all elevations. Results indicate
that elevation bands melt together in blocks (Fig. 4.8). The beginning and end
of the release of meltwater seem to be determined by the passage of warm air
masses, and the respective elevation range affected by accompanying tempera-
tures and snow availability. Following those findings, a hypothesis describing
elevation-dependent compensation effects in snowmelt is introduced: In a warmer
world with similar sequences of weather conditions, snowmelt is moved upward
to higher elevations, i.e. the block of elevation bands providing most water to
the snowmelt-induced runoff is located at higher elevations. The movement
upward the elevation range makes snowmelt in individual elevation bands occur
earlier. The timing of the snowmelt-induced runoff, however, stays the same (Fig.
4.12). Meltwater from higher elevations, at least partly, replaces meltwater from
elevations below. Future studies are required to further investigate the proposed
hypothesis describing elevation-dependent compensation effects in snowmelt.

RQ 4: Do precipitation events intensify?

The analysis of long-term changes in hydro-climatic data hints more (intense)
precipitation in recent decades, particularly during winter (Fig. 3.5). A trend of
increasing precipitation amounts can also be detected in future climate projections.
The analysis of 5-day precipitation sums in the Rhine Basin points at an increase
in precipitation amounts with climate warming (Fig. 5.9 c–f). During winter,
this overall increase is amplified by temperature-induced changes from solid to
liquid precipitation (Fig. 5.7 c and d). Further research is required to improve
the understanding of mechanisms causing changes in precipitation characteristics.
These include the impact of changes in the frequency and persistence of large-
scale circulation pattern, natural variations in sea-land moisture transport and
temperature-moisture feedbacks in the atmosphere.

RQ 5: What factors control future changes in Rhine River flood seasonality?

To investigate transient changes in flood hazard in the Rhine River Basin in the
21st century, the spatially distributed hydrologic model mHM is forced with an
ensemble of climate projection scenarios (Chapter 5). The analysis of stream-
flow, snowmelt, precipitation and evapotranspiration at 1.5, 2.0 and 3.0 ◦C global
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warming levels extends the knowledge attained by the analysis of historic time
frames. Simulation results suggest that future changes in flood characteristics in
the Rhine River Basin are controlled by increased precipitation amounts on the
one hand, and reduced snowmelt on the other hand. Rising temperatures deplete
seasonal snowpacks. As a consequence, the importance of snowmelt as flood-
generating process diminishes. At no time during the year, a warming climate
results in an increase in the risk of snowmelt-driven flooding. Counterbalancing
effects between snowmelt and precipitation can result in only little and transient
changes in streamflow peaks (Fig. 5.8). In the Moselle catchment, the reduction
in snowmelt-driven runoff during flood genesis seems to impede the increase in
streamflow peaks due to increases in antecedent precipitation. In the Rhine River
Basin upstream Basel, rising temperatures evoke changes from solid to liquid
precipitation, which enhance the overall increase in precipitation sums, particu-
larly in the cold season. At gauge Basel, the strongest increases in streamflow
maxima show up during winter, when strong increases in liquid precipitation
encounter almost unchanged snowmelt-driven runoff. However, the analysis
conducted focuses on the magnitude and timing of annual maxima. When using
annual maxima, not all peaks investigated represent flood events of relevant
magnitude. A detailed analysis of very rare floods is still pending. The model set-
up presented in chapter 5 seems to be predestined to form the basis for such a task.

Overarching RQ: Does global warming cause the transient merging of nival
and pluvial Rhine flow regimes and the creation of a new flood type with
catastrophic consequences?

Although investigations point at changes in both rainfall- and snowmelt-driven
runoff, there are no indications of a transient merging of nival and pluvial Rhine
flood regimes due to climate warming, as hypothesised at the beginning of
this thesis (Fig. 1.1). The hypothesis bases on two assumptions: 1) Increased
precipitation amounts cause more (intense) flood peaks in pluvial-type tributaries
draining low mountain ranges and low land areas and 2) the earlier timing of
snowmelt-driven runoff from the Alps shifts the risk of nival flooding forward in
time. With regard to the first assumption, investigations indicate that the increase
in streamflow peaks does not follow the increases in precipitation amounts.
It seems that reduced snowmelt contributions to streamflow in pluvial-type
tributaries result in only little and transient increases in streamflow peaks. The
importance of snowmelt as runoff component in the pluvial-type tributaries of the
Rhine River, such as the Moselle River, during winter must no be underestimated.
Furthermore, analysis results hint that a distinct nival flood regime as illustrated
in Fig. 1.1 with snowmelt-induced flooding occurring in spring and early summer
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exists in the headwater catchments in the Alps, but starts to become increasingly
blurry with increasing catchments size and variety and increasing complexity
of the flow regime in the High Rhine. Hydrological simulation suggest that at
no point in time during the snowmelt season, a warming climate results in an
increase in the risk of snowmelt-driven flooding. The detected earlier timing of
annual snowmelt maxima in the High Rhine (Fig. 5.6) is not due to an increase
in snowmelt magnitudes earlier in the year. It rather seems that events early
in the snowmelt season, even if weakened by rising temperatures, more often
are the strongest of the year already, as snow packs are increasingly depleted
within the course of the snowmelt season. In addition, snow simulations suggest
that the wide elevation range enables elevation-dependent compensation effects
in snowmelt. The presented hypothesis of elevation-dependent compensation
effects suggests that despite the earlier timing of snowmelt in individual elevation
bands, the timing of the snowmelt-induced runoff stays the same. Hydological
simulations indicate that flooding in the large pluvial-type tributaries of the
Rhine, such as the Moselle River, as well as the High Rhine is controlled by both
precipitation and snowmelt. Caution has to be exercised labelling sub-basins such
as the Moselle catchment as purely pluvial-type or the Rhine River Basin at Basel
as purely nival-type. Results indicate that this (over-)simplifications can entail
misleading assumptions with regard to flood-generating mechanisms and changes
in flood hazard.

6.2 Outlook

This thesis represents a step forward in the scientific task to detect, quantify and
attribute changes in historic and future flood characteristics in the Rhine River
Basin. Some progress has been made, however, future investigations need to be
conducted to ensure a comprehensive understanding of changes in future flood
characteristics and underlying mechanisms.

Interactive online tools

In recent years, the potential of interactive web applications to share information
is increasingly recognized. Particularly in hazard and risk research, the provision
of background as well as real-time information to residents and decision-makers
in an easy accessible way is of great importance. The Hydro Explorer represents
another example that hints at the potential of scientifically engineered online tools.
Future studies need to harness this potential and improve the communication of in-
formation related to hazards and risks. An interactive web application that allows
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for a detailed investigation of the genesis of major historic and projected Rhine
floods represents a possible next step in the investigation and communication of
changing flood hazard in the Rhine Basin. This web application could include
the analysis and visualization of the amount and spatial pattern of precipitation
and snowmelt, flood extent and the superposition of flood waves originating
from different sub-basins. In addition, the development and application of new
analytical/visualization tools to investigate changes in flood generating processes
due to (in-)direct anthropogenic impacts on river runoff can provide new insights.

Hypothesis testing

Further studies are required to investigate the proposed hypothesis describing
elevation-dependent compensation effects in snowmelt. A systematic analysis us-
ing artificial catchments with varying elevation distributions to assess the degree
of compensation effects resolved in space and time represents one possible next
step.

Improvement of input data and model set up

Furthermore, investigations pursuing the improvement of meteorological input
data and model set up are required. The snow volume distribution along the
elevation range can be improved by implementing snow redistribution processes
by wind and avalanches. The implementation and validation of a physically-based
snow routine and a glacier module in mHM can substantiate results obtained
from hydrological simulations. The usage of satellite-based snow cover maps in a
multi-parameter calibration scheme might further improve the simulations of the
snow cover dynamics. To ameliorate the understanding of snowmelt and rainfall
as flood-generating processes at different Rhine gauges, a streamflow component
model enabling the tracing of river flow originating processes can be coupled to
mHM simulations. Furthermore, the representation of lakes and reservoirs and
their management can improve streamflow simulations, particularly in the Alpine
part of the Rhine River Basin.
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V. Bačová-Mitková and M. Onderka. Analysis of extreme hydrological events on
the Danube using the peak over threshold method. Journal of Hydrology and
Hydromechanics, 58(2):88 – 101, 2010. doi: https://doi.org/10.2478/v10098-
010-0009-x.

M. Begert and C. Frei. Long-term area-mean temperature series for Switzer-
land—Combining homogenized station data and high resolution grid data. In-
ternational Journal of Climatology, 38(6):2792–2807, 2018. doi: 10.1002/joc.5460.

M. Begert, T. Schlegel, and W. Kirchhofer. Homogeneous temperature and precipi-
tation series of Switzerland from 1864 to 2000. International Journal of Climatology,
25(1):65–80, 2005. doi: 10.1002/joc.1118.

J. U. Belz, G. Brahmer, H. Buiteveld, H. Engel, R. Grabher, H. Hodel, P. Krahe,
R. Lammersen, M. Larina, H.-G. Mendel, A. Meuser, G. Müller, B. Plonka,
L. Pfister, and W. van Vuuren. Das Abflussregime des Rheins und seiner
Nebenflüsse im 20. Jahrhundert. Analyse, Veränderungen und Trends. Tech-
nical Report Bericht Nr. I-22, Internationale Kommission fur die Hydrologie
des Rheingebietes (KHR), Utrecht, Netherlands, 2007. URL https://www.chr-
khr.org/sites/default/files/extended_abstract_i_22_d.pdf. (last access:
09/02/2021).

M. Beniston, D. Farinotti, M. Stoffel, L. M. Andreassen, E. Coppola, N. Eck-
ert, A. Fantini, F. Giacona, C. Hauck, M. Huss, H. Huwald, M. Lehning, J.-I.
López-Moreno, J. Magnusson, C. Marty, E. Morán-Tejéda, S. Morin, M. Naaim,
A. Provenzale, A. Rabatel, D. Six, J. Stötter, U. Strasser, S. Terzago, and
C. Vincent. The european mountain cryosphere: a review of its current
state, trends, and future challenges. The Cryosphere, 12(2):759–794, 2018a. doi:
10.5194/tc-12-759-2018.

M. Beniston. Impacts of climatic change on water and associated economic
activities in the swiss alps. Journal of Hydrology, 412-413:291 – 296, 2012. doi:
10.1016/j.jhydrol.2010.06.046.

http://dx.doi.org/10.1038/nature04141
http://dx.doi.org/10.1002/hyp.7195
http://dx.doi.org/https://doi.org/10.2478/v10098-010-0009-x
http://dx.doi.org/https://doi.org/10.2478/v10098-010-0009-x
http://dx.doi.org/10.1002/joc.5460
http://dx.doi.org/10.1002/joc.1118
https://www.chr-khr.org/sites/default/files/extended_abstract_i_22_d.pdf
https://www.chr-khr.org/sites/default/files/extended_abstract_i_22_d.pdf
http://dx.doi.org/10.5194/tc-12-759-2018
http://dx.doi.org/10.1016/j.jhydrol.2010.06.046


128 BIBLIOGRAPHY

M. Beniston, D. Farinotti, M. Stoffel, L. M. Andreassen, E. Coppola, N. Eck-
ert, A. Fantini, F. Giacona, C. Hauck, M. Huss, H. Huwald, M. Lehning, J.-I.
López-Moreno, J. Magnusson, C. Marty, E. Morán-Tejéda, S. Morin, M. Naaim,
A. Provenzale, A. Rabatel, D. Six, J. Stötter, U. Strasser, S. Terzago, and
C. Vincent. The European mountain cryosphere: a review of its current
state, trends, and future challenges. The Cryosphere, 12(2):759–794, 2018b. doi:
10.5194/tc-12-759-2018.

W. R. Berghuijs, S. Harrigan, P. Molnar, L. J. Slater, and J. W. Kirchner. The Relative
Importance of Different Flood-Generating Mechanisms Across Europe. Water
Resources Research, 55(6):4582–4593, 2019. doi: 10.1029/2019WR024841.

M. Bertola, A. Viglione, D. Lun, J. Hall, and G. Blöschl. Flood trends in europe: are
changes in small and big floods different? Hydrology and Earth System Sciences,
24(4):1805–1822, 2020. doi: 10.5194/hess-24-1805-2020.

T. W. Biggs and T. M. Whitaker. Critical elevation zones of snowmelt during peak
discharges in a mountain river basin. Journal of Hydrology, 438-439:52 – 65, 2012.
doi: 10.1016/j.jhydrol.2012.02.048.

M.-V. Birsan, P. Molnar, P. Burlando, and M. Pfaundler. Streamflow trends in
Switzerland. Journal of Hydrology, 314(1):312–329, 2005. doi: 10.1016/j.jhydrol.
2005.06.008.

S. Blenkinsop and H. J. Fowler. Changes in european drought characteristics
projected by the prudence regional climate models. International Journal of
Climatology, 27(12):1595–1610, 2007. doi: 10.1002/joc.1538.

G. Blöschl, T. Nester, J. Komma, J. Parajka, and R. A. P. Perdigão. The june 2013
flood in the upper danube basin, and comparisons with the 2002, 1954 and
1899 floods. Hydrology and Earth System Sciences, 17(12):5197–5212, 2013. doi:
10.5194/hess-17-5197-2013.

G. Blöschl, J. Hall, J. Parajka, R. A. P. Perdigão, B. Merz, B. Arheimer, G. T. Aronica,
A. Bilibashi, O. Bonacci, M. Borga, I. Čanjevac, A. Castellarin, G. B. Chirico,
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busch, L. Menzel, I. Pińskwar, M. Radziejewski, and M. Szwed. Summer Floods
in Central Europe – Climate Change Track? Natural Hazards, 36(1):165–189,
2005. doi: 10.1007/s11069-004-4547-6.
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