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Abstract

All over the world, hydrological models at the basin scale have been extensively used to
understand flow dynamics, runoff generation, and manage water resources. At the same
time, the movement of water within catchments along with solute transport still requires
an adequate modelling approach at large scale, that would have a high value to tackle water quality problems. Water and solutes move in catchments following different paths and
can take from minutes to centuries to reach the catchment outlet. This spectrum of paths
and time scales, along with their dependency on climatic forcing, catchment heterogeneity,
and numerous other factors, represent the main challenge towards inferring their magnitude and dependencies, and ultimately determining the processes that drive streamflow
generation and catchment-scale dispersion. Water transit time distributions are a crucial
metric for capturing these processes and they can be ultimately used to address the environmental challenges related to water quality. With the aim of better understanding
and estimating them and their controlling factors, a novel model and framework are here
developed. Hydrological and conservative transport simulations are coupled to follow multiple water parcels in space and time through the catchment. The model is firstly tested
and benchmarked on a catchment in UK with extensive datasets of discharge and chloride, a conservative environmental tracer. The dynamic transit time distributions (TTDs)
both forward and backward in time are satisfactory reproduced by the model. Results
show that TTDs conditional on a given rainfall time are mostly correlated to the season
in which the rain event occurs, whereas TTDs conditional on a given exit time are mostly
affected by catchment wetness. To further explore this, in a second step the model is applied to five catchments in different climatic regions and scenarios are developed to infer
the influences of climatic and geomorphological characteristic on transit and residence
time. Results reveal that for wet climates we can define a curve describing water transit as a function of cumulative discharge that only depends on topographic properties.
On the contrary, in dry climates the variability of transit time and young water fraction
is much larger in all the representations, thus a summary of climatic effects on transit
times is not straightforward. Overall, the study achieved an improved understanding of
catchment transport processes in different climates and topographies, and further research
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directions are identified aiming at an unifying catchment transport representation and a
quantification of natural and anthropogenic impacts on water resources.

ii

Zusammenfassung

Weltweit werden hydrologische Modelle auf Einzugsgebietsskala verwendet, um Abflussentstehung und Drainagedynamik besser zu verstehen und Wasserressourcen zukünftig besser
zu managen. Derzeit gibt es keinen zufriedenstellenden Modellansatz, um die Bewegung
von Wasser und den Transport gelöster Stoffe innerhalb von Einzugsgebieten auf grösserer
Skala zu modellieren, der zur Verbesserung der Wasserqualität eingesetzt werden könnte.
Wasser und darin gelöste Stoffe bewegen sich auf sehr unterschiedlichen Transportwegen
durch Einzugsgebiete, die Drainage kann von Minuten bis hin zu Jahrhunderten dauern.
Dieses grosse Spektrum an unterschiedlichen Transportwegen und Verweildauern stellt
neben anderen Faktoren, wie der grossen Heterogenität der unterschiedlichen Einzugsgebiete, sowie der Abhängigkeit von klimatischen Faktoren, die grösste Herausforderung bei
der Modellierung dar. Diese Informationen sind wesentlich, um die Grössenordungen und
Zusammenhänge der unterschiedlichen Prozesse zu verstehen, da sie die Verteilung von
Wasser und gelösten Stoffen auf Einzugsgebietsebene und die Drainage massgebend beeinflussen. Die zentrale Kennzahl zur Charakterisierung dieser Prozesse ist die Verteilung
der Verweildauer (Transit Time Distribution - TTD), die letztendlich dazu beiträgt die
wesentlichen Herausforderungen zur Verbesserung der Wasserqualität zu adressieren. Im
Rahmen dieser Arbeit wurde ein neuartiger Entscheidungsrahmen sowie ein Prognosemodell entwickelt, um die Abschätzung der TTDs und ihrer Kontrollfaktoren zu verbessern.
Hydrologische und konservative Transportsimulationen werden verknüpft, um mehrere
Wasserpakete in Zeit und Raum durch das Einzugsgebiet zu verfolgen. Das Modell wurde
zunächst in einem Einzugsgebiet in Grossbritannien, für welches langjährige Datenreihen
von Niederschlägen und Chloridionen – einem konservativen Tracer – vorliegen, getestet
und kalibriert. Die dynamischen TTDs können sowohl für vergangene als auch zukünftige
Ereignisse zufriedenstellend reproduziert werden. Die Ergebnisse zeigen eine Korrelation
zwischen TTDs für einen zeitlich definierten Niederschlag zur Jahreszeit in welcher der
Niederschlag stattfindet. TTDs für einen zeitlich definierten Abfluss werden jedoch am
meisten durch die Feuchtigkeit des Einzugsgebiets beeinflusst. In einem zweiten Schritt
wurde das Modell in fünf Einzugsgebieten in unterschiedlichen klimatischen Regionen
angewandt, um den Einfluss von klimatischen und geomorphologischen Eigenschaften
und Charakteristika auf die Verweildauer zu entwickeln. Die Ergebnisse zeigen, dass es
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bei feuchtem Klima möglich ist, eine Kurve zur Beschreibung der Verweildauer als Funktion des kumulierten Niederschlages zu definieren, welche nur von geographischen Eigenschaften abhängt. Im Gegensatz dazu ist bei trockenem Klima die Variabilität der Verweildauer und der Anteil von jungem Wasser in allen Berechnungen wesentlich höher, weshalb
eine endgültige Bewertung des Effektes von klimatischen Bedingungen aus Verweildauern
komplex ist. Insgesamt trägt die Arbeit wesentlich zu einem verbesserten Verständnis von
Transportprozessen in Einzugsgebieten in verschiedenen Klimaregionen und mit unterschiedlicher Topographie bei. Mögliche Ansatzpunkte für weitere aufbauende Forschung
zu diesem Thema, wären die Generalisierung von Transportprozessen in Einzugsgebieten,
sowie eine Quantifizierung der natürlichen und vom Menschen verursachten Einflüsse auf
Wasserressourcen.
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Sommario

Per comprendere le dinamiche di ruscellamento e per la gestione delle risorse idriche
sono ampliamente usati a livello globale i modelli idrologici di bacini idrici. Si osserva,
però, la mancanza di un adeguato approccio per modellizzare la dinamica dell’acqua in
contemporanea al trasporto di soluti in bacini alla mesoscala, ciò invece sarebbe rilevante nell’affrontare problemi di qualità delle acque. Acqua e soluti si muovono all’interno
dei bacini seguendo vari percorsi e possono richiedere da minuti a centinaia di anni per
raggiungere la sezione di chiusura. L’ampio spettro di percorsi e scale temporali e la
connessione a numerosi fattori, tra cui la forzante climatica e l’eterogeneità topografica,
rappresentano una delle maggiori sfide nella comprensione della loro magnitudine e legame
per determinare i processi che regolano la creazione e la dispersione di flussi idrologici.
La distribuzione dei tempi di transito dell’acqua è una metrica fondamentale per delineare questi processi e può essere usata nell’affrontare problematiche legate alla qualità
delle acque. In questo studio si presenta un nuovo approccio modellistico che ha come
obiettivo il calcolo di queste distribuzioni e il delineare i fattori che le determinano. La
simulazione contemporanea delle componenti idrologiche e di trasporto di soluti conservativi ha consentito di seguire in parallelo molteplici quantità d’acqua tracciandone il
loro percorso all’interno di un bacino. Inizialmente il modello sviluppato è stato applicato
e testato in un bacino in Gran Bretagna, nell’analisi del quale era disponibile un’estesa
raccolta dati sia di portata che di concentrazione di cloride, un tracciante naturale conservativo. Il modello si è dimostrato capace di calcolare i tempi di transito e residenza
dell’acqua oltre alle variabili che controllano le loro distribuzioni. I risultati hanno dimostrato che le distribuzioni dei tempi di transito condizionate a un evento di pioggia
sono soprattutto correlate alla stagionalità, mentre le distribuzioni dei tempi di transito
condizionate al tempo di uscita dal bacino sono correlate maggiormente allo stato di saturazione dell’intero bacino. Per esplorare ulteriormente queste dipendenze il modello è
stato applicato successivamente a cinque bacini con differenti proprietà climatiche e degli
scenari sono stati studiati per capire l’influenza del clima e della topografia sui tempi
di transito e residenza. I risultati hanno dimostrato in questo caso che in climi umidi
è possibile definire una curva per descrivere il tempo di transito dell’acqua in funzione
della portata cumulata che dipende solo dalle caratteristiche topografiche. Al contrario, in

v

climi secchi la variabilità dei tempi di transito e della frazione di acqua “giovane” è molto
maggiore e una concettualizzazione risulta meno immediata. Nello studio si sono compresi
maggiormente i processi di trasporto in bacini idrologici caratterizzati da differenti climi e
topografie. Sono state, inoltre, identificate delle possibili direzioni di ricerca futura, aventi
gli obiettivi di sviluppare un approccio modellistico unificante sul transporto a scala di
bacino e la possibilità di quantificare gli impatti naturali e umani sulle risorse idriche al
fine di ottenerne una migliore gestione.
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Introduction
1.1. Background
1.1.1. A major challenge for water-related sustainable
development
Global trends in agricultural intensification and rising economic pressures, together with
population growth and climate change, pose substantial challenges to sustainable management of water resources (Verburg et al., 1999; Alcamo et al., 2007; DeFries et al.,
2010). At the same time, the availability and access to sufficient quantity and quality of
water is essential for the preservation of healthy ecosystems and is critical for human and
socio-economic development (Bhaduri et al., 2016). A sustainable development requires to
reduce cities’ vulnerability to natural disaster risks and to control water pollution sources
and impacts. Among the serious threats to water-related sustainable development, pollutants such as nitrate, phosphorous, heavy metals, or pesticides are increasingly found
in soil-, ground-, and river waters (e.g., Audry et al., 2004; Howden et al., 2010, 2011;
Ringeval et al., 2014; Costa et al., 2016). Looking for example at nitrogen, the global
nitrogen fertilizer consumption has been steadily increasing especially in Asian countries
(Figure 1.1.1). Since mineral fertilizer use efficiency is generally low and far more fertilizer
is often used than plants actually need, a high percentage of them ends up polluting the
ecosystem. Seitzinger et al. (2010) estimated that global river nitrogen loads has increased
by approximately 15 per cent since 1970, with South Asia accounting for at least half of
the increase, and are likely to increase by an additional 5% by 2030, mostly in South
Asia. The excessive nutrient pollution not only from fertilizers, but also from human
sewage, livestock wastes, and erosion is a continuing, pervasive water quality problem
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Global nitrogen fertilizer consumption

Figure 1.1.: Global nitrogen fertilizer consumption between 1961 and 2015 split for the
different continents in Mt per year. Data from FAO (2015)
(UNEP, 2012) and there is a global concern about its impact on ecosystems’ health and
the resulting eutrophication (Rockström et al., 2009).
Accordingly, there is an urgent need for extended water resources management practices,
together with sustainable strategies to manage nutrients and other contaminants (Conley et al., 2009). However, the effective implementation and success of such management
strategies relies on robust predictions and quantitative impact assessments. These, in turn,
require comprehensive and integrated models that are based on adequate data to describe
water and solute flows and a holistic scientific understanding of the system, as underlined
by Hrachowitz et al. (2016). A satisfactory modelling of hydrological processes is indeed
crucial for providing objective, timely and meaningful information to those who are responsible for deciding how we develop, manage, and use our water resources (Loucks and
Van Beek, 2017). In these regards, it is extremely important to determine how catchments
properties and conditions, landscape structure and climatic patterns influence runoff generation and transport processes across water systems leading to critical pollution states
(Costa et al., 2016). Specifically, a proper representation of water transport dynamics at
the catchment scale is important for advancing the understanding of:
• Streamflow generation processes (Weiler et al., 2003; McGuire and McDonnell, 2010;
Birkel and Soulsby, 2016; van Huijgevoort et al., 2016a).
• Watershed response to changes (Oda et al., 2009; Capell et al., 2013; Engdahl and
Maxwell, 2015; Bearup et al., 2016a; Danesh-Yazdi et al., 2016a; Wilusz et al., 2017).
• Solute mass export to streams (Basu et al., 2010; Destouni et al., 2010; Maher, 2011;
Ameli et al., 2017; Benettin et al., 2017a).
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In the past years, a growing number of studies have contributed to these challenges, clarifying some key theoretical aspects and developing new modelling approaches. Yet, the
entire spectrum of controls and dependencies on transport processes are poorly understood and there is a lack of appropriate modelling tools at the catchment scale to jointly
address flow and transport dynamics, explicitly accounting for their spatial and temporal
variability.

1.1.2. Hydrological models and water resources management
To address the challenges seen in the previous Section, the study of river basin hydrology
has generally evolved over the last decades towards a comprehensive theory describing
water and energy exchanges between soil, land surface and atmosphere at several scales.
Hydrological models can inform water management decisions addressing several societal
demands, concerning for example the effects of altered land use, climate change impacts,
sustainable allocation of water resources, and protection of riverine ecology (Reed et al.,
2006; Seibert and van Meerveld, 2016). A wide range of hydrological models able to represent the processes dominating catchment response have been developed to this scope.
Increased computer capabilities have made possible the use of sophisticated distributed
and fully physically-based models built around Darcian representations of the subsurface, like ParFlow (Maxwell et al., 2016b), MODFLOW (Harbaugh et al., 2000), CATHY
(Camporese et al., 2010), HydroGeoSphere (Aquanty, 2016). These models can reproduce
processes at high spatial and temporal resolution, but the high level of data requirements
restricts the number of practical situations where these tools are applicable. Process-based
distributed models, such as tRIBS (Ivanov et al., 2004) or VIC (Nijssen et al., 1997), use a
simplified set of equations requiring input data that are usually available and are therefore
more applicable. Conceptual rainfall-runoff models, such as Topmodel (Beven and Freer,
2001) and HBV (Lindström et al., 1997)), have been also developed with the advantage
of being much less complex, but their parameters are often not physically based and the
model structure exhibits theoretically higher uncertainty, since the corresponding model
is a conceptualization of the hydrological functioning of the basin. Even with their singular structural limitations, this whole range of hydrological models have been applied in a
variety of regions and proved to be useful for planning and managing water availability
(e.g., Loucks and Van Beek, 2017). However, today’s society urges hydrological models to
address also water quality issues in order to achieve a sustainable management of water
resources at the catchment scale.
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The physical laws describing the interactions between hydrology and water quality are
relatively well understood (e.g., Soulsby et al., 2002; Temnerud and Bishop, 2005; Tetzlaff
et al., 2007a; Hamilton, 2015). Over the last decades, the scientific community dealing
with water quality has investigated the dynamics and drivers of solute exports from soil
to stream and how different species of dissolved solute respond to discharge fluctuations
(Thompson et al., 2011). Nevertheless, these studies and findings on water quality have
been for long disconnected from those achieved by classic hydrology resulting in the lack
of a proper and exhaustive coupling of hydrological and water quality models at the
catchment scale (Hrachowitz et al., 2016). One of the most relevant opportunities to bridge
this gap is represented by the development of models that simulate tracer dynamics to
investigate water transit and residence time.

1.1.3. State of the art: water transit time and tracer models
Much research has been recently devoted to improving the understanding of hydrological
and transport processes together with increasing our capability to model them. In this
regard, a fundamental issue has been the explicit and routine use of water transit and
residence times (McDonnell and Beven, 2014). The water travel time indicates the time
spent by a water particle travelling through a catchment, from the time when it rains on
the surface, to the passage across a suitable control section as streamflow (Botter, 2012).
The water residence time or “age” represents instead the time elapsed since a water particle rained over the catchment. The transit and residence time of water are fundamental
descriptors of catchment hydrology, revealing information about water storage dynamics, flow pathways, and sources of water in a single integrated measure (McGuire et al.,
2005). Moreover, transit and residence time strongly impact the chemical compositions of
streamflows and are thus crucial for understanding and modelling water quality.
Every catchment is characterized by a travel-time distribution (TTD), which derives from
the diverse flowpaths and velocities of water particles in their paths to the stream (Botter
et al., 2011). These flowpaths and velocities change with hydrologic forcing, thus TTDs
are inherently nonstationary (Tetzlaff et al., 2007a; Russo and Fiori, 2009; Botter et al.,
2010; van der Velde et al., 2012; Rinaldo et al., 2015; Kirchner, 2016a). In this context,
the realistic and consistent representation of TTDs and age of streamflow together with
hydrographs has become one of the major challenges in hydrological science (e.g., Uhlenbrook and Leibundgut, 2002; McGuire and McDonnell, 2006; Beven, 2010; McDonnell et
al., 2010; Rinaldo et al., 2011; Davies et al., 2013; Bachmair and Weiler, 2014; McDonnell
and Beven, 2014; Birkel and Soulsby, 2015; Hrachowitz et al., 2016; Kirchner, 2016a).
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Environmental conservative solutes that enter the system naturally with rainfall have been
increasingly studied as additional key tracers to further our knowledge of hydrological processes. Water isotopes (mainly oxygen-18 and deuterium, but also tritium) and chloride
are used as natural tracers of water movement, thanks to their conservative nature in
the water molecules and their input in the system with precipitation. The application
of these environmental tracers in hydrological models allows to investigate some major
water dynamics, such as identifying runoff components, subsurface flows, direct or indirect recharge mechanisms, and water balance (Leibundgut and Maloszewski, 2009). The
availability and accuracy of high-resolution tracer measurements, even though restricted
to few catchments, together with hydrological data have made it increasingly feasible
to develop and test novel modelling techniques, that focus on the temporal and spatial
dynamics of catchment-scale transport processes.
Early studies have been focusing on data-driven identification of average TTDs, mainly
based on end-member mixing analysis or inverse modelling with lumped-parameter models. The main advantage of these models is that they require only knowledge on tracer
concentration in precipitation and streamflow. The analysis relies mainly on measurements of water chemistry and isotopes assuming complete mixing between the distinct
and conservative tracers (Leibundgut and Maloszewski, 2009). In spite of their simplicity,
lumped and static parameter models can yield some useful information on the integrated
behaviour of tracer transport through the catchment. But in a natural setting, catchments
are generally far from steady-state flow conditions due to the high variability of rainfall
and evapotranspiration. Water velocities and flow pathways are dynamic and highly variable in time and space. Therefore, the shape of transit time distributions is time variant.
For these reasons, models using a static function with lumped parameters to represent
TTDs are in most of the cases used only for approximations at the hillslope scale and/or
when insufficient data exist.
Novel theoretical formulations and modelling approaches have been followed for simulating transit time and capturing the dynamic nature of catchments. Examples include
conceptual models with additional tracer storage elements that are hydrologically passive
(Fenicia et al., 2010; Hrachowitz et al., 2015; van Huijgevoort et al., 2016a) or StorAge
Selection (SAS) functions that define the relationship between the distribution of ages
available in the hydrologic storage and the ages removed as outflows (Harman, 2015;
Rinaldo et al., 2015; Benettin et al., 2017b). Tracer-aided rainfall-runoff models have
been increasingly developed and used to test hypothesis and conceptualizations on water
movement and source separation, thanks to the availability of conservative tracer campaign in few research sites (e.g., Birkel and Soulsby, 2015; Ala-Aho et al., 2017; Delavau
et al., 2017; Tunaley et al., 2017) These frameworks contribute to the understanding
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of catchment transport processes exploring the dynamics of TTDs, but require a priori
assumptions concerning the transport behaviour.
Finally, more complex and physically based descriptions of hydrological processes are presented in other studies, but they are often limited to small spatial scales or short temporal
scales due to their high computational demand, or they lack validation against tracer observations. Examples include approaches where the flow of individual water particles is
tracked (Davies and Beven, 2015; Bearup et al., 2016b; Engdahl et al., 2016) and 3-D numerical simulations of advective-diffusive transport on single hillslopes (Fiori et al., 2009;
Russo, 2015).

1.2. Research objectives and questions
The broad objective of this research is to better model and understand transit time
dynamics and the controls on streamflow generating mechanism and solute transport.
This research develops a novel integrated modelling tool that couples tracer transport
and water age estimations to a hydrological model framework aiming to simulate the
complex interaction between hydrological processes and to explore the effects of natural
and anthropogenic pressures on them.
More specifically, the study develops in a stepwise manner to achieve the following four
main objectives:
1. To reproduce the hydrology of a catchment under increasing climatic and
anthropogenic pressures and assess the limits of a state-of-the-art model
for this purpose.
The distributed hydrological model Topkapi-ETH is applied to the Ciliwung river
catchment in the Jakarta region and the simulations are used to explore the impacts of land use change on hydrological behaviour in a context (see Appendix A)
characterized by extremely high anthropic pressure. The results provide a basis to
understand the practical challenges posed by such a system and the capability of
standard hydrological models to tackle them, thus motivating the second research
question.
2. To develop a novel distributed integrated hydrological model capable of
simulating transport dynamics at high resolution both in time and space
at basin scales.
A fully distributed hydrological model is coupled with a transport component to

6

1.3. Thesis structure

3. To apply and demonstrate the value of the new method for simulating
hydrological and transport variables in a data-rich region and assess its
skills.
The new model is tested against discharge and conservative tracers data in the
Hafren catchment at Plynlimon (UK), where long term and high resolution observations of hydrological variables and tracers are available.
4. To advance the understanding of the underlying controls on water transit
time and age for different climates and geomorphologies.
The developed tool is calibrated and used to represent the ensemble of water flow
trajectories through a series of hydrological systems and thus to compute TTDs
and young water fractions with the aim of investigating the controls on streamflow
generation processes.
The above broad objectives translate, specifically, into the following three main
research questions:
• Which are the effects of spatial heterogeneity and hydrologic non-stationarity
on catchment hydrological response (TTDs)?
• How do different climatic properties influence catchment hydrological response
(TTDs)?
• How do different topographic characteristics influence catchment hydrological
response (TTDs)?
The first question is systematically addressed using the Hafren catchment as a case
study, whereas the latter questions are addressed for a larger spectrum of climatic
and topographic controls using virtual numerical experiments.

1.3. Thesis structure
The thesis has six chapters, which are reflected in the conceptualisation illustrated in
Figure 1.3 and organized as follows.
Chapter 2 introduces the Ciliwung river catchment in Indonesia, as exemplary case of
complex interaction between hydrology and anthropic pressure on river basins, and the
application of a state-of-the-art distributed hydrological model. This case study serves to
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simulate conservative tracer transport and water residence times through a heterogeneous catchment.
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BACKGROUND

Chapter 2. Context and challenges
Investigation of a challenging case
study: an Indonesian tropical river
catchment under increasing
urbanisation.

NEW METHOD

Assessment of the capabilities of a
state-of-the-art hydrological model in
tackling the identified challenges.
Paper 1

Chapter 3. A new model for water transport dynamics
Development of a distributed hydrological model coupled with a transport
component for conservative solutes to track water parcels from multiple
precipitation events.

APPLICATIONS

Application and assessment of the
model in a data-rich region.
Estimation of catchment transit and
residence times.

Understanding how spatial
heterogeneity and hydrologic
non-stationarity control transit time
and catchment hydrological
response.
Paper 2

Chapter 4. Climate and topography controls
Application of the model in different
climates and topographies and
computation of transit time
distributions.

OUTPUT

Understanding how climate and
topography control the variability of
transit time and catchment
hydrological response.
Paper 3

Chapter 5. General discussion
Tool for predicting water and
conservative solute fluxes at the
catchment scale and derive transit
time distributions.

Improved understanding of the
impacts of natural and anthropogenic
pressures on water resources.
Limitations and outlook.

Figure 1.2.: Overview of the thesis outline.
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Chapter 3 focuses on the development of a novel distributed hydrological model coupled
with a transport component and its application over the Hafren catchment case study
in UK. The results allow identifying controls on transit and residence time distributions,
inferring how spatial heterogeneity and hydrological non-stationarity influence the catchment hydrological response.
Chapter 4 extends these results to multiple climates and topographies, examining their
control on the variability of transit time distributions. First, the application of the novel
model to five study catchments with different climates is illustrated. Then, a virtual
experiment that compares catchment response under different climates and topographies
is presented together with analysis and discussion of the results.
Chapter 5 concludes this thesis with a summary of the research contributions presented in
this thesis and of the related major findings, and it provides a general discussion of the results and the methodology. An evaluation of the strengths and weaknesses of the research,
such as shortcomings in study design, limitation in methods, and flaws in validity of assumptions is provided, together with a critique of current, commonly applied approaches
for water transport analysis. Building upon these considerations, recommendations for
additional future work are highlighted.
Four appendices complete this manuscript with supplementary information and material.
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identify some of the current challenges faced by contemporary water management and to
assess how a state-of-the-art but conventional hydrological model is able to tackle them.
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2

Exploring the hydrological impact of
increasing urbanisation on a tropical
river catchment with a standard
hydrological model
In the context of the Ciliwung River project (Appendix A), a state-of-the-art hydrological
model has been applied to a challenging case study exploring the hydrologic impact of
land use change. Moreover, an assessment of the model capabilities was performed in
order to understand the modelling features useful for the study of transport processes
presented in the following Chapters. This chapter is published as a "Research Article"
in Sustainable Cities and Society (ISSN: 2210-6707). This publication has been slightly
modified to improve consistency throughout this thesis.
Citation: Remondi F., Burlando P., Vollmer D. (2016), Exploring the hydrological impact of increasing urbanisation on a tropical river catchment of the metropolitan Jakarta,
Indonesia, Sustainable Cities and Society, 20, 210-221, doi: 10.1016/j.scs.2015.10.001

Abstract
Tropical river catchments face water resource challenges, as populations and urban footprints grow exponentially. It is acknowledged that deforestation of upstream watersheds
and urbanisation pressure generally lead to an intensification of extreme flow events, such
as floods and droughts, but processes such as groundwater recharge and evapotranspiration are also affected, leading to a broader impact on water balance. In this respect, the
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Chapter 2. Exploring the hydrological impact of increasing urbanisation on a tropical
river catchment with a standard hydrological model
Ciliwung River basin - flowing through Jakarta, the capital city of Indonesia - represents
an exemplary case of a tropical river catchment experiencing alteration of the hydrological
regime as a consequence of highly impacting land use changes following rapid urbanisation. The city of Jakarta situated downstream has experienced catastrophic floods at an
increasing frequency (1996, 2002, 2007, 2013), and continued urbanisation in the middle
and upper stream may further alter the catchment response, leading to increased flood
risk and lower groundwater recharge of the urban aquifer, which is the source of drinking water for a large part of the population. This study explores the effects associated
with the rapid and drastic land use changes in the region on the hydrological response
of the river, by showing how modern simulations tools can provide insights about the
effect of land use policies. To this end, a distributed analysis of the hydrological regime
for different scenarios of urbanisation is performed. Watershed response to the realisation
of these scenarios is simulated by means of a distributed hydrological model, which allows for a physically and spatially explicit simulation of the major basin processes across
the entire basin. Specifically, we used the model to test two hypothetical but plausible
future land cover scenarios that correspond to an uncontrolled urban expansion, and to
a scenario with strong constraints on urban expansion, combined with afforestation in
the upper catchment. Results suggest that the uncontrolled urban expansion leads to a
noticeable increase of flood events during the rainy season, and a decrease of base flow in
the dry season. The changes in the hydrological budget components are also discussed in
view of implications on water resources availability and rehabilitation of the urban river
corridor.

2.1. Introduction
In the past 30 years, land use changes associated with rapid urbanisation and deforestation have greatly altered a large proportion of tropical regions (Drigo et al., 2009).
Among them, Southeast Asia has the highest deforestation rate with substantial negative
consequences for its ecosystems (Sodhi et al., 2004; Zhao et al., 2006). Various reviews
(Costa et al., 2003; Bruijnzeel, 2004; Valentin et al., 2008) present evidence that land use
change and soil degradation in the tropics have altered the hydrological response of the
catchments. One of the major effects of deforestation and urbanisation is the intensification of basin response and the increase of peak flows enhancing the flood risk during
the wet season. On the one hand, following these land cover changes, surface detention
and infiltration are reduced thus leading to a greater proportion of overland flow during
rainfall events. On the other hand, decrease of flows during the dry season is also experienced (Bruijnzeel, 2004). Land use change can affect not only river flow, but also other
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This spectrum of hydrological alteration processes are likely to happen in catchments,
where land use has been almost exponentially changing from pristine forests to plantations and settlements. The Ciliwung River is a good example and offers an interesting
opportunity to analyse more in depth the effects of scenarios that, progressing the urban
developments at the present pace, seem to be highly probable in a near future. Evidences
of the implications of land cover changes seem to be detected already in the Ciliwung
River and especially in the city of Jakarta, through which the river flows before reaching the Java Sea. Floods have historically hit the city on a regular basis during the wet
season, due to the combination of seasonal rainfall intensity and naturally flood-prone
topography (Steinberg, 2007), but flood impacts and damages have increased in the city
with extreme events in January 1996, February 2002, February 2007, January 2013, January and February 2014. The catastrophic flood that affected 60% of the Jakarta region
in February 2007 caused 80 casualties, approximately 190,000 people with flood-related
illnesses and US$ 453 million in damages (Steinberg, 2007; Akmalah and Grigg, 2011).
According to Steinberg (2007), causes of recent river floods are only partly related to
the topographic configuration of the region. The major factors can be identified as: (i)
insufficient flood control infrastructure; (ii) the reduction of structural carrying capacity
of waterways and streams, due to poor management, uncontrolled garbage dumping and
sedimentation; and (iii) the reduction of rainwater absorption due to urbanization and
deforestation.
Land use change can potentially have impacts also on the groundwater compartment.
Around 40% of the population in Jakarta relies on groundwater resources, but this percentage is even higher in the upstream cities of Depok and Bogor, where a deficit between
abstraction and recharge in the Bogor aquifer is already experienced (BBWSCC, 2012).
These water resource challenges are strictly connected to the strong growth in Jakarta’s
population and economy that has additionally generated a vast increase in urbanised areas
and concomitant land use changes (Ward et al., 2013; Poerbandono et al., 2014). From
1972 to 2012, Jakarta’s urban footprint increased more than 200 times, and annual urban
population growth averaged 2.3%. In the city of Jakarta, population has risen from 2.7

13

chapter 2

compartments of the water cycle, such as groundwater, which can decline during the dry
season as a consequence of reduced infiltration volume. This affects groundwater recharge
and soil water content more in general, thus contributing to reduce evapotranspiration
(ET). ET may also decrease because of higher surface albedo, lower surface aerodynamic
roughness, lower leaf area and shallower rooting depth caused by changing land use from
forest to pasture (Costa et al., 2003). In areas where precipitation recycling is large and
strongly depends on ET, this may ultimately affect also microclimate.
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million in 1960 to 9.6 million in 2010 (BPS Jakarta, 2010). The increasing population
density together with the urbanization pressure and the high economic value of urbanized
land continues to put pressure on remaining green space, affecting also the upstream
region that borders a key biodiversity area. The mountainous territory, which is only
partly protected by a national park (Nakagoshi et al., 2014), is experiencing forest loss
on its steep slopes, as land is cleared for both dryland agriculture and vacation villas and
resorts.
The considerable changes in land use in the Jakarta’s Ciliwung River basin are assessed
in this work to discuss possible directions of urban river developments, but also with
the purpose of critically analysing likely trajectories of future impacts on hydrology and
water resources of rapidly changing periurban areas, which are located in regional setups
similar to that of Jakarta. To this end, we used an integrated approach, which combines
the modelling of land use changes with distributed hydrological models to understand
the spatially distributed dynamics of the system, and, ultimately, to show how this can
provide suggestions for regional planning. More specifically, the understanding of the
interaction between hydrology and land use change is achieved with the implementation
of a physically explicit distributed hydrological model fed by past, present and future
scenarios of land use change. The selected hydrological model, Topkapi-ETH (Fatichi et
al., 2013), simulates the spatial variability of the key hydrological variables accounting
for land and climate characteristics, thus being able to simulate the effects of land use
changes across space and over time. Land use changes are simulated by means of statistical
learning algorithms that predict future changes combining historical evolution with spatial
drivers.
Accordingly, this study has two primary objectives: (i) elucidating the hydrological effects
of land use change in an exemplary tropical urban catchment of Asia; (ii) providing
insights on how alteration of hydrologic dynamics due to land use changes can inform land
development policies in urban and periurban landscape of rapidly expanding cities.
This paper is structured as follows: Section 2.2 introduces the case study area and the
problems the watershed and the city of Jakarta are facing with regards to water resources.
This section then illustrates the model we set up to simulate the hydrological processes in
the catchment and the land use scenarios taken into consideration. Section 2.3 presents
and discusses the land use scenarios and the hydrologic simulations for the different scenarios, with special focus on the river flow regime as described by the spatially distributed
behaviour of surface runoff and groundwater dynamics. Finally, the results are discussed
in view of their potential implications on the case study (Section 2.4) and general ur-
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ban developments (Section 2.5) in relation to river rehabilitation and water resources
management.

2.2. Data and methods

The Ciliwung is the largest river running through the city of Jakarta. Its basin covers an
area of 385 km2 and is located in the north-west of Java in Indonesia, at approximately
6¶ S of latitude and 106¶ E of longitude (see Figure 2.1). The river drains south to north,
from Mount Gede Pangrango until it reaches the Java Sea. The upper watershed is a
mountainous area with elevation from 400 to 3,000 m a.s.l. (see Figure 2.2) and fairly
steep slopes. The downstream region appears as an alluvial plain with relatively flat
topography with the river bisecting the cities of Bogor, Depok, and Jakarta.
Around 5 million people live in the entire catchment area, with the highest density of
15,000 people per square kilometre occurring in Jakarta (BPS Jakarta, 2010). Population
growth within the city of Jakarta has slowed to less than 1.5% per year, whereas growth
in the outlying cities like Depok (pop. 1.8 million, ≥8,700 people/km2 ) and Bogor (pop.
1 million, ≥8,000 people/km2 ) has been closer to 3% per year.
In the period from 1972 to 2012, the extended metropolitan region of Jakarta underwent
a massive shift in land cover following a rapid urbanisation. Settlement land increased
by more than 2100% during that time, while land devoted to cultivation (primarily rice
paddies, mixed gardens, and non-irrigated cash crops like cassava) decreased by 27%. The
net loss in agricultural lands was buffered by the dramatic conversion of forests, which
were reduced by 71%. During this same time frame, land in the Ciliwung catchment went
from 7% to 50% urban, cultivated lands from 45% down to 27%, and forest cover decreased
from 46% to 19%. This transition also had a distinct spatial pattern, as agricultural lands
and remaining lowland forests in the middle stream were mostly urbanized, and forests
in the upper catchment were converted to dryland agriculture or plantations.
The soil composition of the basin is mostly alluvial in the mid- and down- stream region,
whereas andosol, volcanic deposit, and rock are prevalent in the upstream region (Poerbandono et al., 2014; Delinom et al., 2009). According to Irawan et al. (2014), water
recharge comes mainly from the volcanic deposit upstream, at elevation higher than 1,000
m a.s.l. Groundwater springs are then found at 300-750 m a.s.l., until the city of Bogor,
whereas more downstream in the alluvial plain the discharge area is located.
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Figure 2.1.: Location of the Ciliwung River catchment in Western Java, Indonesia. The
catchment is outlined from an ortophoto where the river is highlighed in blue,
whereas the urbanized area with the three cities that are bisected by the river
is shaded in darker gray.
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Figure 2.2.: Elevation map, stream network, and location of the monitoring discharge
stations for the Ciliwung catchment.
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Figure 2.3.: Mean monthly precipitation on the entire catchment from gauge data in the
period 2003-2008.
The region has a hot and humid tropical climate with daily temperatures ranging from
20 ¶ C in the upstream region to 37 ¶ C in the downstream region and average humidity of
78% (Akmalah and Grigg, 2011). Figure 2.3 shows the mean monthly rainfall values and
how these are characterised by strong seasonal patterns. High intensity and high volume
rainfall events occur regularly in the wet season from November to April, with a peak in
January and February. Monsoon rains are heavier in the upper catchment. As seen in the
previous Section, these climatic patterns in combination with Jakarta’s low elevation, its
inadequate drainage system and the large fraction of impervious basin surface contribute
to the frequent flooding in the city (Phanuwan et al., 2006).

2.2.2. Hydrological model
Distributed models relying on a physically based description of the runoff generation are
a useful tool for answering the question of how land use changes affect hydrological processes in a catchment (Eckhardt et al., 2003). Considering the required high-resolution
simulation and the existing scarcity of ground data, Topkapi-ETH (Fatichi et al., 2013,
2015a) was been chosen as a physically explicit distributed model able to efficiently simulate the hydrological dynamics of the catchment, while being parsimonious in the number
of required parameters. The model simulates all the major components of the water balance. The rainfall-runoff process is reproduced by a simplification of the momentum and
mass conservation equations leading to non-linear reservoir equations, which are analytically integrated without the need of computational demanding numerical scheme (Liu and
Todini, 2005; Ciarapica and Todini, 2002). Because of the process-based and physically
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Figure 2.4.: Schematization of the processes modelled in Topkapi-ETH for one grid cell.
explicit nature of Topkapi-ETH, which mimics the all of the processes of rainfall-runoff
transformation at their characteristic time scales, the model was operated at hourly time
step.
The topography of the catchment is described by means of a 30-m resolution raster and
every cell is vertically discretized in three layers to represent shallow and deep soil horizons
and groundwater reservoir. Drainage of soils, overland and channel flow, and in general
the fluxes in to and out of a cell are all accounted for as schematized in Figure 2.4.
Topkapi-ETH requires several input data that were obtained from the Indonesian Ministry
of Public Works, publicly available dataset and/or literature (Table B.1 and Vollmer et
al. (2015b)). For the topography of the region a digital elevation model (DEM) at 1 arcsecond (about 30 meters) resolution was obtained from NASA’s Shuttle Radar Topography
Mission (SRTM, Farr et al., 2007). Land use maps used by the model are illustrated in
more detail in the next Section, whereas soil maps were derived from Delinom et al. (2009)
and from thematic maps available from the Ministry of Public Works.
To the extent it was possible, all data were cross-validated. More specifically, hourly air
temperature data for three stations along the basin were obtained from NOAA National
Climatic Data Center (NCDC) database, whereas solar radiation time series were acquired
from the World Radiation Data Centre (WRDC). Rainfall input data were obtained from
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daily records covering the period from January 2003 to December 2008 at eight gauging
stations in the basin. These observations were checked for quality by comparing them with
values obtained from the satellite product TRMM 3B42 (Huffman et al., 2010). After rejecting half of the stations for inconsistencies, the observed daily totals from the remaining
four stations were disaggregated uniformly in 24 hours. While more sophisticated rainfall
disaggregation models are available from the literature to downscale daily rainfall data to
higher temporal resolutions (e.g., Ormsbee, 1989; Molnar and Burlando, 2005, 2008), the
scarcity and quality of data suggested to apply the simplest technique. Similarly, the use
of satellite data to drive the spatial and temporal disaggregation was not possible because
of the small size of the catchment in comparison to the grid size of satellite data. The
uniform disaggregation of daily precipitation into equal hourly amounts might produce a
more constant patter of groundwater recharge, on the one hand, and a reduced effect of
intense precipitation in turn reducing the flashy character of some flood events. This is
not, however, a major drawback, because of the comparative nature of the study, which
has addressed the effect of land cover changes for a fixed reference hydrometeorological
forcing.
The spatial distribution of the hydrometeorological input was obtained by means of the
Thiessen polygon approach (Thiessen, 1911).
Simulations of the watershed response were performed for six years, from 2003 to 2008,
up to the downstream cross-section section of Manggarai flood gates (see Figure 2.2), thus
considering a river length of 119 km and a drained basin area of 330 km2 .

2.2.3. Model calibration and evaluation
The model was manually calibrated to coherently reproduce the dynamics of the simulated processes and river stage data obtained at four gauging station along the river
for the period January 2004-December 2007. The additional years 2003 and 2007-2008
were not considered for calibration and verification, respectively because of the spin up
time typically required at the beginning of the simulation and because of the poor quality and incomplete record of the observations. Because most of the model parameters
have a physical meaning, we obtained their initial estimates from the knowledge of the
catchment characteristics available from literature and field surveys. Following Fatichi et
al. (2015a, 2013), from the first model set-up based on available catchment information,
few manual calibration adjustments were carried out in order to achieve a consistent and
overall correct representation of the process dynamics. An automatic calibration was not
considered to provide a benefit, not only because of the limited range of variability of
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In detail, Topkapi-ETH requires distributed maps of land cover, and soil and groundwater
characteristics to estimate values of the parameters controlling overland flow, soil water
dynamics and aquifer response. From the land-use classes and river surveys we estimated
the Manning coefficients for overland and channel flow retrieved them from literature
values for the relevant classes. The parameters related to the hydraulic properties of the
different soil classes - essentially the saturated and residual water contents, the vertical
and horizontal saturated hydraulic conductivities, and the soil depth - and those characterizing the groundwater system were obtained respectively from literature (e.g., Saxton
and Rawls, 2006), previous studies in the region (e.g., Irawan et al., 2014; Delinom et al.,
2009), and reports from the Ministry of Public Works. For urbanized areas, we applied
specific land and soil properties to take into account the urbanization impacts in terms of
widespread and drastic reorganization of surface and subsurface pathway (Price, 2011).
An explicit representation of the urban sewer and drainage systems was not included in
the model mainly for two reasons. Firstly, the present drainage (and sewage) system in
Jakarta, where existing, up to our closing section at the Manggarai gate has very limited
effectiveness, being often clogged with sediment and garbage (Steinberg, 2007). Secondly,
most of the runoff is generated in the upstream catchment and conveyed through the main
river channels, so that omitting the urban drainage system in the model representation
of the network does not have a significant impact on the hydrological response.
Due to the limited time coverage of the available data, the model evaluation could only
be pursued on the same years used for the calibration. In order to partly circumvent
this limitation, we analysed the model performance by using different benchmarks, even
though they are all related to the simulated discharge, at all the stations where data were
available by a cyclic jackknife technique applied to the manual trial-and-error calibration.
The used diagnostic techniques are (i) joint plots of the daily and monthly simulated
and observed hydrographs at the discharge stations, (ii) joint plots of the daily flow
duration curves at the closing section, (iii) established metrics such as the Nash-Sutcliffe
efficiency (NS) and the Root Mean Square Error (RMSE), based on the observed and
simulated daily, monthly and annual flows at all the stations. The visual comparisons
of the hydrographs helped in examining the consistency of the model, in terms of its
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the parameters due to their physical nature, but also because of the erratic accuracy
and incomplete availability of the observed discharge, which, for instance, was deficient
for the most extreme floods (Hurford and Leito, 2010). In addition, the purpose of the
hydrological modelling was not the perfect simulation of the observed response, but the
formulation of a model that is able to capture the dominant processes and their dynamics
for the purpose of providing a plausible test of the sensitivity of the catchment response
to different land use scenarios.
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Figure 2.5.: Land use in (a) 1972, (b) 2012 and modeled scenarios for (c) business as usual
trends and (d) strong intervention in 2030. Elaboration from Vollmer et al.,
2014.
ability to simulate the interannual and seasonal variability and extreme conditions at
the location along the river corridor (e.g., Legesse et al., 2003). The flow duration curve
(FDC) can illustrate the model capability of reproducing the frequency of measured daily
flows throughout the entire time period, focusing on the longer term stochastic variability
of streamflows (e.g., Moriasi et al., 2007). The performance with regard to the FDC was
also used as performance measure since it was used as metric to assess the impact of land
use change.

2.2.4. Land use: historical changes and future scenarios
We performed hydrological simulations under four scenarios in order to analyse the impact
of land use changes that have occurred in the past or that may occur in the future. The
study is conceived as a synthetic and controlled experiment, thus all the conditions but
the land use (and soil characteristic with urbanisation) remain constant.
Figure 2.5 shows the four land-use maps used as input data of the considered scenarios.
The historical simulation (marked as “1972”) refers to the situation of more than 40 years
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ago: the forest in the upper catchment is mostly untouched and the settlement area is
restricted to the centre of Jakarta. Compared to the situation in 1972, the 2012 land use
(denoted as “CUR”) displays the uncontrolled growth of the urban areas, not only in
Jakarta, but also upstream of the historical urban region, while a flourishing tea plantation has progressively settled on the main slopes causing a relevant reduction in the
forested area (Texier, 2008). The two scenarios for 2030 were obtained from the land-use
development simulated by Vollmer et al. (2015a) for the entire region of metropolitan
Jakarta. The worst-case scenario (denoted as “BAU”, for Business-As-Usual) is based
on annual population growth of 2%, annual GDP growth of 6%, and an increasing consumption of land per resident. Urban land was modelled using the Land Transformation
Model (Pijanowski et al., 2000), whereas the conversion of forest to agriculture was modelled using the IDRISI’s Land Change Modeler (Eastman, 2012). Both are neural network
based models that rely on historic land use inputs to identify transitions, which are then
combined with spatial driver variables to forecast future changes. The best case scenario
(denoted as “SI”, for Strong Intervention) was obtained using the Land Change Modeler,
and stems from imposing strict zoning incentives and constraints on urbanisation, as well
as a proportion of afforested slopes greater than 30%.

2.3. Results
2.3.1. Model performance
The calibrated model for the Ciliwung River catchment was used to simulate its response
at the hourly scale for historical forcing from 2003 to 2008. Table 2.1 reports mean discharge and performance metrics at various stations. Given the limited data availability
and the poor level information usable for calibration we consider the mismatch between
simulation and observations as reasonable in relation to the purpose of the study. One
particular problem in this respect was related to the rating curves available to transform
water levels into flow data. Their large variability from year to year suggests that flow
data are affected by a large uncertainty and should be therefore used as an indicator of
the process dynamics rather than exact values to match with model simulations. Figure
2.6 and 2.7 corroborate this assessment by showing a satisfactory performance of the
model with regard to the mean monthly streamflow at two of the available stations in
the basin from January 2004 to December 2006 (we did not show the comparison for the
years 2003 and 2007-2008 given the scarcity and inaccuracy of observations), and to the
hourly hydrograph for an exemplary month. Both plots are representative of the model
performance at the monthly scale at other stations and at the hourly scale over other
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Figure 2.6.: Mean monthly simulated (black) and observed (grey) discharge at two stations
along the Ciliwung River (upstream and downstream of Depok).
months (Figure B.1). The two plots also suggest that the model is able to represent the
hydrograph dynamics both at the hourly and at the monthly scale. This is supported
by the overall good comparison of observed and simulated FDCs shown in Figure 2.8.
We are therefore confident that the model can correctly simulate the interplay between
forcing and boundary conditions, as well as the internal dynamics of the response, thus
being suitable to investigate the sensitivity of the basin response to urban developments
that involve significant land use changes. The sensitivity will be assessed by investigating
those model outputs that describe hydrological processes that are mostly affected by land
use changes and that are important for the stakeholders in the region (see section 2.1).
Accordingly, in the following we examine the catchment response to the land use scenarios outlined in the previous section by analysing the flow regime along the river and, in
particular, at the basin outlet in Jakarta, the magnitude and frequency of extreme events
(both floods and droughts), and the groundwater storage and recharge averaged for the
basin and spatially distributed.

2.3.2. Land use impact on flow regime and extreme events
The impacts of land use changes on the hydrologic response of the catchment were first
analysed focusing on the flow regime through the response signature observed on the
mean annual FDC for the different land use scenarios (e.g., Jothityangkoon et al., 2013).
Changes were investigated in terms of (i) low flow persistence, as a proxy of drought
periods, (ii) baseflow, occurring in this catchment between 40% and 60% of the time, and

24

chapter 2

2.3. Results

Figure 2.7.: Example of fitting of hourly simulated (black line) and daily observed (grey
bar) flow rates at two stations.

Figure 2.8.: Flow duration curve from simulated (black) and observed (grey) discharge at
two stations along the Ciliwung River (upstream and downstream of Depok).
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Station
1. Katulampa
[2003-2008]
2. Kp. Kelapa
[2003-2008]
3. Ratujaya
[2004-2007]

Mean Discharge
OBS.
SIM.
3
[m /s]
[m3 /s]

Variance
Coeff. of Var.
OBS.
SIM. OBS. SIM.
6 2
[m /s ] [m6 /s2 ]
[-]
[-]

Monthly
NS RMSE
[-] [m3 /s]

11.5

10.4

247

192

1.37

1.33

0.75

6.03

15.7

15.5

455

345

1.36

1.20

0.82

5.24

15.4

16.0

319

360

1.21

1.19

0.88

4.07

Table 2.1.: Observed (OBS.) and simulated (SIM.) mean discharge, variance, coefficient
of variation and metrics of performance evaluated for monthly aggregation
periods at 3 stream gauges.

Figure 2.9.: Mean annual flow-duration curve computed at the outlet for the 4 simulations.
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Figure 2.10.: Discharge simulations at the closing section in Jakarta for the four land use
scenarios considering the February 2007 flood input data. No comparison
with observed data is possible, because the gauging station was destroyed
during the event.
(iii) high flows, with the aim of understanding the impact on flood risk, in terms of both
magnitude and frequency.
The resulting FDCs at the Manggarai outlet in Jakarta are reported in 2.9. The curves
point at reverse effects for the high and low flows. The BAU scenario produces higher low
frequency (i.e. short durations) flows and lower high frequency (i.e. long durations) flows
when compared with the historical, CUR and SI scenarios. The CUR and SI scenarios
practically overlap, even in the range of mid frequencies, where the difference between the
BAU and the other scenarios is highest. From 2.9 we can select three relevant windows
of flow frequencies and compute the deviation of the new scenarios from the current one.
In the range between 80 and 100% exceedance time, which is representative of baseflow
conditions (typically occurring during the dry season from May to September), historical
land use leads to an increase of baseflow of about 21% with respect to the current land use,
whereas, the BAU scenario exhibits a decrease of about 19% and the SI of 4%. A reduction
of baseflow affects the recharge of the shallow aquifer, the river ecology, particularly in
the middle and upper streams, and thus water quality and ecosystem services. Looking
at the flow range between 40 and 60% of time exceedance, the results indicate the 1972
scenario have 11% higher flows, whereas the BAU exhibits 13% lower flows. Finally, the
flooding season, here represented by percentage time exceeded between 0 and 20%, shows
a decrease of flow by 5% in the historical scenario, whereas an increase by 6% in the BAU
one and 2% in the SI one.
The simulation of the February 2007 catastrophic flood, the return period of which has
been estimated around 150-300 years (Liu et al., 2014), exhibits at Manggarai a lower and
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delayed flood peak for the case of historical land use (-5.2%), an almost equal increase for
the BAU scenario (+6.3%), whereas the SI and current scenarios lead to similar values
of the peak flows (Figure 2.10). Similar values are obtained also for the Katulampa section. While these changes are not particularly meaningful, given the large uncertainties
associated with extreme events, and suggests that the rarest events may not be affected
significantly by land use changes, recurrent floods, which occur at every wet season and
generate anyway impacts on the areas along the river corridor, may be affected more
extensively.

We further investigated this by analysing the number of peak flows exceeding a threshold
(peaks-over-threshold, POT, analysis) simulated for each land use scenario, as a way to
characterise the frequency of extremes flooding events (e.g., Beven, 2012). Assuming as
lower threshold the streamflow value that at the basin outlet induces the flooding of the
downstream area (Costa et al., 2016; Shaad, 2015), we computed the mean number of POT
events per year and their volumes for different threshold values and land use scenarios and
compared them to those simulated for the current (baseline) scenario. Table 2.2 shows
how the mean number of POT events remains constant for all the scenarios at the lower
threshold, but increases with respect to the value simulated for the historical land use
when higher thresholds are considered. For a threshold double of the lower value, the
increases equal approximately 30, 35 and 47% for the current, SI and BAU land use
scenarios, respectively. Figure 2.11 shows how the absolute and percentage deviation of
the mean number of peaks from the values simulated for the current land use is highest for
intermediate values of the considered threshold ranges. Despite the increase in absolute
number of flood events is not high, this result suggests that urbanisation can produce
a relevant impact up to 30% higher value of the mean POT for the BAU scenario and
up to 40% lower value for the historical land use for that range of frequent floods (a
threshold of 65 m3 /s corresponds to floods occurring about 5% of days in average year
from 2003 to 2008), the formation of which highly depends on the capacity of the soil to
modulate flood runoff generation. For higher thresholds (and return periods), land use
does not appear to have a significant impact, and the occurrence of floods seems to be
dominated by rainfall patterns. These may be affected by land-use changes only through
local recycling of precipitation, the amount of which is considerably lower if compared to
the precipitation advected by the monsoon circulation. Because the increase seems to be
higher for the more frequently occurring floods, even reducing the number of events by
one or two units, can considerably influence the quality of living of the urban population
at risk.
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Flood threshold [m3 /s] 30 60 90
1972 scenario
CUR scenario
BAU scenario
SI scenario

78
78
78
78

17
22
25
23

5
8
10
9

chapter 2

Table 2.2.: Mean annual Peaks Over Threshold for the various scenarios.

Figure 2.11.: Absolute (points) and percentage (crosses) differences of mean annual POT
values for different thresholds under the BAU, SI and 1972 scenarios from
the CUR scenario.
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Figure 2.12.: Deviation of mean monthly groundwater storage obtained under the BAU,
SI and 1972 scenarios from the CUR scenario.

2.3.3. Groundwater dynamics
The alteration of surface runoff discussed in the previous section is a consequence of the
modified interplay among the components of the rainfall to runoff transformation due to
changes in land cover and, eventually, soil characteristics. Infiltration is first affected and,
as a consequence, groundwater recharge is also altered. The most critical period for the
groundwater compartment is that between September and November, when storage is
lowest. This is due to the delayed groundwater reservoir response to the dry season that
starts in May/June.
Simulation results of the groundwater storage averaged over the entire catchment shown in
Figure 2.12 suggest that the deviation of the mean monthly storage from the current land
use scenario case is not very large. The deviation, in the case of the BAU scenario, reaches
a peak value of about -1.5 ÷ 2.0% and an average value over the five year simulation period
of about -0.6%. The deviations for the historical land use scenario and for the SI one, are
smaller and even close to zero. It is worth to note, however, that the BAU scenario induces
a much higher variability, which seems to increase for the more recent simulation years.
One could speculate that, once the recharge mechanism is perturbed (e.g. due to reduced
infiltration), reverting the trend of a groundwater depletion may be difficult, because the
possibility of a fast recovery of the storage towards a long-term equilibrium condition as
in the monsoon season would be permanently altered.
While the impact of urbanisation scenarios on the groundwater storage response averaged
over the catchment seems to be quantitatively low, the analysis of the spatial variability
reveals a much more insightful result. Because of the spatially distributed nature of the
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Figure 2.13.: Percentage deviation of mean monthly percolation to the groundwater layer
under the (a) 1972, (b) BAU, and (c) SI scenarios from the CUR scenario.

hydrological model, we could compute at each grid element the average monthly percolation for each land use scenario and analyse its deviation from the values simulated for
the current scenario. This result is illustrated in Figure 2.13 and shows that the impact
of (new) urbanisation can be locally substantial. Local values of groundwater recharge
show a decrease up to 100% by 2030 (Figure 2.13b), which is concentrated in the western
upstream region of the basin, where new urbanisation is expected to occur in the BAU
scenario. Conversely, the same region is dominated by a positive deviation - locally up to
more than 100% - when the historical land use scenario is considered (Figure 2.13a). The
implementation of zoning incentives and constraints on urbanisation (SI scenario) induces
a spatial variability of the deviation that ranges between -25% and +25% (Figure 2.13c),
thus partly and locally mitigating the negative deviation from the current situation. An
explanation of such large local variability is provided by the nature of soil in this region.
This area is namely characterized by alluvial volcanic soil, which can favour groundwater
recharge if land cover allows infiltration (e.g. as in the case of forest cover which was
the dominant land cover in the historical scenario). The large fraction of urbanisation
characterising the 2030 BAU scenario typically reduces the infiltration potential due to
the increased portion of impermeable surface, which in turn leads to a larger overland
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flow. As a consequence, groundwater volume in the entire basin could become a matter
of concern for stakeholders in the entire catchment that rely heavily on groundwater.

2.4. Implications for the metropolitan area
The combination of tropical rainfall patterns and topographic configuration with extensive, highly impacting anthropogenic interventions have created a problematic condition
for the water resources in the Ciliwung River catchment. Our results are particularly relevant in the context of the current efforts to develop a comprehensive rehabilitation of
the river and a flood mitigation strategy for Jakarta and with regard to the effect that
urbanisation may have on groundwater resources depletion (Vollmer et al., 2015b).
While much attention is being placed on structural measures such as retention dams,
diversion canals, and dredging existing waterways to solve the problem of flood risk in
Jakarta (Caljouw et al., 2005), we could provide evidence that rapid land use change and
uncontrolled developments can exacerbate flood risks. However, until now there have been
few attempts to estimate the impacts of such developments in the region (e.g., Vis et al.,
2012) and to quantify other potentially adverse hydrological effects of future land use
change. Our results support the idea that land use changes in the past four decades have
likely worsened flood conditions for both catastrophic and more frequent events. But,
more importantly, the results from simulations using future land use scenarios suggest
that the flood risk is likely to be enhanced in the future, and strict land use controls
could moderate, though not reverse, the trend in place from 1972. In this respect, the
study showed that the upstream urbanisation combined with deforestation and increased
downstream urban density leads to unfavourable changes in the flow regime. During the
rainy season, chronic high to mid frequency floods affecting the city of Jakarta were
shown to increase in number (up to 30÷40% when compared with the current land use
scenario results) and, to a lesser extent, in magnitude. The simulated increase in number
of flooding events from the present conditions to 2030 scenario does not exceed 1÷2 more
events per year, when looking at a threshold of 90 m3 /s. Even if it might appear as a
minor change, it must be highlighted that flood events over that threshold have brought
catastrophic impacts in Jakarta. For instance, between the 14th of February to the 14th of
March 2008 Jakarta experienced a major flood following heavy rains. The Global Active
Archive of Large Flood Events (Brakenridge, 2015) reports for this event a magnitude
of 5.5 (computed as the product of the logarithm of the duration, the severity and the
affected area) and an inundation depth up to 1 m for large part of Jakarta. Only by
looking at the peak discharge, simulated at 119 m3 /s by our model, we can deduce that
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Conversely, the magnitude of extreme floods such as that of 2007 is not expected to change
significantly under unchanged climate forcing. This suggests that, even if land use changes
do not seem to have an impact on catastrophic events, urban and regional planners should
carefully consider the increasing number of mid to high frequency floods that land use
changes in the basin show to produce. Indeed, while structural measures such as upstream
retention basins and river corridor rehabilitation remain essential for a successful control
of major floods, the control of deforestation and constraints on extensive urbanisation can
be effective complementary measures, which contribute to mainly not increase further the
frequency of exposure of the riparian communities to moderate floods.
Besides the flood regime, the range of discharges corresponding to durations below the
median shows a detectable reduction in the simulation corresponding to intensive urbanisation, and baseflow is likely to decrease during the dry season. Reduced baseflow has
negative implications for water availability, especially in relation to the recharge of the
shallow aquifer, as earlier discussed. But it is also associated with reduced stream width,
warmer temperatures, lower dissolved oxygen, and higher nutrient concentrations (Price,
2011; Costa et al., 2016).
The changes corresponding to the most intensive land use scenarios have effects along the
river corridor with respect to the river-to-aquifer recharge, which is accordingly expected
to decrease along the urban part of the river corridor. A similar adverse effect was simulated in the western upstream region, where the spatial distribution of the groundwater
recharge shows for the BAU scenario a widespread dominance of decreasing local recharge.
Overall, groundwater resources, which play an essential role as source of drinking water
for the population living in the great urban area of Jakarta, seem to be threatened by
the concentration of the new urbanisation in areas where soil composed of volcanic deposits favours groundwater recharge. The combination of these two aspects leads to a
local decrease of groundwater recharge rate up to 100%, highlighting how this area is
more sensitive to future urbanisation.
Both of the above implications point at the need of careful planning of urbanisation
leading to highly impacting land use changes. The propagation of the impacts along the
river corridor, often poorly accounted for by urban and regional planners, calls for more
appropriate approaches to estimate likely trade-offs between upstream land conversion
and downstream impacts, in order to engage the relevant stakeholders in a comprehensive
and basin scale strategy to manage complex river-land-urban interactions such as those
occurring in the Ciliwung.
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2.5. Concluding remarks
We investigated the impacts of land use changes following rapid urbanisation on the
hydrology of a river basin, a large part of which flows through the urban region of Jakarta,
the capital city of Indonesia. To this end we simulated the hydrological response of the
river basin by means of a process based and spatially explicit distributed hydrological
model parameterized for different reference land use scenarios.
The model performance in reproducing current regimes was satisfactory, given the limitations derived from the quality and space-time coverage of historical observations. If
somewhat longer precipitation and more reliable precipitation time series had been available a stochastic simulation of the system in its stationary state would have been possible
and would have delivered a probabilistic assessment with explicit account for uncertainties
related to the intrinsically variable (stochastic) nature of the climate forcing. Similarly,
accurate and longer discharge measurements would have allowed a proper validation of
the model performance. The data scarcity did not allow to account for other sources of
uncertainty, such as the model structure, its parameterization, and the appropriateness
of the adopted spatial resolution and input spatial disaggregation. However, the model
proved to be accurate enough to provide plausible results and a reasonable agreement
with the observed streamflow regime dynamics, and thus robust enough to use it in a
comparative and relative way by comparing the response obtained for the different land
use scenarios forced by the historical climate.
The data quality and availability - particularly with regard to precipitation - also suggested
to renounce analyzing the potential effects of climate change. A meaningful analysis in
this respect would have implied the downscaling of climate model predictions by means of
stochastic techniques (e.g., Burlando and Rosso, 2002a,b; Bordoy and Burlando, 2014b,a;
Fatichi et al., 2014a, 2015a). This was considered to be unrealistic and not more valuable
than pure speculation, given the quality and scarcity of available data. However, our
results can be read in the light of literature findings about past effects of climate change
that have been argued for the Jakarta region in the form of air temperature increase,
rainfall events intensification in the wet season, and sea level rise (Poerbandono et al.,
2014). These changes are predicted to worsen in the future (Ward et al., 2013), together
with a relevant delay of the monsoon season (Naylor et al., 2007), likely exacerbating
the impacts of on-going land use changes due to the more intense nature of the monsoon
precipitation.
The analysis of the basin response for different spatial configurations and nature of land
use aimed at two objectives, namely (a) highlighting the consequences that urbanisation
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With regard to the objective (a) the simulations performed for two different land use
scenarios and their comparison with the current and the historical land use showed that
a growth of the urban and agricultural areas at the cost of the forested cover in the upper
watershed is expected (i) to increase the flood risk associated with mid to high frequency
events, and (ii) to reduce low flows for a large fraction of the year, thus affecting the
river recharge of the urban aquifer, and possibly contributing to the aggravation of the
subsidence problem affecting Jakarta because of the excessive aquifer pumping (Abidin
et al., 2011).
From the methodological point of view - objective (b) - we showed that the use of a distributed physically explicit hydrological model allows, first, to account for the physical
processes related to the land use changes, and second, to simulate the basin response with
a spatial detail and extent of information that is unprecedented (and likely atypical) for
local and regional planning. This was achieved because of the physically explicit nature
of the model, the performance of which was quite satisfactory considering the low quality
and scarce data environment. Recognizing that in more data rich regions a statistical
analysis would be preferable, we argued that the results obtained from simulations of
basin dynamics for different land use scenarios offer valuable (and key, from our point
of view) insights and recommendations to urban and landscape planners. Such insights
offer an entirely new perspective to planners, particularly with respect to the increasingly
pressing need of considering the interplay between urban expansion and the environment,
especially in periurban areas and in the watershed upstream of these, where a wealth of
ecosystem services is generated, which is at risk of dis- appearance if not quantified and
taken into proper account. An exemplary application of the potentiality of this methodological approach is found in Vollmer et al. (2015a), where our insights were used in the
effort of prioritizing various stakeholders interests and needs for ecosystem services. This
approach can be potentially used for other tropical regions affected by similar rapid land
use changes.
Including advanced hydrological modelling as part of the land use planning process can
thus potentially help determining which land use development policies and investments
are preferable with respect to the conservation of the environment and the preservation of
its ecosystem services. In this respect, it is worth to note that, as suggested in Sidle et al.
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and related land use changes can have on the river streamflow regime and flood risk, as
well as on the availability of groundwater resources, which is a primary source of drinking
water across the entire basin; and (b) how these effects can be investigated using the
appropriate methodology, which can properly inform the urban and land use planning
process.
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(2006) and Nedkov and Burkhard (2012), the integration into the planning processes of
physically based distributed hydrological models and of their variants (e.g. ecohydrological
models) can provide a broad spectrum of knowledge about the effects that anthropogenic
activities, e.g. through urbanisation, can have on water related processes, such as hillslope
stability, sediment production and transport, and nutrients and chemicals dynamics, also
being able to account for effects of other external drivers, such as climate change.
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3

Water flux tracking with a
distributed hydrological model to
quantify controls on the
spatio-temporal variability of transit
time distributions

In the previous chapter, a standard hydrological model was applied to explore hydrological
regimes and changes in a challenging context. Starting from that model, we developed a
novel modeling framework able to realistically simulate not only water flow and amounts,
but also water transit time. As anticipated in the Introduction, this aims to improve
catchment process understanding towards achieving a catchment-scale prediction of water
quality for water management purposes.
This chapter is accepted as a "Research Article" in Water Resources Research (ISSN:
1944-7973). This publication has been slightly modified to improve consistency throughout this thesis.
Citation: Remondi F., Kirchner J.K., Burlando P., Fatichi S. (2018), Water flux
tracking with a distributed hydrological model to quantify controls on the spatiotemporal variability of transit time distributions, Water Resources Research, 54, doi:
10.1002/2017WR021689
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Abstract
Water transit times and flow pathways are crucial elements in characterizing catchment
hydrologic response. Understanding their variability in space and time sheds light on the
link between discharge formation and water quality at the catchment scale. Here, we introduce a novel modeling framework to explore water transport mechanisms using the
Hafren catchment in Wales (UK) as a case study. We show that a fully distributed hydrological model coupled with a transport component for conservative tracers is useful in
analyzing how hydrometeorological conditions and spatial heterogeneity may affect water
transit times and age distributions in a real catchment. We use the model to track the
paths of water parcels that entered the catchment as rainfall over 2 years, labeling each
day of rain individually. There is a reasonable agreement between tracer simulations and
observations, suggesting that dynamic transit time distributions (TTDs) both forward
and backward in time can be approximated using a high spatial and temporal resolution
hydrochemical model, without assuming a priori any transit and storage selection functions at the catchment scale. TTDs are quantified for the modeled internal dynamics of
the study catchment. TTDs conditional on a given rainfall time are mostly correlated
to the season in which the rain event occurs, whereas TTDs conditional on a given exit
time are mostly affected by catchment wetness. When TTDs for individual rainfall events
are re-scaled as functions of cumulative discharge, they collapse around a single common
distribution, suggesting a potential characteristic catchment function.

3.1. Introduction
Understanding transport processes through catchment systems is crucial for addressing
water quality issues and for protecting and managing water resources (Turner et al.,
2006; Hrachowitz et al., 2016). Over the past decade, the study of hydrological processes
in catchments has evolved towards describing not only flow amounts, but also ages, origins
and pathways of water (McDonnell et al., 2010; Botter et al., 2011; Rinaldo et al., 2011;
Birkel and Soulsby, 2015). These advances in catchment hydrology have relied heavily on
conservative tracers (such as water isotopes and chloride) to identify dominant sources
and temporal dynamics of runoff (e.g., Rodgers et al., 2005; Kendall and McDonnell,
2012; Kirchner and Neal, 2013; Tetzlaff et al., 2015; Jasechko et al., 2016). Conservative
tracer data can also provide an important check on the internal consistency of hydrological
models, i.e. testing if they give the right answers for the right reasons (Kirchner, 2006).
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Two fundamental quantities in this regard are the transit time (or equivalently the travel
time), which indicates the time that it takes for rainfall parcels to travel through a catchment and reach the outlet as discharge, and the residence time, which indicates how long
water parcels have been stored in the catchment (i.e. their age). Their probability density
functions, referred to as the transit time distribution (TTD) and residence time distribution (RTD), reflect the integrated storage and mixing processes that water parcels and
conservative solutes in them undergo as they travel through catchments (e.g., Rinaldo et
al., 2011).

Many studies have sought to estimate mean transit times and TTD shapes using conservative tracers, but TTD variability in time and space due to catchment non-stationarity
and spatial heterogeneity has only recently been explored (Botter et al., 2010; Rinaldo et
al., 2011; van der Velde et al., 2012; Benettin et al., 2013; Gomez and Wilson, 2013; Heidbüchel et al., 2013; Harman and Kim, 2014; Birkel et al., 2015; Klaus et al., 2015; Engdahl
et al., 2016; Kirchner, 2016a). Most of these efforts are based on tracer-aided conceptual
hydrological models where the storage components respond to different mixing and/or
sampling processes (McMillan et al., 2012; Hrachowitz et al., 2013; Benettin et al., 2015c;
Birkel and Soulsby, 2015; Hrachowitz et al., 2016). Many studies have simulated transit
time by means of lumped parameter models based on convolution, fitting of seasonal sine
wave functions, or a-priori definition of the TTDs shape (e.g., van der Velde et al., 2010;
Birkel et al., 2012; Seeger and Weiler, 2014; Timbe et al., 2014). Conceptual models have
been developed assuming additional tracer storage elements that are hydrologically passive (e.g., Fenicia et al., 2010; Birkel et al., 2011; Benettin et al., 2015a; Hrachowitz et al.,
2015; van Huijgevoort et al., 2016b). A recent framework combining catchment scale flow
and transport processes is based on StorAge Selection (SAS) functions, which define the
relationship between the distribution of ages available in the hydrologic storage and the
ages removed as outflows (Rinaldo et al., 2015; Harman, 2015). These approaches have
contributed to the understanding of catchment transport processes and have explored the
dynamics of TTDs, but require a priori assumptions concerning the transport behavior.
Other studies aim to provide more complex and physically based descriptions of hydrological processes, but they are often limited to small spatial scales or short temporal scales due
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TTDs and RTDs will typically differ from one another (Berghuijs and Kirchner, 2017),
and both will be variable in time and space. In addition, the TTD conditional on the
rainfall time, or forward TTD (i.e., the distribution of transit times for a given rainfall
parcel) will usually be different from the TTD conditional on the exit time, or backward
TTD (i.e., the distribution of ages of a given water parcel leaving the outlet at a given
time) (e.g., Rinaldo et al., 2011). These different time perspectives need to be accounted
for in a comprehensive analysis of integrated catchment behavior.
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to their high computational demand, or they lack validation against tracer observations.
Examples include approaches using individual water particles tracked in the flow (Weill et
al., 2011; Davies et al., 2013; Davies and Beven, 2015; Niu and Phanikumar, 2015; Bearup
et al., 2016b; Engdahl et al., 2016) and 3-D numerical simulations of advective-diffusive
transport on single hillslopes (Fiori and Russo, 2008; Fiori et al., 2009; Russo, 2015).
Here we present an intermediate-complexity approach to explore the effects of spatial
heterogeneity and hydrologic non-stationarity on catchment TTDs. We introduce a spatially distributed hydrological model coupled with a solute transport component that can
efficiently reproduce water and tracer flows for a small experimental catchment (Hafren,
Plynlimon, UK). Iterative runs of the model allowed us to track the flowpaths of long
series of precipitation inputs to the catchment. The aims of this study are: (1) to test the
ability of a fully distributed model to reproduce tracer flows without defining a priori mixing or sampling laws at the catchment scale, (2) to obtain TTDs, young water fractions,
and water age compositions directly from model results without making prior assumptions
about their distributions, (3) to assess the effects of hydrometeorological variability on
modeled TTDs, and (4) to examine the influence of topographic and land-use properties
on streamflow formation as reflected in TTDs.

3.2. Methods
In this section we first present a new fully distributed hydro-chemical model for simulating
water and tracer movement (Section 3.2.1). The model was calibrated for the Hafren
subcatchment within the Plynlimon river basin (UK), where its ability to replicate water
and tracer fluxes was tested (Section 3.2.2, 3.2.3 and 3.2.4). We then describe how we
used the model to track water from various precipitation events and subcatchments, and
explicitly obtain forward and backward TTDs (Section 3.2.5).

3.2.1. Model Formulation
In order to characterize water transit and residence time distributions, we developed a
fully distributed hydrochemical model that tracks water and solutes from individual precipitation events, and solutes falling on different parts of the catchment. The WATET
(Water Age and Tracer Efficient Tracking) model couples a spatially fully-distributed
hydrological model with a module that simulates solute transport and water aging. A
distributed physically explicit model has been chosen as it allows computing flow paths
and distributed state variables while applying realistic physical constraints (Fatichi et al.,
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2016). Specifically, WATET has been developed to include only the essential components
of a process-based hydrological model, while remaining relatively efficient in terms of
computational time for catchment-scale, long-term, and high-resolution distributed simulations. The hydrologic components of the model were conceived as a simpler version
of the fully distributed rainfall-runoff model TOPKAPI-ETH (e.g., Ragettli and Pellicciotti, 2012; Fatichi et al., 2015b). TOPKAPI-ETH has been successful in a broad range
of applications where efficient simulations of catchment hydrological dynamics were required together with parsimonious parameterization and high-resolution representation of
catchment processes (e.g., Fatichi et al., 2014b, 2015b; Ragettli et al., 2016a; Remondi et
al., 2016). As in TOPKAPI-ETH, WATET provides spatially explicit simulations of all
major hydrological processes at the catchment scale, resolving the mass and momentum
conservation equations at each time step. It is based on a mosaic of cells on a regular grid,
each one characterized by elevation, land use and soil properties.
The hydrological component of WATET simulates water flow between and within cells on
the surface, in the channel, and in the soil and aquifer layers, which mimic shallow and
deep water storage (Figure 3.1). Each cell is connected to the surrounding ones in the
surface and subsurface along topographic gradients. After accounting for precipitation,
actual evapotranspiration (limited by available soil moisture) and infiltration, WATET
simulates overland and channel flow using a kinematic wave approximation that accounts
for surface roughness and follows the local topographic slope (Ciarapica and Todini, 2002).
Overland flow can be generated by saturation excess and infiltration excess runoff. In the
model, the soil water storage in each cell is recharged by infiltration, the rate of which
is assumed to be the minimum between the precipitation rate and the soil saturated
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Figure 3.1.: Illustration of how WATET models water and tracer flows in one grid cell.
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hydraulic conductivity. Soil water flow in the horizontal and vertical directions is controlled
by hydraulic conductivity, whose dependence on saturation state is parameterized with
van Genuchten conductivity functions (Van Genuchten, 1980). Saturated cells can feed
the surface flow. Subsurface lateral flow is modeled by the kinematic wave equation, after
vertical deep leakage towards the aquifer is computed. Groundwater storage is schematized
as a non-linear reservoir equivalently to Benettin et al. (2015a) for the same catchment:
each cell drains to its adjacent downslope groundwater storage or streamflow cells at a
rate that is a power function of its local groundwater storage. The non-linear groundwater
drainage function is assumed to be the same at every grid cell. If maximum groundwater
storage is exceeded, water is transferred to the soil and potentially becomes saturation
excess runoff. In order to improve the computational performance, water dynamics are
solved with a 5-minute simulation time step, and internal time steps for surface overland
and channel flow routing are set to 20 and 6 seconds, respectively. With these time steps,
the adopted cell size (24.4 m) preserves the Courant criterion for almost all flow conditions
(up to 1.2 m/s for overland flow and 4 m/s for channel flow).
The transport component of WATET explicitly calculates the spatially distributed water
age and conservative tracer concentrations in the soil, aquifer and channels. The passive
tracer can be introduced to the system with precipitation input and it can assume different concentrations in each cell and storage compartment (channel, soil, aquifer) at each
time step. Moreover, dry deposition and evapoconcentration can be explicitly simulated
in WATET. We assumed that the conservative tracer follows the water (i.e., a purely advective behavior) and that each storage compartment in each cell is well-mixed, without
the presence of a residual or passive storage (e.g., Hrachowitz et al., 2013; Kirchner et al.,
2010). Flow is non-age-selective, so the discharge from each storage compartment has the
same mean age and tracer concentration as the water in that compartment during that
time step. Tracer concentrations and mean ages differ among layers and cells, thus allowing catchment structure and geomorphology to play a major role in the tracer dynamics
of the entire catchment, and to act as a distributed selection function. Note that while
passive storage is not explicitly assumed, it can occur in practice because certain parts
of the catchment or the groundwater exhibit slow hydrological response but contribute to
the mixing, thus behaving similarly to a lumped passive storage at the catchment scale.
The model is based on the hypothesis that macroscale heterogeneity can explain a large
part of the conservative tracer response, acting as a distributed selection function.
The required input variables for the model are the distributed fields of precipitation rates
and tracer concentrations, and potential evapotranspiration (PET) at each time step.
PET depends on land cover, wind speed, air temperature, solar radiation, and humidity.
It is calculated externally and it is used as PET input to WATET. In this study, we used
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the ecohydrological model T&C to compute PET, as it has been shown to provide satisfactory results in simulating evapotranspiration dynamics in a number of sites worldwide
(e.g., Fatichi et al., 2014c; Fatichi and Ivanov, 2014; Pappas et al., 2016; Paschalis et al.,
2016, 2017). T&C is a mechanistic model intended to simulate various components of
the hydrological and carbon cycles, resolving exchanges of energy, water, and CO2 at the
land surface and at the hourly time scale. Actual evapotranspiration is subsequently calculated in WATET from PET by applying a reduction coefficient that takes into account
the available soil moisture content (Fatichi et al., 2015b).

The model framework described above has been applied to the Hafren catchment in Mid
Wales (UK), to test the model performance against observed discharge and tracer data.
The Hafren watershed is part of the Plynlimon experimental catchments run by the Centre for Ecology and Hydrology (CEH). Intensive measurement campaigns have been conducted at Plynlimon, providing both high-frequency (Neal et al., 2012, 2013) and longterm passive tracer (chloride) data (Neal et al., 2010, 2011), in addition to hydrological
and meteorological data sets. A remarkable number of studies over the last 40 years have
documented the climatic, geomorphic, and hydrological characteristics of the catchment
(see Kirby et al. (1997); Brandt et al. (2004); Bell (2005); Shand et al. (2005); Marc and
Robinson (2007); Kirchner (2009); Robinson et al. (2013) and references therein). Particular attention has been devoted to the dynamics of chloride, as it can be considered a
conservative tracer that sheds light on transport processes (Neal et al., 1988; Kirchner et
al., 2000; Neal and Kirchner, 2000; Neal et al., 2001; Chen et al., 2002; Neal, 2004; Page
et al., 2007; Kirchner and Neal, 2013; Benettin et al., 2015a; Harman, 2015).
The Hafren catchment covers 3.6 km2 of the headwaters of the Severn River, with elevations ranging from 352 m to 738 m above sea level. The basin can be divided in two parts
with different vegetation and soil characteristics, as shown in Figure C.1 of the Appendix
C. The Upper Hafren (UHF) drains 1.2 km2 of moorland, mostly overlying peat and gley
soils. The Lower Hafren (LHF), by contrast, is a conifer plantation forest underlain by
peaty podzol soils. The geology is Palaeozoic shales, grits and mudstones. The region has
a humid maritime climate with moderate seasonality and frequent rainfall, amounting to
more than 200 rain days per year and resulting in a mean annual precipitation of 2673
mm over the period 1984-2010. The catchment has a fast hydrologic response, with peak
flows typically occurring within 1 hour of precipitation and with a non-linear relationship
between storage and discharge (Kirchner, 2009; Benettin et al., 2015a).
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Chloride is the water tracer used in the study, because it is predominantly nonreactive under typical catchment conditions, particularly at the high atmospheric loading rates that
characterize maritime catchments such as Plynlimon. In the Hafren catchment, chloride
is derived mostly from Atlantic Ocean sea salt aerosols, which reach the catchment in the
form of rainfall, mist droplets, and dry deposition, with concentrations varying greatly
among storms (Neal and Kirchner, 2000; Benettin et al., 2015a). The chloride fluctuations in discharge and groundwater are strongly damped compared to those in the rain,
reflecting storage and mixing in the catchment (Neal and Kirchner, 2000). As shown by
Kirchner et al. (2000) and Kirchner and Neal (2013), the system acts as a fractal filter,
transforming the concentration fluctuations from white noise in the rainfall to 1/f noise in
streamflow. Reflecting seasonal input variations, streamflow chloride concentrations vary
seasonally, with higher means in the winter months (Neal and Kirchner, 2000; Page et al.,
2007). Moreover, the stream chloride time series exhibits a time-varying correlation with
discharge, with high-flow concentrations deviating upward or downward from relatively
stable baseflow values, following seasonal patterns in rainfall chloride [e.g., Figure 4 of
Neal et al. (2012)].

3.2.3. Model setup, calibration and confirmation
The WATET parameter set used in this study was obtained by calibration. To set up
the model for the Hafren catchment we used spatially distributed data provided by CEH,
including elevation, stream network position, vegetation and soil type. A DEM retrieved
from the METI and NASA’s product ASTER GDEM Version 2 (NASA JPL, 2009) was
used to represent the catchment topography with a spatial resolution of 24.4 m (Figure
C.1a). Consistent with the DEM, the model regular cell size was set to 24.4 m. Hourly
meteorological data were available from two automatic weather stations close to the top
and bottom of the Hafren catchment (Carreg Wen and Tanllwyth, respectively) and 15minute hydrological measurements were available from the Upper Hafren (UHF) and the
Lower Hafren (LHF) gauging stations (see Figure C.1a). In addition, our analysis uses
7-hourly and longer-term weekly measurements of chloride concentrations in atmospheric
deposition at the Carreg Wen station and in the catchment outlet at the UHF and LHF
gauging stations.
In order to calibrate the model parameters, we ran the model with a 5-minute time step
for the entire year of 2008, for which high-frequency discharge measurements are available at the UHF and LHF stations and 7-hourly chloride measurements are available at
the UHF station. High-frequency chloride measurements are available also for the LHF
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Parameter
Saturated water content –
woodland
Saturated water content –
moorland
Residual water content –
woodland
Residual water content –
moorland
Manning roughness – river
Manning roughness – woodland
Manning roughness – moorland
Groundwater lateral flow
and seepage – exponent

Value

Unit

Reference

0.61

–

Jackson et al. (2008)

0.59

–

Jackson et al. (2008)

0.18

–

Jackson et al. (2008)

0.20

–

Jackson et al. (2008)

0.04
0.36

s m≠1/3
s m≠1/3

McCuen (2005)
McCuen (2005)

0.2

s m≠1/3

McCuen (2005)

28

–

Benettin et al. (2015a)

station, but only until mid-March 2008. In the one year of calibration, the soil component could reach a dynamic equilibrium after a couple of months of spin-up given the
high precipitation rates in the Hafren basin. The groundwater component would have
benefited from a longer initial “training”, but chloride data allowed setting a reasonable
initial concentration in the groundwater cells. However, because this ultimately affects
the reference value for the entire series, we emphasized the temporal dynamics rather
than the actual concentrations of simulated chloride. Input time series comprise rainfall
rates (linearly downscaled from the sampled hourly resolution and spatially distributed
with the Thiessen polygon method (Thiessen, 1911)), ET, and chloride concentration in
the rainfall. The 7-hour chloride observations were firstly corrected following Benettin et
al. (2015a) and then assigned to precipitation on all the 5-minute time steps within each
sampling interval (Harman, 2015). When possible, model parameters were set a priori on
the basis of field observations and previous studies as summarized in Table 3.1. This was
the case for parameters such as the saturated and residual water content and the Manning roughness parameters. Chloride mist and dry deposition was set as a fraction of the
precipitation chloride, equal to 12% over moorlands and 35.5% over forests (Wilkinson
et al., 1997; Neal and Kirchner, 2000; Harman, 2015). Given limited evidence of evapoconcentration influencing the chloride concentrations in the simulation period (Benettin
et al., 2015a), chloride evapoconcentration was not accounted for in the model and the
transpired water kept the same chloride concentration as that of the soil storage for the
corresponding cell. The remaining 14 parameters were identified through manual trialand-error calibration (Table 3.2). Despite being more time-consuming and characterized
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by some degree of subjectivity, manual calibration helps reduce the risk of considering
parameter sets that fit the calibration data but lead to poor internal consistency in model
response (Boyle et al., 2000; Moradkhani and Sorooshian, 2008; Fatichi et al., 2015b).
As a first sensitivity analysis, the model was run more than 200 times with different sets
of parameters, which were varied over ranges suggested by literature (Table 3.2) (e.g.,
Kirby et al., 1997; Brandt et al., 2004; Bell, 2005; Shand et al., 2005; Halliday et al.,
2013; Benettin et al., 2015a). The different parameter combinations were tested in each
model run and the parameter sets which resulted in higher performance measures and
physically plausible simulations of the simulated variables (e.g., amount of groundwater
seepage or mean basin saturation) were then selected for fine manual tuning. The performance measures selected for comparing model results and observations at the two gauging
stations were the Nash-Sutcliffe efficiency (NSE), together with the NSE of the logarithm
of the flows (NSE-log), and the volumetric efficiency (VE) (Criss and Winston, 2008)
for discharge. The performance for chloride concentration was assessed using NSE, VE,
and the coefficient of determination R2 . The coefficient of determination was selected in
order to emphasize the simulated temporal dynamics and ignore the effects of systematic concentration biases, which may originate from uncertain initial conditions and input
concentrations. The calibration aimed to finally achieve the highest R2 value for fitting
the chloride concentration time series, while simultaneously scoring over 0.7 on all the
performance measures used to evaluate the discharge time series (i.e., NSE, NSE-log, VE)
and achieving qualitatively satisfactory internal consistency in the model response (Table
3.3).
In order to consolidate the set of parameters chosen by manual calibration and to estimate
the effect of parametric uncertainty on model outputs (i.e., TTDs), we ran the model
over the calibration period with 1000 different parameter sets, sampled using Sobol’s
quasi-random number generator. In this way, a better coverage of the multi-dimensional
parameter space is achieved with a smaller sample size (e.g., Pappas et al., 2013). The
five best simulations in terms of NSE for discharge and R2 for chloride concentrations
were used to re-compute the transit time distributions as explained in Section 3.2.5.
The variability between the resulting TTDs and the ones from the calibrated model was
assessed by looking at the mean difference between the 25th and 50th percentile of the
TTDs. These results are reported in Section 3.3.5.

3.2.4. Evaluation of model behavior on long term simulation
An additional evaluation of the model performance was sought by running the model for
the 1984-2010 period at hourly time steps. Chloride precipitation concentration data are
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Parameter
Active soil depth – hilltop
Active soil depth – colluvium
Active soil depth – soliflucted head
Active soil depth – boulder
clay
Curvature parameter Van
Genuchten – woodland
Curvature parameter Van
Genuchten – moorland
Saturated hydraulic conductivity – hilltop
Saturated hydraulic conductivity – colluvium
Saturated hydraulic conductivity – soliflucted head
Saturated hydraulic conductivity – boulder clay
Anisotropy ratio
Bedrock-soil interface hydraulic conductivity
Maximum
groundwater
storage
Groundwater lateral flow
and seepage – coefficient

Lower Bound

Upper Bound

Calibrated Value

Unit

150
300

400
600

350
400

mm
mm

300

600

500

mm

600

1000

700

mm

1.5

3

1.8

–

1.5

3

2.5

–

30

150

45

mm h≠1

20

100

30

mm h≠1

20

100

30

mm h≠1

2

30

20

mm h≠1

10
0.001

100
0.1

50
0.01

–
mm h≠1

2000

5000

2500

mm

101

106

105.8

mm h≠1

Table 3.2.: Model calibration parameters.
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available over this period at 7-day resolution, with 26% of weeks having no reported data
(usually due to precipitation volumes that were too small for chemical analysis). The 7day chloride measurement gaps were filled as in Harman (2015) and then assigned to the
previous hours since the last measure. Moreover, we rescaled the hourly precipitation data
set in order to agree with the total precipitation amounts measured every 7 days with the
chloride samples because of non-negligible differences between the precipitation weekly
totals. To assess the model performance, in addition to NSE and R2 , we analyzed the
output in the frequency domain using spectral analysis. The power spectral density is an
important indicator of the way catchments transform tracer inputs to outputs (Kirchner
et al., 2000, 2001), reflecting the storage, transport, and mixing of water over different
space and time scales (Kollet and Maxwell, 2008; Kirchner and Neal, 2013). Therefore, we
compared the observations and simulations for both water flow and chloride concentrations
in the frequency domain, to assess how well the model captures the observed persistence
and damping of the time series.

3.2.5. Tracking of Water Dynamics
After calibration, WATET was run multiple times in parallel, tracking the fate of each
rainfall event separately. We labeled each rainy day or rain in specific areas of the basin
with a different tracer. To do so, the water parcels to track are added with a known concentration of artificial tracer, which is assumed to not otherwise exist anywhere in catchment
storage. Consequently, we can track the tracer concentration variability throughout space
and time, reflecting solely the quantity we introduced and for which we know the origin.
We ran the model with a 5-minute resolution over the years 2004-2010. In the first experiment, we separately tracked several precipitation days over the entire catchment, whereas
in the second experiment we tracked precipitation onto different catchment regions.
In the first experiment, all 546 days with precipitation during the years 2005 and 2006
were individually labeled and tracked over the simulation period from 2004 to 2010 with
the calibrated WATET model. These simulations allowed us to derive transit time distributions given rainfall time (forward TTD) and given exit time (backward TTD), as
discussed e.g. by Rinaldo et al. (2011). In the forward approach, we focused on when
precipitation reaches the outlet as discharge. In the backward approach, we analyzed how
the discharge in each day is composed of water of different ages, i.e. water that entered
the system at different times. To do so, we also made use of the young water fraction Fyw
defined by Kirchner (2016a,b). For the Plynlimon catchment, this metric is determined as
the fraction of runoff with transit times up to (and including) 69 days (Kirchner, 2016b).
Moreover, we extended the use of the young water fraction, calculating multiple water
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fractions corresponding to a series of young water thresholds, which directly express the
catchment cumulative distribution of transit times as suggested by Kirchner (2016a).
In the second experiment, we divided the catchment into different regions according to
three main catchment characteristics (land cover, soil type and topography) that are
expected to drive the hydrologic response. These included two vegetation cover units
(moorland and forest), four soil types (hilltop, colluvium, soliflucted head, and boulder
clay) and five classes of topographic wetness index (<4.8, 4.8–8.8, 8.8–12.8, 12.8–16.8,
>16.8). The topographic wetness index was computed as ln(–/tan—), where – is the upslope cumulated area per unit contour width and — is the cell slope angle (Beven and
Kirkby, 1979). The model was run over the years 2004-2010 multiple times, separately
tracking the precipitation that fell on a different region of the catchment. We could therefore analyze the influence of topography, soil and vegetation characteristics on discharge
formation.

3.3.1. Model Performance
In the calibration year, we tracked water and chloride fluxes in every layer and grid cell.
The model is able to reproduce the discharge data at the Upper and Lower Hafren stations
with NSE’s of 0.84 and 0.90, respectively (Table 3.3). The temporal dynamics of chloride
concentrations in the discharge are satisfactorily captured by the model (R2 of 0.79 and
0.82), although there is a systematic bias and the variance is bigger in the simulations
than the data, resulting in low NSE scores. Possible reasons for the chloride bias could
be the initial conditions assigned to the chloride in the catchment, the disaggregation
of the chloride data, or the limited complexity of process representations in the model.
Simulated discharge rates and chloride concentrations are shown in Figure 3.2 along with
the observed values for the Upper and Lower Hafren stations. At both locations, flow peaks
as well as recessions are successfully captured by the model. During base flow periods, the
discharge is substantially fed by groundwater seepage (as seen in Benettin et al. (2015a)
and Neal et al. (2012)). This is also reflected in the chloride concentration values, which
rapidly shift toward the concentration of the groundwater storage after the rainfall events
(Figure 3.2c-d).
The mean soil saturated area in the model that can potentially lead to localized overland
flow is 13%, of which 9% is accounted for by cells that overlap with the stream network.
This behavior is in line with Bell (2005) and Knapp (1979) who reported that at Plynlimon
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Upper Hafren station (UHF) Lower Hafren station (LHF)
NSE
logNSE
VE
NSE
R2
VE

0.84
0.72
0.71
0.03
0.79
0.88

Discharge

0.90
0.86
0.76

Cl concentration

0.33a
0.82a
0.91a

a Comparison

with Cl concentration observations limited to the period from
2008-01-01 to 2008-03-11.

Discharge UHF [mm/h]

10 1

10 0

10 -1
Obs. (1 h)
Sim. (5 min)

(a)

Cl Concentration UHF [mg/L]

Table 3.3.: WATET performance measures for simulated discharge and chloride concentration in the discharge in model calibration.
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Figure 3.2.: Time series of simulations for the 2008 calibration year compared with observed values in the Hafren catchment, Plynlimon, Wales. The left plots compare the observed (blue) and simulated (red) discharge at the (a) Upper
Hafren (UHF) and (b) Lower Hafren (LHF) stations. The right plots compare the observed (blue) and simulated (red) chloride concentrations at the
(c) UHF and (d) LHF stations. The simulated groundwater chloride concentration averaged over the catchment is also shown (green).
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Figure 3.3.: Power spectra of observed (blue) and simulated (red) time series of water
fluxes (left column) and chloride concentrations (right column). The dashed
lines show the power spectra from observed precipitation rates (left) and
observed chloride concentration (right) at the precipitation sampling point
(Carreg Wen station). The top plots compare the power spectra at the Upper
Hafren station (UHF) for discharge and chloride concentrations in the discharge, whereas the bottom plots compare the power spectra for the Lower
Hafren station (LHF). Observations and simulations display similar slopes.
In particular, the slopes of simulated chloride concentrations exhibit fractal
1/f scaling (gray lines).
overland flow is mainly confined to areas near the streams, although the spatial resolution
(24.4 m) of our model is likely to exaggerate the saturated area relative to Plynlimon’s
much narrower channels.
In order to evaluate the longer term performance of the model, we ran WATET on an
hourly time step from 1984 to 2010 (Figure C.2). The simulation results capture the observed hourly discharge rates well, with NSE values of 0.80 for UHF and 0.86 for LHF.
The comparison with the weekly time series of chloride concentrations yields R2 values
of 0.53 and 0.55 for the two stations and a significant bias in the chloride concentration
(negative NSE). These results may be partially explained by model deficiencies in representing long-term storage and mixing processes and by the calibration being limited to
just one year (2008). They may also arise from uncertainties in the rainfall inputs and in
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downscaling the chloride input data (measured in this case every 7 days instead of every
7 hours). Results from this long simulation are presented in the form of power spectra for
both observed and simulated water fluxes and chloride concentration (Figure 3.3). Power
spectral density, here computed following the methods described in Kirchner and Neal
(2013), allowed us to evaluate persistence in the simulated time series compared to the
observed ones. The model acts as a filter of the input signal. The power spectra slopes
of both water fluxes and chloride concentrations are satisfactorily reproduced. The simulated chloride fluctuations at the two discharge stations are strongly damped relative
to chloride fluctuations in the precipitation (Kirchner and Neal, 2013), following 1/f –
spectral scaling with – = 0.96 in the observations at UHF and LHF and – = 1.01 in
the simulation. For frequencies higher than about 1/month, the model shows a slope of
about -2, which indicates that simulations over-damp the signal in the short-term. This
can be due to the intrinsic model structure but also to the fact that the downscaling of
the 7-day chloride data to the hourly scale, assuming constant concentration, erases input
fluctuations on shorter time scales and thus affects the short-term correlation in the input. Another difference is represented by the offset of the chloride power spectra. This is
not due to different sampling frequencies (hourly scale in simulations and every 7 days in
the collected measurements) because the spectra have been properly normalized. Despite
this, the spectral power of simulations is higher than observations across the frequency
range, indicating a larger variability in the chloride simulations than observations, possibly due to a lack of damping by passive storage. We emphasize that the model has not
been re-calibrated for this long-term simulation, and the parameters values derived from
the 2008 calibration are probably not optimal for the 1984-2010 long-term simulation.
Nonetheless, the spectral slopes of the simulation and observations agree for frequencies
below ≥1/20 yr-1 , suggesting that some key features of the underlying process dynamics
are still captured in the model.

3.3.2. Forward Transit Time Distributions
We ran the calibrated model from 2004 to 2010, tracking each day’s precipitation for the
years 2005 and 2006. As explained in Section 3.2.5, the model permits tracking the amount
of water arriving each day and its flowpath through the basin as shown in Figure 3.4. The
partitioning of water entering the model on two example days is shown in the Appendix
C (Figure C.3). For each day, the proportion of event water stored in the groundwater,
soil, surface or channel compartment is tracked together with the proportion recovered as
outflow or lost as evapotranspiration.
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Precipitation day
2005 Jan

Precipitation [mm/d]
100

Feb

80

Mar

60

Apr
May

40
20
0

Jun
Discharge [mm/d]
Jul
60
Aug
Sep

40

Oct

20

Nov
0
Dec

Feb

Soil storage [mm]
200

chapter 3

2006 Jan

150

Mar
Apr
May
Jun
Jul

100
50
0
Groundwater storage [mm]
1500

Aug
Sep

1000

Oct

500

Nov
0
Dec

Jan Feb Mar Apr May Jun Jul
2005

Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul
2006

Aug Sep Oct Nov Dec

Figure 3.4.: Fate of the water parcels rained in the catchment in the years 2005 and
2006. The top plot shows the daily precipitation amounts colored according
to the date. The three lower plots represent the fractions of the discharge,
soil storage, and groundwater storage that are made up of the colored inputs.
The black lines indicate the total amounts, whereas the white areas indicate
water that was already in the catchment before 2005.
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Figure 3.5.: Forward cumulative transit time distributions for the 2005-2006 precipitation
events, plotted as a function of exit time (a) and cumulated discharge (b).
When the distributions are rescaled as a function of cumulative discharge,
they tend to collapse around a single distribution representing all of the precipitation events.
Individual transit time distributions for each precipitation event were obtained from the
model results. The collection of cumulative transit time distributions for the 2005 and
2006 precipitation events is presented in Figure 3.5a. These quantities are normalized by
the total rainfall amount of each day once the part lost through ET is subtracted. The
figure allows one to extract some basic information on the average behavior of the model.
For instance, 50% of the precipitation that becomes discharge takes on average 59 days
to reach the outlet. Linearly extrapolating the cumulative distributions for exit times
larger than 1200 days, we can estimate that 99% of the discharge water would reach the
outlet on average in 7.5±0.9 years and 99.9% in 8.9±0.9 years. TTDs at the Upper Hafren
and Lower Hafren gauging stations are broadly similar, with the lower half of the Upper
Hafren curves slightly shifted to the left, i.e. having faster transit times (Figure C.4). For
the Upper Hafren, 50% of the precipitation that becomes discharge takes on average 67
days to reach the outlet and a median of 53 days, compared to an average of 59 and a
median of 47 days for the LHF.
Figure 3.6 explores how catchment hydrological conditions affected the modeled transit
time distributions for the entire Hafren. Specifically, we analyzed the variation of transit
time for the first 25% and 50% of the water to exit from individual precipitation events
(that is, the lower quartile and the median of the forward transit time distribution) in
relation to the month, precipitation amount, ET amount, basin effective soil saturation,
and groundwater storage at the time of rainfall. The median transit time varied between
6 and 177 days among the individual rainfall events. The time to reach the exit was
generally much longer during the drier months, e.g., the forward transit time distribution
exhibited strong seasonality (Figure 3.6). On average, rainfall events between September
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Figure 3.6.: Variations in transit time of 25 and 50% of water (the lower quartile and
median of the forward transit time distribution) from the 2005 and 2006
precipitation events, for different modeled basin conditions at the time that
rain fell. Transit time varies systematically with (a) season, (b) precipitation amount, (c) evapotranspiration, (d) basin effective saturation, and (e)
groundwater storage.
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and April discharged 25% of their water in less than 17 days, whereas events between
May and August needed 23 days on average. The median transit time for events between
September and April was 47 days, versus 60 days for events between May and August.
Precipitation amount, basin effective saturation and groundwater storage at the time of
the event were negatively correlated with the transit time, whereas ET was positively
correlated. The boxplots for these properties are large, showing a less clear dependence
of transit time on process controls than on seasonality. When precipitation was less than
5 mm/d, half of the precipitated water became discharge after an average of 70 days,
whereas after heavy precipitation events (over 30 mm/d), half of the water exited the
system after an average of 27 days. The dependence on ET shows an opposite trend:
half of the precipitated water took 43 days to exit the catchment when ET at the day
of rainfall was under 0.25 mm/d, but more than 114 days when ET was over 3 mm/d.
Basin effective saturation and groundwater storage conditions also affect exit times. Half
of the precipitated water was discharged in 81 and 76 days during periods with relatively
dry soil and low groundwater, respectively, versus only in 29 and 26 days when soil was
particularly wet and groundwater storage was high.
As one would expect, the various controls are correlated one with each other. Including
all process controls as factors in a multiple quadratic regression model explained 50%
of variability in the median exit time with the month of the year and ET as the best
predictors (R2 of 0.37 and 0.19 respectively and R2 of 0.40 when combined). Precipitation
alone explained 9% of the variability and it contributed only marginally when combined
with ET and the month (R2 =0.43). Soil saturation was correlated with groundwater
storage, and combining them together explained a relatively small fraction of exit time
variability (R2 =0.22). When both were combined with the month, R2 increased to 0.45.
When the cumulative transit distributions are plotted as a function of the cumulative
discharge following each rain event, rather than as a function of the exit time, the curves
are much more tightly clustered (Figure 3.5b). The coefficients of variation of the 25th
and 50th percentiles are reduced by more than a factor of two, from 0.73 to 0.24 and from
0.68 to 0.27, respectively.

3.3.3. Backward Transit Time Distributions
Keeping records of the modeled fluxes from 2 years of precipitation events allowed us
not only to study their transit time through the catchment, but also to analyze the
proportion of discharge with different ages and coming from different storages. Figure 3.7
shows the dynamics of water storage in the model, including the young water fractions Fyw
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Figure 3.7.: Time series from the WATET simulation for the years 2005 and 2006. Precipitation events result in rapid discharge increases at the outlet (a). Groundwater contributes a larger proportion to the streamflow during drier periods,
but rapid shifts to dominance of soil and surface contributions are seen after
larger precipitation events (b). Young water fractions for discharge, soil layer,
and groundwater storage vary widely (c), with soil water largely composed
of young water, in contrast to groundwater which is always less than 20%
of young water. Simulated soil and groundwater storages are also shown (d).
Soil water has a faster response to precipitation events, whereas groundwater
storage varies much more gradually.
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Figure 3.8.: Relation between young water fractions Fyw simulated in the various model
compartments and discharge. Daily values of young water fractions in streamflow (a) exhibit a roughly logarithmic increase with discharge (blue), whereas
young water fractions in the soil (red) and groundwater (green) compartments
change more gradually with discharge. The young water fraction in discharge
is always higher than in the entire storage (b).
(<69 days) in the soil, groundwater and discharge. The Fyw in the discharge is strongly
correlated to the fraction of groundwater in the discharge, because the soil storage always
consists of more than 65% of young water (91% on average), whereas the groundwater
storage holds mostly old water (its Fyw is always less than 16%). The storage volume and
young water fraction in the soil vary faster than those in groundwater (Figure 3.7d).
Fyw values vary with shifts in flow regime. With increasing discharge, the Fyw modestly
increases in the soil and groundwater storage, whereas it increases logarithmically in the
discharge itself (Figure 3.8), reflecting a decrease in the proportion of groundwater and an
increase in the proportion of soil water. The Fyw in the entire storage, considering both
soil and groundwater, is always lower than 0.24 and the discharge always has a higher
proportion of young water than the storage does (Figure 3.8b).
So far, we have presented the fraction of young water computed for a fixed threshold
age. Varying the threshold ages and computing the associated younger water fraction
yields the cumulative distribution of travel time conditioned on sampling time (Kirchner,
2016a). Figure 3.9a shows the cumulative distributions of travel time for each discharge
event. The colors indicate the mean basin effective saturation at the exit day, which
is correlated to the wetness of the previous days. A strong effect of wetness is visually
evident, but we refer to Figure C.5 of the SI for a better representation of how water ages
in discharge vary with catchment conditions. Figure 3.9b shows the average behavior of the
backward TTDs under four catchment wetness regimes: wet, dry, wetting-up and dryingup (Heidbüchel et al., 2012; Hrachowitz et al., 2013). The four wetness regimes exemplify
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Figure 3.9.: Age composition of daily discharge. (a) The cumulative age distribution of
each daily discharge is colored according to the mean effective saturation of
the basin on that day. (b) The mean age distributions of discharge events
during different wetness regimes following the combination of high and low
storage in the groundwater and soil. (c) Averaged StorAge Selection (SAS)
functions for various combinations of groundwater and soil conditions.
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the “end-members” of possible wetness conditions and are defined by the combinations of
high or low soil and groundwater storages, as these have a major influence on the daily
discharge age composition. Wet regimes were defined as those days with water volumes
in the soil and groundwater exceeding their 65th percentiles, that is, mean degree of
saturation over 0.72 and storage higher than 1440 mm. Although the Hafren catchment
never reaches properly dry conditions, we defined dry regimes by mean soil saturation
lower than 0.62 and groundwater storage lower than 1420 mm, that is, each not exceeding
their respective 35th percentiles. We defined the wetting-up regime by mean soil saturation
over 0.72 (that is, above the wet threshold) and groundwater storage of less than 1420 mm
(that is, below the dry threshold), whereas the drying-up regime was defined by mean soil
saturation lower than 0.62 (i.e., below the dry threshold) but groundwater storage above
1440 mm (that is, above the wet threshold). The four categories exclude the transitional
regimes with soil and groundwater storage values in between the ones mentioned above.
Consistently, the main contribution to the shape of the transit time distribution is given
by the soil saturation, whereas the groundwater level is less able to shift the curve. The
medians of the transit time distributions average 15, 19, 125, and 205 days in wetting-up,
wet, drying-up, and dry conditions, respectively.
Finally, the WATET simulations also allow us to calculate the residence time distributions
for the soil and aquifer storage (see Figure C.6). The distributions of ages in the discharge
and in the storage allow a direct evaluation of the StorAge Selection functions (Rinaldo
et al., 2015). For clarity, Figure 3.9c shows the SAS results averaged among the set of
events for the four catchment conditions described above. The results agree with previous
studies in the Hafren catchment by Benettin et al. (2015a) and Harman (2015). During
wet conditions there is a strong preference for younger water in the discharge, whereas in
drier conditions, the storage is sampled more uniformly. The lines for dry conditions go
below the SAS=1 line only at older ages, reflecting the high proportion of old water in
the groundwater storage.

3.3.4. Effect of Spatial Heterogeneity on TTDs
The capability of the WATET model to track water origin was additionally used to explore the influence of different catchment regions on discharge formation. We focused
on spatial variations in three controls: vegetation cover, soil type, and topographic index.
Figure 3.10 reveals how the various discharge amounts are composed by flows from various
catchment regions, after normalizing for the effect of the area size. The biggest difference
is seen among parts of the catchment with different topographic wetness index values.
As expected, precipitation that arrives in regions with lower topographic wetness index
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values is more likely to recharge the groundwater or be evapotranspired, rather than being
discharged at the outlet. On the other hand, precipitation on areas with high topographic
index values contributes more directly to discharge. The different soil types have an influence on the TTDs, but their time-aggregated control on simulated discharge formation
appears to be not particularly relevant for the Hafren catchment (Figure 3.10b).

3.3.5. Sensitivity of TTDs to model parameters
Given the practical infeasibility of exploring the entire space of model parameters, we
evaluated a subset (described below) of 1000 parameter sets sampled using Sobol’s quasirandom number generator and tested over the calibration period. No simulation yielded
higher values for all the performance indexes than those of the calibrated model (Table 3.3). Simulations with higher NSE for the chloride concentration (up to 0.61) were
achieved, but were disregarded in favor of parametrizations that achieved a high R2 . Simulations with high R2 are representative of a good reproduction of the chloride temporal
variability, while simulations with higher NSE for the chloride concentration were mostly
minimizing the bias with respect to the mean chloride concentration but were less satisfactorily in representing the temporal dynamics (Figure C.7). Among the tested parameters,
we retained only five sets capable of best reproducing discharge (as measured by NSE),
and chloride concentrations as measured by R2 ) at the two gauge stations.
Running the WATET model with the five selected parameter sets allowed us to evaluate
the role of parameter uncertainty in the forward TTDs of the 2005 precipitation events.
In particular, we looked at the modelled distribution of exit times (with a focus on the
25th and 50th percentiles) of the amount of water precipitated in the catchment on days
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Figure 3.10.: Topographic controls on discharge composition. After having normalized for
catchment areas in each category, discharge is decomposed into the contributions from water precipitating on different (a) vegetation covers, (b) soil
types and (c) topographic wetness index areas.
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with more than 10 mm/day precipitation. The difference between the 25th percentile
TTD’s from the five parameter sets and the calibrated simulation averaged 7 days (as
a reference, the 25th percentile TTDs from the calibrated simulation averaged 17 days)
and 50th percentile TTD’s differed by an average of 15 days (compared to a mean of 54
days for the 50th percentile TTD’s in the calibrated simulation). This suggests that model
parameter uncertainty is relatively large (on the order of 30-40%) for the TTD values and
distributions presented in this study.

3.4. Discussion
3.4.1. The WATET Model
The WATET model was designed to track water and conservative tracers in a distributed
manner. It was calibrated to reproduce discharges and chloride concentrations for the year
2008 at two stream locations in the Hafren catchment where high-temporal resolution
(7-hourly) chloride data were available. A longer-term confirmation test yielded good
discharge estimates (NSE=0.84 and 0.90), but showed less satisfactory simulations of
the stream chloride time series, which yielded values of R2 equal to 0.53 and 0.55 but
negative NSE due to a persistent bias. This result was affected by uncertainty induced
by the coarse temporal resolution, by a significant fraction (26%) of missing values in the
long-term chloride inputs and by precipitation measurement uncertainties. However, the
analysis in the spectral domain showed that the model is able to reproduce the catchment
damping of the chloride input signal and to correctly reproduce the power-spectrum slope
for frequencies lower than roughly 1 month-1 (i.e., time intervals longer than roughly 1
month). Water and conservative solute fluxes were tracked through the system for time
scales between 1 hour and 1 year. WATET explicitly describes the dynamics of watershed
storage, concurrently solving for the celerity and velocity (McDonnell and Beven, 2014) of
catchment transport. The perfect mixing hypothesis, which was used here for the various
storages of each cell, yields plausible solute dynamics at the catchment scale when applied
to relatively small volumes within the catchment, i.e. 24.4 m cell size and up to four
storages (channel, surface, soil, and groundwater). However, this hypothesis is well known
to fail if the entire catchment is treated as a single well-mixed storage (e.g., Kirchner et
al., 2000).
While being complex enough to represent water and tracer transport processes, WATET
is also fast enough to allow the parallel tracking of multiple rainfall events in a reasonable
amount of time (tracking one precipitation event for 7 years of simulation takes around
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20 hours laptop runtime). Many studies have estimated transit time by means of lumped
models with a-priori definition of the TTD shape or conceptualized models with slowly
responsive passive storages and/or pre-defined sampling age selection functions. In this
study, instead, the forward and backward TTDs, residence time distributions, and SAS
functions are time- and space-variant and are derived from the model results; thus they
are free from various a priori assumptions, such as the shape of the distribution. The
results are, however, still influenced by the model assumptions (e.g., complete mixing
for each cell layer) and the chosen model parameters as explored in Section 3.3.5. While
uncertainty in model parameters can affect the reported values for TTD up to 30-40%,
the simulated patterns and environmental dependencies are more robust and consistent
with expectations of catchment behavior (Figure 3.6).

The results highlight the influence of catchment nonstationarity and heterogeneity on
modeled TTDs. Both forward and backward TTDs vary greatly throughout the year and
with catchment hydrologic conditions. Forward TTDs vary strongly with the season in
which the rain event occurs, as well as with variables such as precipitation volumes, ET
rates, soil saturation and groundwater storage at the time of the event. In other words,
the conditions when water enters the system are a major indicator of how long it will
take to exit. Seasonality appears to be a strong predictor of the forward TTD because
it is correlated not only with the current catchment status, but also with the future
wetness evolution and, thus, catchment response. Similar findings are seen in DaneshYazdi et al. (2016b); Heße et al. (2017) for watersheds with different physical structures
and climatic conditions. On the other hand, backward TTDs are strongly dependent on
the soil saturation and, to a lesser degree, on groundwater storage.
To highlight the different age compositions in the discharge, we computed the wetnessdependent temporal dynamics of the distributions. Although absolute storage differences
are small in the wet Welsh climate with its moderate seasonality, we could clearly see
differences in the exit TTDs from one wetness regime to another. For example, very wet
conditions in the soil compartment generate discharge that is ten times younger than
discharge during drier conditions. This is consistent with recent findings by Soulsby et
al. (2015) that illustrate how, in wet conditions, hillslopes and riparian zones have strong
connectivity, allowing high proportions of relatively young water to reach the channel.
Other studies have found similar differences between wet and dry antecedent conditions,
(e.g., Heidbüchel et al., 2012; Hrachowitz et al., 2013; Benettin et al., 2015a).

63

chapter 3

3.4.2. Influence of Nonstationarity and Heterogeneity on TTDs

chapter 3

Chapter 3. Water flux tracking with a distributed hydrological model to quantify
controls on the spatio-temporal variability of transit time distributions
Further, we have explored how discharge in the Hafren catchment is related to catchment
heterogeneity in vegetation types, soil properties, slope and drainage area (the last two
being reflected in the topographic wetness index). Not surprisingly, the topographic wetness index, which predicts the most likely saturated areas (Quinn et al., 1991; Tetzlaff
et al., 2007b; Beven, 2012), is highly correlated with specific discharge. The wetter the
location where rain falls, the greater the local contribution to discharge formation. This
result agrees with our conceptual understanding and with studies in other catchments
(e.g., McGlynn et al., 2004; McGuire et al., 2005). Our modeling approach complements
these observational studies by separating and directly quantifying the effects of nonlinear
interactions between different landscape controls in a spatially explicit way.

3.4.3. TTDs and Cumulative Discharge
Transit time distributions (TTDs) were obtained from the simulation results for each
precipitation event over two years. As seen in Section 3.3.2, the curves display a large
spread. Fiori and Russo (2008) and more recently Ali et al. (2014) have used numerical
simulations to show that modeled TTDs for the transport of pulses of passive solutes
exhibit a limited spread when one rescales time by the cumulative outflow, as previously
proposed by Niemi (1977) and Rodhe et al. (1996). Consistent with this previous work,
TTDs from our catchment-scale simulations also converged to a much narrower range after
rescaling (Figure 3.5b). Even though we looked at more than 500 rainfall events spanning
wide ranges of catchment conditions, all the non-exceedance probability curves converged
within a narrow band when plotted as a function of the cumulative discharge. This finding,
obtained from simulations with a physically explicit model reproducing a broad spectrum
of hydrologic conditions, suggests that the representation of TTDs using the cumulative
outflow may be an effective way to filter the temporal variability of meteorological controls.
The resulting rescaled transport function encapsulates catchment characteristic behavior
with respect to complex transport processes, and could potentially be used to rapidly
calculate catchment-scale transport if discharge data are available.

3.5. Conclusion
In this study, we introduced a new model-based framework to explore water age and transport mechanisms in a real catchment. We presented a simple yet fully distributed hydrological model coupled with a transport component for conservative tracers. The WATET
model was applied to a well-instrumented catchment in Wales (UK) and, once calibrated,
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it successfully reproduced water and conservative tracer fluxes. However, a longer-term
validation test, based on more uncertain and potentially biased forcings, challenged the
model’s ability to reproduce transport processes at high frequency in a multi-year time
series.

The analysis illustrates how the coupled processes of water flow and tracer transport
can be inferred from plausible model simulations without assuming any particular form
of the general TTD or StorAge Selection function at the catchment scale, but instead
by representing the catchment response with a physically explicit distributed model at
high spatial and temporal resolution. Results suggest that the forward TTDs are mostly
dependent to the season in which the rain event occurs, whereas the backward TTDs vary
primarily according to the catchment wetness. The spread of the forward TTDs decreases
considerably when they are expressed as functions of cumulative discharge, extending
the results seen in Fiori and Russo (2008) for a hillslope model, and thus revealing a
potentially simple way of summarizing catchment transport characteristics, which may
also hold for larger catchments.
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We used the model as a tracking tool to follow the fate of water from two years of daily
rainfall events in their individual paths towards the catchment outlet. This approach
allowed us to derive, directly from the model results and with limited a priori assumptions,
the dynamic TTDs both forward and backward in time and the young water fraction Fyw
in the various storage compartments.
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Chapter

4

Variability of transit time
distributions with climate and
topography: a modelling approach

Abstract
The time that rainfall takes to reach the outlet of a catchment as discharge (transit time)
is a fundamental and integrated measure of catchment hydrological processes and solute
transport mechanisms. As such, many efforts have been dedicated to its understanding and
quantification. However, defining and ranking which factors, internal and external to the
system, control the distributions of transit time is still an open challenge. Here, we develop
a two-stage approach to explore climate and topography controls on transit time, using
a fully distributed hydrological model coupled with a transport component. Specifically,
we apply the model to two synthetic topographies under five observed climate regimes.
With this setup, water fluxes from two years of daily rainfall events are singularly tracked
across the catchments to then derive the distributions of transit time and fraction of young
water for each combination of topography and climate. Results highlight a considerable
variability of transit times in all climates and a pronounced effect of topography within
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a given climate. They further reveal that for wet climates it is possible to define a curve
describing water transit time as a function of cumulative discharge that only depends on
topographic properties. On the contrary, in dry climates the variability of transit time
and young water fraction is much larger and not amenable to a simple summary. Despite
simplifications, quantitative model-based inferences of transit time distributions are useful
to better understand how climate and topography affect catchment functioning.

4.1. Introduction
Transit time distributions (TTDs) are a fundamental descriptor of the way catchments
store, mix and release water and solutes (Kirchner et al., 2000; McDonnell and Beven,
2014). TTDs integrate the diverse transit time and flow path lines that rainfall can take
to reach the outlet of a catchment as discharge. As such, their quantification is relevant
to predict water storage and solute transport in hydrologic systems and ultimately tackle
water quality problems. Specifically, understanding what controls the temporal variability
of TTDs is important to gain insights into the ecological and biogeochemical functioning of
a catchment and to study problems related to water quality, such as cycling of pollutants,
nutrients, and carbon(Danesh-Yazdi et al., 2016a; Hrachowitz et al., 2016). Among the
controls on TTDs, climatic and topographic catchment characteristics play a central role
in determining the hydrological dynamics, but their complex interactions make it difficult
to untangle their impacts based on observations(e.g., Birkel and Soulsby, 2015). The
purpose of this study is to make use of a numerical modelling framework to study the
effect of different climates and topographies on the catchment TTDs and specifically to
understand if climate or topography have a dominant signature.
TTDs can be defined according to two temporal perspectives. The forward TTDs (fTTDs)
indicate the distributions of transit times for a given rainfall parcel entering the catchment, whereas the backward TTDs (bTTDs) stand for the distributions of ages of a water
parcel leaving the outlet at a given time (Benettin et al., 2015b). In the backward approach, the young water fraction Fyw – i.e., the fraction of stream water that is younger
than a specific threshold age – has been recently proposed as a new summary metric to
study transit time. In contrast to summarizing the TTD distribution in a mean transit
time, Fyw is less vulnerable to aggregation bias in heterogeneous catchments (Kirchner,
2016a,b). In addition, residence time distributions indicate the distributions of ages of
water parcels that have been stored in the catchment. A wealth of studies has been dedicated to estimate both types of transit times together with residence times (e.g., Ali et
al., 2014; Danesh-Yazdi et al., 2016b; Sprenger et al., 2016b; Ameli et al., 2017; Benettin
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et al., 2017b; Heße et al., 2017) and recently also the dynamics and variability of young
water fraction (Jasechko et al., 2016; Wilusz et al., 2017). However, considerably less research has investigated in a systematic way the effect of climate and topography on TTD
variability (Maxwell et al., 2016a). Understanding how catchment morphological properties and external meteorological forcing control TTDs and Fyw remains a challenge and a
generalization across different regions is mostly lacking (Birkel and Soulsby, 2015).

Studies using the data-driven approach show that climate and topography have a complex
and site-specific influence on transit time. For example, Hrachowitz et al. (2009, 2010)
have estimated mean transit times from long-term tracer data sets for several catchments
in the wet Scottish Highlands and identified topographic properties, such as drainage
density and topographic wetness index, as the most important controls on hydrological
response together with precipitation intensity and percentage of responsive soil cover (i.e.,
generating overland flow). Heidbüchel et al. (2013) indicated the soil storage capacity,
antecedent moisture conditions, and precipitation event characteristics as the main factors
controlling mean transit times in two zero-order, semi-arid, mountainous catchments in
Arizona (USA). Specifically, clustered and high intensity precipitation produced faster and
younger runoff, explained by the exceedance of a site-specific storage threshold. Jasechko
et al. (2016) in their estimation of the Fyw for 254 relatively large catchments around
the world found no significant correlation with annual rainfall, but an inverse correlation
with average topographic gradients, revealing that young stream water is less prevalent in
steep catchments than in lower-gradient catchments. This study confirmed the important
role of topographic characteristics on water transit time, which has been also observed
in other catchments (McGuire et al., 2005; Broxton et al., 2009; Tetzlaff et al., 2009;
Muñoz-Villers et al., 2016).
Among the model-driven studies, studies have used StorAge Selection functions (e.g.,
Rinaldo et al., 2015; Danesh-Yazdi et al., 2016a; Benettin et al., 2017b) or flow tracking
(e.g., Davies et al., 2013; Fiori and Russo, 2013; Maxwell et al., 2016a; Heße et al., 2017;
Remondi et al., 2018) to estimate TTDs. Numerous studies showed that transit time
and stream water age are inversely related to rainfall intensity (e.g., Heidbüchel et al.,
2012; Hrachowitz et al., 2013; Benettin et al., 2015a; Ameli et al., 2016; Heße et al., 2017;
Wilusz et al., 2017; Remondi et al., 2018). Maxwell et al. (2016a) found that, among the
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The literature focusing on water transit time is often subdivided according to the methodology, in data driven or model driven approaches (McCallum et al., 2014). In the former
approach, tracer data are fitted with parametric models that estimate TTDs, whereas in
the latter numerical flow and transport models can directly simulate water transit times
and age.

chapter 4

Chapter 4. Variability of transit time distributions with climate and topography
major catchments across North America, arid systems have less variable residence time
distributions and that this can be explained by the deeper water table and fewer points of
groundwater exfiltration to the river. Remondi et al. (2018) looked at the temporal and
spatial dynamics of TTDs for a catchment in Wales (UK) and found that seasonality is
a strong statistical predictor of the travel-time temporal dynamics in such a wet climate,
while topographic index mostly affects spatial variability.
In summary, there is evidence that both climate and landscape characteristics play a role
in determining TTDs, but their relative importance has not been assessed in a systematic
and comparative study, such as that framed here and it cannot be obtained by tracer
measurements alone. By using observations only confounding factors cannot be isolated
as in numerical experiments and often only mean transit time rather than TTDs could
be derived. Among landscape characteristics, we focused on topography because it is
typically known with accuracy and has a direct control on runoff generation and flow
routing (Rodríguez-Iturbe and Valdés, 1979; Beven, 1982). We specifically address the
following research questions: (a) what is the effect of two catchments with very different
topographies on TTDs and Fyw ? (b) How do different climates influence TTDs and Fyw
in these two catchments?? (c) Can rescaling TTDs with cumulative discharge allow for a
unique function across different climates? Despite a number of simplifying assumptions,
the study is developed to provide quantitative answers to the above questions through
a series of numerical experiments on virtual but plausible catchment topographies. An
integrated distributed hydrological model coupled with a flow-transport module (Remondi
et al., 2018) is used for this purpose, because it explicitly simulates the temporal and
spatial dynamics of hydrological processes and it provides a direct computation of timevarying TTDs and Fyw .

4.2. Methods
A two-stage numerical experiment was designed to simulate the control of climate and
topography on TTDs by means of a fully distributed hydrological model coupled with
a transport component. We selected five locations with considerably different climatic
characteristics (Section 4.2.1) and for each one we performed numerical experiments with
real climatic forcing and virtual topographies to compute TTDs and Fyw . Specifically, we
followed the two-stage implementation illustrated in Figure 4.1:
1. Stage 1 consisted of calibrating the WATET hydrological model to simulate discharge in five real catchments. The structure of the WATET model is presented in
Section 4.2.2, whereas Section 4.2.3 presents the calibration procedure.
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Rio Icacos, Luquillo (PR)
Upper Dalya (IL)
Marshall Gulch (US)
Rietholzbach (CH)
Hafren, Plynlimon (UK)

STAGE 1

Calibration on real catchment

Calibration of WATET
parameters on the study
catchment against
discharge observations

Inputs to comparative experiment
Parameters for groundwater storage
8 years of meteorological observations (Pr and PET)
Uniform soil layer
Synthetic DEM: CV domain

Synthetic DEM: CX domain

STAGE 2

WATET routine
Run WATET for 8 years tracking in parallel
each daily rain of the 2nd and 3rd simulation year

TTDs
and Fyw
for CV
domain

Non-exceedance probability [-]
1

TTDs
and Fyw
for CX
domain

0.5

0
100

Results

101 102 103
Transit time [d]

Non-exceedance probability [-]
1
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0
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Figure 4.1.: Workflow of the numerical experiment and related model setup. For each of
the five catchments we calibrated the WATET model (Stage 1). We then used
the calibrated groundwater parameters in a numerical experiment with real
climatic forcing and virtual topographies to compute the effect of topography
and climate on transit time distributions and young water fractions (Stage
2).
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Figure 4.2.: Location of the five study catchments. For each of them monthly precipitation
and (potential) evapotranspiration over the 8 years of simulation are reported.
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2. Stage 2 consisted of setting up numerical experiments, performed by means of WATET, to compute transit time distributions and young water fractions for two virtual catchments with different topographies (Section 4.2.4). Climatic forcing was
obtained from the same observations used for the real-catchments, soil properties
were assigned to be equal for the two catchments, whereas site-specific parameters
for the groundwater storage were retrieved from those calibrated in Stage 1, since
groundwater was considered to be largely influenced by climatic conditions.

4.2.1. Study sites and hydrological data
Five experimental catchments throughout the Northern Hemisphere were selected to sample different climates. These are the Hafren (HF), which is part of the Plynlimon catchment in the UK, the Rietholzbach (RHB) in Switzerland, the Marshall Gulch (MG) in
the USA, the Upper Dalya (UD) in Israel, and the Rio Icacos (RI), a sub-watershed of
the Luquillo catchment in Puerto Rico (Figure 4.2). For each site, topographic characteristics together with sufficient meteorological data to run the model and streamflow
observations to calibrate it were available. The major topographic, climatic, and pedologic characteristics for the five sites are summarized in Table 4.1 and the calibration and
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The first catchment is Lower Hafren (HF), part of the Plynlimon experimental catchments
in Wales (UK) run by the Centre for Ecology and Hydrology (CEH). HF drains an area of
3.58 km2 with elevations ranging from 352 to 738 m a.s.l. The upper half of the catchment
is characterized by moorland on peat and gley soils, while the lower half is covered by
a conifer forest plantation on peaty podzol soils. The region presents a humid maritime
climate with frequent rainfall and moderate seasonality. Average annual precipitation is
2673 mm, while potential evapotranspiration is only 354 mm. The catchment has a fast
hydrological response and peak flows occur typically within one hour from the beginning
of precipitation. Readers are referred to the extensive literature on HF for more details
(Neal et al., 2011; Kirchner and Neal, 2013; Neal et al., 2013; Robinson et al., 2013;
Benettin et al., 2015a; Wilusz et al., 2017; Remondi et al., 2018, and reference therein).
The calibrated model parameters for the groundwater storage that are used in this study
are retrieved from Chapter 3. The meteorological data for the simulation of Stage 2 covers
the years 2003-2010.
The second study catchment is Rietholzbach (RHB) in northeastern Switzerland. The
experimental catchment covers an area of 3.31 km2 , ranging from 682 to 950 m a.s.l. It
is dominated by grass (74.5%) while soils are for the most part cambisol (40.7%). The
region presents a temperate humid pre-alpine climate with frequent precipitation and
a clear seasonal cycle with snow cover rather common during winter. Average annual
precipitation and evapotranspiration are respectively equal to 1495 mm and 560 mm
(Seneviratne et al., 2012). Literature on the site helped us in constraining the model
parameters (Teuling et al., 2010; Heidbüchel et al., 2012; Seneviratne et al., 2012; Fatichi
et al., 2014c; Melsen et al., 2014; von Freyberg et al., 2015; Ghasemizade et al., 2015;
Hirschi et al., 2017) in the calibration phase.
The third study catchment is the Marshall Gulch (MG), located north of Tucson in
Arizona (US). The catchment covers an area of 1.54 km2 and is part of the Santa Catalina
Mountains Critical Zone Observatory. Elevations range from 2284 to 2634 m a.s.l., with
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simulation periods together with the data sources in Table 4.2. Each site is a headwater
catchment of relatively small area, ranging from 1.54 of MG to 41.8 km2 of UD. Climate
types encompass humid conditions at HF and RHB to semiarid at MG, Mediterranean at
UD, and tropical at RI. Average annual temperatures range between +6.7 ¶ C (HF) and
+21.4 ¶ C (UD) and average annual precipitation rates range from 632 mm (UD) to 3885
mm (RI). The seasonality of precipitation and (potential) evapotranspiration is shown in
Figure 4.2. The study sites and corresponding data sets have been extensively described
in previously published research (see references below and in Table 4.2). Therefore, only
a brief summary is provided here with reference to literature for more information.
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Catchments

Abbreviation
Topography
Latitude/longitude
(WGS84)
Area (km2 )
Altitude range
(m)
Average elevation
(m)
Average slope (¶ )
Climate
Climate type
Average annual
precipitation
(mm yr-1 )
Average annual
temperature (¶ C)
Average annual
potential
evaporation (mm
yr-1 )a
Mean annual
streamflow (mm
yr-1 )
Pedology
Dominant land
use
Dominant soils

Dominant geology

Hafren,
Plynlimon
(UK)

Rietholzbach
(CH)

Marshall
Gulch
(US)

Dalya
(IL)

Rio
Icacos,
Luquillo
(PR)

HF

RHB

MG

UD

RI

52.5¶ N
3.7¶ W

47.4¶ N
9.0¶ E

32.4¶ N
110.8¶ W

32.3¶ N
35.0¶ E

18.3¶ N
65.8¶ W

3.58

3.31

1.54

41.8

3.25

352-738

682-950

2284-2634

0-270

620-832

527

795

2415

100

686

18.2

14.5

25

5.8

17.4

Humid
maritime

Humid
prealpine

Semiarid

Mediterranean

Tropical

2673

1495

800

632

4150

6.7

7.1

8.5

20

21.4

354 (PET)

560 (ET)

1050 (PET)

1723 (PET)

833 (PET)

2147

1063

320

346

3760

Grassland

Forest

Forest

Cambisol

Inceptisol
(sandy
loams)

Rough
grazing
Leptosol

Inceptisol

Granite
and schist

Limestone
and chalk

Coarsegrained
granitic
rocks
(quartz
diorite)

Moorland
and forest
Peat, gley
and peaty
podzol
Palaeozoic
shales, grits
and
mudstones

Conglomerates and
moraine

Note a Estimated with Priestly-Taylor method.

Table 4.1.: Summary of topographic, hydro-climatic and pedologic characteristics of the
5 study catchments.
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Hafren,
Plynlimon
(UK)

Rietholzbach
(CH)

Marshall
Gulch
(US)

Dalya
(IL)

Rio
Icacos,
Luquillo
(PR)

24.4

50

10

50

10

1986-1989
(no snow
season)
1986-1993
Seneviratne
et al.
(2012);
Hirschi et
al. (2017).
ETH
Zurich
Institute
for Atmospheric and
Climate
Science
(IAC).

2012-2013
(no snow
season)
2008-2015

2010-2013
(no dry
season)
2006-2013

Data sets
DEM grid
spacing (m)
Calibration
year(s)

2008

Simulation years

Main data
source(s)

2003-2010
Neal et al.
(2011);
Remondi et
al. (2018).
CEH
(Centre for
Ecology
and
Hydrology)

Heidbüchel
et al.
(2012).
Santa
Catalina
Mountains
Critical
Zone Observatory

Peleg et al.
(2015).
Israel
Water
Authority

2007-2009a
2002-2009

Scatena et
al., 2013;
Clark et
al., 2017.
Luquillo
Critical
Zone Observatory.

Note a From 01.10.2007 to 30.09.2009.

Table 4.2.: Summary of the data sets used for the 5 study catchments.
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the upper part covered by a conifer-oak forest on granite bedrock and the lower half
covered by a pine-oak woodland on schist. The climate is semiarid and it is characterized
by seasonal precipitation (annual average of 800 mm) occurring during the summer North
America monsoon (July to August) and winter storms (November to March), causing the
river to be ephemeral. For more details on the site hydrology and data, the reader is
referred to Chorover et al. (2011); Heidbüchel et al. (2012, 2013); Velde et al. (2015);
Trostle et al. (2016).

The fourth catchment is the Upper Dalya (UD). It is the largest study catchment with
a drainage area of 41.8 km2 . The outlet hydrometric station of Bat Shlomo is operated
by Israel Water Authority. The basin is mainly flat with elevation ranging from 0 to 270
m and the soil is classified as Rendzina with clay in the topsoil. The surface is scarcely
vegetated and the main land use is rough grazing. A Mediterranean climate dominates
the region, with wet winters from October to May and dry and hot summers from June
to September (Peleg et al., 2015). The average annual precipitation is 632 mm while
the average potential evapotranspiration equals 1723 mm. We calibrated the hydrological
model on Dalya catchment over the years 2010-2013. The observed discharge dataset is
incomplete and includes data registered approximately from October to May at irregular
intervals (Peleg et al., 2015). However, most of the rain leading to flows higher than 0.1
m3/s falls over this period. During the period 2010-2013 only 5.7% of hourly discharge
data are available for each year on average (16.0% for the daily). Considering only the
months from October to May, 15.0% of the hourly and 42.4% of the daily observations
are available. Hourly meteorological data are instead complete over the years 2006-2013,
which we selected for the numerical experiments.

The fifth study catchment drains Rio Icacos (RI) and is located in the Luquillo Mountain
in northeast Puerto Rico. This catchment is part of the Luquillo Critical Zone Observatory,
which is supported by the U.S. National Science Foundation. The 3.2 km2 catchment is
covered with tropical forest and soils are classified as inceptisol. Elevation ranges from 620
to 832 m. With an average yearly precipitation of 4150 mm, RI is the wettest catchment
considered in this study and is characterized by fast hydrological response. More details
on the hydrology of this catchment can be found in other studies (White et al., 1998;
Pett-Ridge et al., 2009; Kurtz et al., 2011; Murphy et al., 2012; Murphy and Stallard,
2012; Dialynas et al., 2016).
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The coupled hydrological-transport model WATET (Water Age and Tracer Efficient
Tracking) is used in this study. Only an essential description is provided here, while a
complete documentation is available in Chapter 2. WATET is a spatially fully-distributed
hydrological model that simulates water and conservative tracer movement at the catchment scale. It can track water from different precipitation events and characterize water
transit and residence time distributions in any grid cell of the catchment. WATET includes the essential components of a process-based rainfall-runoff model and it is based on
a mosaic of cells on a regular grid. Each grid cell is composed by three compartments representing surface, soil, and groundwater storage. WATET solves water overland, channel
and subsurface flow between cells using the kinematic wave approximation. The dynamics
of water flow between the groundwater storages follow a non-linear storage-discharge relagw (t)
tionship Qgw (t) = a( SSgw,max
)b , where Sgw represents the groundwater storage and Sgw,max
the maximum groundwater storage (Benettin et al., 2015a). The model is run at the
hourly scale with sub-hourly computations for the routing and requires as input rainfall
and potential or actual evapotranspiration rates. For the RHB site evapotranspiration
measures were directly available (Seneviratne et al., 2012) and are representative of basin
scale ET (Hirschi et al., 2017), whereas for all the other sites we computed potential evapotranspiration (PET) with the Priestly-Taylor method using wind speed, air temperature,
solar radiation, cloud cover, humidity data and information about the land cover. Snow
accumulation and snow melt are not simulated by the model.

The transport component of WATET explicitly computes the concentration of a conservative tracer in each cell compartment. The tracer is assumed to follow water in a purely
advective and non-age-selective manner, i.e., water is fully mixed in each storage compartment (i.e., surface, channel, soil, and groundwater) of each cell. When the model is
used to follow the fate of one specific precipitation event or day, this precipitation input
of interest is introduced in the catchment accompanied by an artificial tracer, which is
otherwise assumed not to exist anywhere in the catchment storage before and not to be
introduced afterwards. Consequently, it is possible to track the tracer concentration variability throughout space and time, thus enabling the detection of the path and temporal
evolution of the water associated with a given precipitation event as presented in Chapter 3. This approach allows thus to explicitly compute time-varying TTDs and Fyw from
model results.
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4.2.3. Stage 1: model calibration
For each site, we identified a parameter set able to provide a satisfactory simulation
of the observed discharge at the outlet. This step was required in order to obtain an
adequate representation of the behavior of the groundwater storage, which is then used
for the numerical experiment in Stage 2. WATET uses a total of 14 parameters each one
characterized by a physical meaning as listed in Table D.1. For this reason, we assigned
literature values to the parameters whenever available. This was usually the case for some
parameter such as soil depth, saturated and residual water contents, saturated hydraulic
conductivity, and Manning coefficients. Parameters that were instead calibrated include
the Van Genuchten parameters, the hydraulic conductivity at the soil-bedrock interface,
and all the parameters referring to the groundwater. The implications of calibrating the
latter parameters are discussed in Section 4.4.3.
The calibration procedure is run for each catchment for the period with available hydroclimatic data, i.e. hourly outlet discharge, precipitation and evapotranspiration rates. WATET is run for each single catchment over the calibration years (reported in Table 4.2)
multiple times with 1000 combinations of parameter sets aiming to emulate the observed
hourly discharge maximizing the calibration metrics. The parameter sets were sampled using Sobol’s quasi-random number generator in order to better cover the multi-dimensional
parameter space with a smaller sample size (e.g., as in Pappas et al. (2013)). Subsequently,
a manual “trial-and-error” calibration was also performed to further improve the parameter estimation. The Nash-Sutcliffe efficiency (NSE) of the hourly discharge was selected
as metric of performance. In addition to optimizing NSE, we required the calibration
to achieve a coefficient of determination R2 higher than 0.6, the hydrological budget to
be correctly simulated (e.g., total annual discharge close to observations) and all the
simulated variables (e.g., amount of groundwater seepage, mean basin saturation, etc.)
to be physically plausible according to expert judgment. With the exception of the HF
catchment, the model parameters of which were retrieved from Chapter 3, no calibration
against conservative tracer observation was possible for the other catchments because of
the lack of high-resolution observations of conservative tracer concentrations both in the
precipitation input and discharge output.

4.2.4. Stage 2: virtual experiment
In Stage 2, WATET was used to model TTDs in two synthetic topographic domains for
each of the five climates in order to understand the effect of topography and climate
on TTDs. We chose two synthetic domains instead of natural topography in order to
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Figure 4.3.: Digital Elevation Models (left) and width functions (right) of the domains
used in numerical experiment. (a) The CV domain represents a landscape
dominated by fluvial erosion. (b) The CX domain represents a landscape
dominated by diffusive hillslope erosion.
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maximize the differences in the geomorphological structure of the two river basins and to
avoid the confounding effects of mixed geomorphologies that natural catchments typically
have.
The topographies of the two synthetic domains (Figure 3) are taken from Ivanov et al.
(2008) , who simulated them using Channel-Hillslope Integrated Landscape Development
(CHILD) landscape evolution model (Tucker and Bras, 2000; Tucker et al., 2001). The
CV domain exhibits shorter converging hillslopes and higher drainage density (concave
hillslopes), while the CX domain has longer diverging hillslopes and low drainage density
(convex hillslopes). The topographies were simulated with a landscape evolution model
(Tucker et al., 2001) where fluvial erosion was imposed as the dominant process in the
CV case and hillslope diffusive processes as soil creep in the CX case. The domains cover
a wide range of slope magnitudes and hillslope lengths and provide substantially different
paths of water redistributions (Ivanov et al., 2008). Both domains are quadratic and with
an identical catchment area discretized in a regular grid of 4 km2 , composed of 2500 cells
of 40x40 m size, and an outlet in the southwest corner.
In order to focus only on climate and geomorphological controls, a sandy-loam soil with
constant soil depth and grassland cover is assumed to characterize both domains and all
five climatic forcing. While we are aware that soil texture, depth and especially vegetation
cover co-vary with climate, we intentionally disregard this variability to focus only on the
geomorphic and climate controls. Soil depth and land use have indeed been shown to be
important for transit times (e.g., Sayama and McDonnell, 2009; Bearup et al., 2016a)
and they may represent confounding factors in the virtual experiment if they differ in
each case. Furthermore, sandy-loam and grass cover are a soil type and a land-use generic
enough to be deemed as realistic in all the case studies analyzed here.
The groundwater parameters are instead linked to the climate and obtained from the
calibration in Stage 1. Applying generic groundwater parameters for all the case studies
would be utterly unrealistic, we therefore decided to use site-specific groundwater parameters that represent features of transmissivity, which are the result of the interplay
between climate, topography and geological context, and assume that they will hold for
the two synthetic domains. Thus, each climate is characterized by a specific parametrization of the groundwater storage applied to both the CV and CX domain (Figure 4.1).
With this solution, we intentionally linked groundwater storage and release with climate
disregarding the additional variability related to specific geologic conditions, which could
modify groundwater transmissivity in each catchment even in the same climate but it is
difficult to determine. Basin-scale work has indeed shown that bedrock geology can exert
a control on water storage, mixing, and release (e.g., Troch et al., 2013; Berghuijs and
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The results obtained with the design of the experiment and simplifying assumptions presented above depend thus only on topography, climate, and groundwater parametrization,
which is linked to climate. This setting allows comparing the relative importance of these
factors. For each catchment and climate (a total of 10 scenarios) we run the WATET
model to follow in parallel the fate of all the days with rain (each day is tracked separately applying a conservative tracer, see Chapter 3 for details) from the 2nd and 3rd
year of the eight years used for the virtual experiment. This choice was made in order
to disregard the 1st year as hydrological spin up period and to track each day with rain
from 2 complete years for at least 5 years following its occurrence, e.g., if it rains the
last day of the 3rd year, we are still tracking that water for the following 5 years. The
resulting tracer breakthrough curves from each rainy day allowed retrieving the TTDs,
as seen in Section 3.2.5, and thus to compare TTDs among the different morphologies
and climates. We analyzed and compared not only TTDs, but also the relations between
probability of leaving the catchment and cumulative discharge since the event. The latter
representation is inspired from the Equivalent Steady State (ESS) approximation seen in
Ali et al. (2014) and Fiori and Russo (2008). In our case, however, we do not need any
assumptions about time invariant flow paths because we directly simulate water transit
times. This representation has been shown to considerably reduce the spread of the water
transit distributions when compared to the temporal domain in the Plynlimon catchment
and it was postulated as a possibility to account implicitly for climatic controls (Section
3.4.3).

Finally, we estimated the young streamflow fraction Fyw for each climate and morphology. The threshold age to calculate the young water fraction was set to 69 days (i.e., 2.3
months). This is a representative threshold and follows Kirchner (2016b), who found that
for a wide range of transit time distributions the young water threshold age is approximately 2.3±0.8 months. We computed the young water fraction in the discharge over the
two years for which we tracked the daily rain from simulations. For this period, we knew
in fact how much water in the discharge rained in the previous 69 days, with the exclusion
of the first 68 tracked days.
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Kirchner, 2017; Pfister et al., 2017a). This simplified solution, however, allows reducing
the degrees of freedom and facilitating the interpretation of the results. Finally, we selected for each climate type 8 years of hourly meteorological series (Table 4.2) to run the
virtual experiments as illustrated in Figure 4.1.
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Catchments
Hafren,
Plynlimon
(UK)a

Rietholzbach
(CH)

Marshall
Gulch
(US)

Calibrated parameters for the groundwater compartment (gw)
Initial GW
1450
1060
463
storage (mm)
Sgw,max, max gw
2500
2150
1000
storage (mm)
a, coefficient gw
105.8
105
104
(mm h-1 )
b, exponent gw
28
23
20
(-)
Bedrock-soil
interface
hydraulic
0.01
0.005
0.01
conductivity (mm
h-1 )
Performance indexes
NSE hourly
0.90b
0.64c
0.60d
b
c
R2 hourly
0.91
0.64
0.61d
NSE daily
0.94b
0.82c
0.79d
R2 daily

0.95b

0.83c

0.81d

Dalya
(IL)

Rio
Icacos,
Luquillo
(PR)

620

1310 (CV),
1374 (CX)

700

2000

100.3

103

37

23

0.05

0.01

0.74
0.78
0.72

0.46
0.57
0.58
0.8

0.81

Notes a The calibrated parameters and performance are retrieved from Remondi et al. (2018). b Performance indexes computed at 15-min
resolution. c The performance indexes for the RHB site are computed only for the months May-October in order to exclude snow season.
d

The performance indexes for the MG site are computed only for the months March-November in order to exclude snow season.

Table 4.3.: Calibration parameters for the groundwater component and overall model performance indexes of hourly and daily discharge estimates.

4.3. Results
4.3.1. Model calibration
For the five sites, we obtained hourly discharge simulations with NSE ranging from 0.58
to 0.90 and R2 from 0.61 to 0.91 (Table 4.3). Figure D.1 shows the flow duration curves
of the observed and simulated discharges. Model performance for the hourly runoff is
low for sites like the RI and MG watersheds, but stronger consistency appears at daily
time scales where short-term variations are averaged out. The lowest performance at MG
is attributed to the fact that the model lacks an appropriate component of soil sealing
formation (Assouline and Mualem, 2001; Assouline, 2004) to generate surface runoff when
large amounts of water rain on very dry and crusted soil typical of semi-arid locations.
This process of infiltration excess runoff is likely important at MG and it is only partially
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captured in the simulations. Moreover, at MG and RHB there is snow precipitation in
winter months, which is not simulated by the model. For this reason, we excluded winter
periods from the computation of the performance indexes in these two catchments. Table
D.1 reports all the calibrated model parameters, whereas Table 4.3 shows the calibrated
parameters only for the groundwater compartment, which are then used in Stage 2.

The TTDs for each climatic forcing that resulted from tracking 2 years of precipitation
events in the two topographies are summarized in Figure 4. Each transit time curve is
normalized by the total rainfall amount of each day once the part lost through ET is
subtracted. Throughout the five climates, TTDs in the CV domain are constantly faster –
as suggested by the higher values of the probabilities of water exit for a given travel time
– than those in the CX domain, with the median transit time being on average between
4% (RI) and 12% (MG) higher in the CV domain than the CX one. Thus, the CV domain
with a steeper topography and higher drainage density can indeed transport water faster.
The difference is not pronounced for short travel times indicating that fast responses are
less influenced by catchment morphology (note the daily resolution though), but becomes
larger in the upper quartile, where the geomorphology of the CX domain slow downs longterm water transport with longer subsurface paths. In wet climates (i.e., humid maritime,
humid prealpine, and tropical) both TTDs reach a similar final point, meaning that each
of these three climates produces a similar fraction of tracked water at the outlet at the end
of the simulation periods, once the respective ET amounts are subtracted. Conversely, in
drier climates (i.e., semiarid and Mediterranean), more water reaches the outlet in the CV
topography than in the CX one during the eight years. In the latter domain, more water is
retained in the groundwater storage, thus requiring a much longer time to reach the outlet.
This difference can be also observed from a discontinuity in the TTD curves for MG and
UD, where for relatively short times (less than 30-50 days) water travel faster than in wet
catchments, even though a large uncertainty due to the variability in the initial conditions
and rain intensity is evident across events. For longer times the fraction of water leaving
the dry catchments is increasing at a lower rate than it does in wet catchments, and the
variability is considerably reduced, suggesting a more muted and regular response of the
aquifers. Distributions of exit times are plotted in Figure 4.4 as functions of both transit
time and cumulative daily discharge. In the first case, the spread of the curves (variability
between events) is relevant, whereas in the second representation the curves tend to be
less variable, with the exception of the semiarid and Mediterranean climates. Here the
runoff amount does not reduce a lot of variability, which is likely more driven by the
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CV domain
Transit time
(days)
Cumulative
discharge (mm)
CX domain
Transit time
(days)
Cumulative
discharge (mm)

Climates
Humid,
maritime
- UH

Humid
prealpine
- RHB

Semiarid
- MG

Mediterranean UD

Tropical RI

20 [8-38]

33 [15-50]

19 [9-61]

19 [8-69]

18 [8-30]

121
[75-147]

116
[68-127]

29 [4-37]

38 [3-54]

133
[109-107]

26 [11-47]

44 [19-61]

24 [13-70]

21 [10-69]

23 [9-36]

162
[110-197]

139
[97-166]

24 [5-34]

39 [6-55]

163
[147-180]

Table 4.4.: Median values of transit time and corresponding cumulative discharge reaching
the outlet for the CV and CX domains and the five simulated climates. In
brackets the 10th to 90th percentile range.
rainfall intensity and distribution of wet areas prior to the rainfall event. In both cases,
the spread of the curves is not particularly affected by the topography. Moreover, five
years are not enough to transport all the water out of the catchments (i.e., the TTDs
curves do not reach 100%), and there is almost an asymptotic behavior dictated by the
slow release of water from the aquifer. This suggests that TTDs have long tails and that
a small part of the water is released very, very slowly. The exact rate is a function of the
groundwater parameterization and thus highly uncertain.
Half of the tracked rain that becomes discharge (i.e., when the median of the TTDs reaches
50%) takes across the climates a median time between 18 and 33 days in the CV domain,
and between 21 and 44 days in the CX domain, being the two extremes obtained with
the tropical and humid prealpine climates respectively, as reported in Table 4.4.
When TTDs are grouped accordingly to the catchment topography rather than the climate, we can visually compare the influence of the climatic forcing on the shape of the
TTD, in particular of the median TTD (Figure 4.5). As in Figure 4.4, distributions are
plotted against both travel time and cumulative discharge. Note that in the latter case,
the curves reach a different maximum value of cumulative discharge according to the local
climate, which corresponds to the total discharge leaving the catchment after five years of
precipitation events. For this reason, the curves associated to drier climates reach lower
amounts of total discharge. When plotted against the cumulative discharge, the median
distributions of the discharge exiting the catchment simulated in the wetter climates tend
to collapse toward a unique curve for both basin geomorphology. In the same plots, one
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(c) Semiarid - MG
1

Figure 4.4.: Forward cumulative distributions
of water leaving
the
catchment
obtained for rainy
days of two years
tracked for the
subsequent
five
years in the two
domains, plotted
as a function of
transit time (left)
and
cumulated
discharge (right).
Dark lines show
the median transit time, whereas
shaded
regions
show the 10th to
90th
percentile
range.
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Figure 4.5.: Forward cumulative distributions of water leaving the catchment obtained as
median of all distributions of rainy days of two years tracked for the subsequent five years in the two domains. Distributions are plotted as a function
of transit time (left) and cumulated discharge (right).

can note that the median distributions for the semiarid and Mediterranean climates are
instead shifted to the left compared to those of the wetter climates. This suggests that
less cumulative runoff is necessary to remove the same fraction of water from the catchment through discharge, which is also related to the fact that absolute discharge is much
smaller in these catchments. When plotted against time, the distributions are more similar across climate for fast travel times, but they diverge for travel times larger than 20-30
days, which correspond approximately to the 50th percentile of the distributions. This is
somewhat different when distributions are plotted against the discharge, as for different
climates they only converge for very high values of cumulative discharge.
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Figure 4.6.: Variation in young water fractions with climates and topographies (CV and
CX domains). On each box, the central mark indicates the median, and the
bottom and top edges of the box indicate the 25th and 75th percentiles, respectively. The whiskers extend to the most extreme data points.

Tracking all the daily amounts of water precipitated over 2 years in their individual paths
to the catchment outlet allows the computation of the young water fraction, defined here
as the streamflow water younger than 69 days. The distribution over the entire period of
the resulting young water fraction at the outlet of the two domains for all the climate
regimes is shown in Figure 4.6. As expected, the young water fraction median is higher
in wetter climates. We found the highest median Fyw in the tropical climate (0.76 and
0.66 for the CV and CX domain, respectively), followed by the humid maritime (0.73 and
0.63) and the humid prealpine climate (0.69 and 0.59). In contrast, drier climates show
Fyw values with a lower median (respectively 0.66 and 0.61 in the Mediterranean, and
0.50 and 0.27 in the semiarid climate), but a much larger variability. For example, the
Fyw spans almost the entire [0,1] range in the semiarid climate. The fraction of young
water in the CX domain is constantly lower than the one in the CV domain across all
climates. The median Fyw is generally between 8 and 15% lower in the CX case than in
that of the CV domain, with the exception of the semiarid climate where Fyw is 46% lower
in the CX case.
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4.4. Discussions
4.4.1. Climatic control
Distributions of water exiting the catchments were analysed as function of time (TTDs)
and cumulative discharge. In the latter representation, the variability of the distributions
is strongly dampened in wet climates (Figure 4.4 and Table 4.4). This finding expands to
several wet climates the results of Chapter 3, who showed the same behaviour, but only
in the Hafren catchment. In these cases, the role of climate is completely summarized
by discharge and it is possible to define a nearly unique transit time function, which is,
though, different for the CV and CX domain (Figure 4.5), i.e. for different geomorphologies. However, this behaviour cannot be generalized to the dry climates (semiarid and
Mediterranean), which have different distributions also when normalized for discharge.
In general, the resulting rescaled transport functions encapsulate catchment characteristics and are almost identical for climates leading to similar hydrological regimes (e.g.,
persistence of wet conditions and runoff mostly generated through saturation excess).
However, the rescaled functions are not completely independent from climatic forcing
when the latter induces different hydrological processes controlling the response as occurring in semiarid catchments, which are characterized by a larger fraction of water leaving
the catchment for a given cumulative discharge. One should note that this is true, however, in relative terms, since outflow discharge is normalized to one removing the water
lost by evapotranspiration. In other words, semiarid catchments are characterized by less
water leaving the catchment at larger cumulative discharge, because either water leaves
relatively fast after the precipitation events, or very slowly through groundwater. Water
remaining in the soil will be more easily evaporated rather than contributing to discharge
later on.
For wet catchments, the use of geomorphological indexes related to catchment topography
could potentially guide in determining the shape of the median TTD against the cumulative discharge without any considerable influence of climatic conditions. This would
help to identify a function, which could be applied to calculate directly (and rapidly) the
catchment-scale transport when discharge data are available.
The representation of the transit time distributions as a function of transit time shows
a much more pronounced signature of the climatic forcing (Figure 4.5). In addition, the
young water fraction also varies with climate (Figure 4.6). In the wet climates, the transit time median decreases and the young water fraction increases with increasing annual precipitation and, thus, discharge. This can be mainly explained by larger and better connected saturated or nearly saturated areas, which characterize humid catchments
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In dry climate regimes, variability in the forward transit time distributions and young
water fractions is very high. The larger variability as compared to wet regimes may be
explained by the fact that with less frequent rainfall and small precipitation events most
of the water infiltrates in the soil and is evaporated and just a small fraction reaches
the groundwater layer, where it may be stored for long times before becoming discharge.
Concurrently, on rare occasions, storage filling threshold are exceeded and fast surface
and subsurface flow paths are activated leading to transit time that are comparable to
wetter climates but also capable of transporting a much larger proportion of the total
long-term outflow (Figure 5). Such dynamics has been already described for the Marshall
Gulch catchment – used in our study as exemplary of semiarid climate – by Heidbüchel
et al. (2013). Our findings are also coherent with those by Rinaldo et al. (2011), who
associated higher variability of TTDs to dry climates and those by Botter et al. (2010),
who explained with numerical simulations that in dry climates the intermittency of rainfall
is one of the key factors determining the variability of transit time distributions. Tetzlaff
et al. (2014) justified the less temporal variance in the TTDs of a northern catchment
with wet, cool climate than from catchments with drier and/or more seasonal climates
with the presence of a riparian zone. This acts as an "isostat" where different source waters
mix and thus it largely determines the stream water TTD controlling runoff generation
and stream water chemistry. More recently, Maxwell et al. (2016a) found that catchments
with increasing aridity across North America have smaller variance in the residence time
distributions due to their deeper and flatter water table. This is something we also observe
in our simulations, but only for long transit times, where the spread of the distributions
is considerably reduced. This finding is consistent with the lower values of the fractions of
young water shown for the arid climates. Indeed, the fraction of young water is, on average,
expected to be smaller when the contribution from deep groundwater flow, characterized
by slow flow velocities (von Freyberg et al., 2018), is larger.
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and make them on average more responsive to precipitation than dry catchments. Concurrently, also the groundwater contribution is more dynamic and variable than in dry
catchments. These results are in agreement with experimental studies where tracer data
revealed a lower transit time in wetter regions, in which large parts of the catchment are
connected and saturated areas expand rapidly following precipitation (Heidbüchel et al.,
2013; Hrachowitz et al., 2013; Tetzlaff et al., 2014; von Freyberg et al., 2018). The same
correlation between wet climates and TTDs was also found with modelling approaches
(Benettin et al., 2015a; Heße et al., 2017; Wilusz et al., 2017; Remondi et al., 2018).
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4.4.2. Geomorphological control
Topography emerges as a first-order control on catchment transit time and flow processes.
As illustrated in Section 4.3.2 and quantified in Table 4.4, for each of the five climatic
forcing, a markedly different response is obtained when simulations are run for the CV
or the CX domain. The CV domain, which is originated by fluvial erosion has a steeper
profile and shows faster transit time. This result confirms previous studies where transit
times were inferred from isotope data. For example, McGuire et al. (2005) found that
transit time increases with flow path length and decreases with flow path gradient in
the western Cascade Mountains of Oregon (United States). Studying 55 catchments in
northern temperate regions, Tetzlaff et al. (2009) determined lower transit times in steeper
catchments. Similar results were found for a small mountain catchment in New Mexico,
United States (Broxton et al., 2009). Other analyses were carried out by Muñoz-Villers
et al. (2016) in a tropical mountain catchment in Mexico with comparable results. Long
transit times were related in that case to rounded shapes of catchment with a mean slope
similar to that of the CX domain (0.23). In contrast, they showed that catchments with
elongated forms, as the sub-catchments in our CV domain, produced shorter transit time
estimates.
With respect to the discharge age estimated from backward approach, we found consistent
higher young water fractions in the CV domain than in the CX domain, as shown in
Section 4.3.3. These results are coherent with the shorter transit times found in the CV
domain. However, they differ from the findings by Jasechko et al. (2016), who calculated
the young water fractions for 254 catchments across Europe and North America and
found a statistically significant inverse correlation between Fyw and the logarithm of the
topographic gradient. Jasechko et al. (2016) indicated that steeper catchments have less,
not more young streamflow than those with gentler slopes. The different conclusion may
be explained by the catchment areas and range of gradients considered: the synthetic
catchments in this study have an area of 4 km2 and mean gradient of 0.51 and 0.23 in the
CV and CX respectively, which are weakly comparable with the catchments considered
by Jasechko et al. (2016), mostly larger than 1000 km2 (25th percentile 1753 km2 , median
10,800 km2 , Freyberg et al. (2017)) and with slope range of 0.0007-0.11. Moreover, the
correlation that they computed appears to be largely driven by sites with gradients less
than roughly 0.01, as noted by von Freyberg et al. (2018). Given the two steep catchments
we used and the kinematic approximation of WATET, gravitationally driven surface and
sub-surface flow paths dominate and thus transit time diminishes and young water fraction
increases as slope becomes steeper. However, we expect in catchments, where topography
is less pronounced and that exhibit flatter and poorly drained areas, an opposite dynamic
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to occur, i.e. lower transit time and higher young water fraction when gradients decline
(Soulsby et al., 2006; Laudon et al., 2007; Tetzlaff et al., 2009).

4.4.3. Assumptions and limitations

A limitation descends from the calibration procedure of the WATET model used in Stage
1. Three are the implications of the procedure. First, due to the large number of required
parameters, it was infeasible to explore the entire parameter space during the calibration process. To overcome this problem, we explored 1000 combinations of parameter
sets sampled using the efficient Sobol’s quasi-random number generator for a first and
robust screening, and then we relied on expert manual calibration. Second, observations
of conservative solutes (e.g., isotopes or chloride) in the rainfall and discharge were too
sparse to calibrate the model transport component beyond the Hafren catchment (Section 3.2.3). Only hourly streamflow observations are used in the other catchments. Section
3.3.5 showed that the sensitivity of the resulting TTDs to the chosen parameters is on
the order of 30-40% for estimated medians TTDs. The uncertainty is likely of the same
order of magnitude or slightly larger in the cases presented here. Thirdly, the groundwater parameters are calibrated using the limited measurements available but their unique
identifiability is complex both when tracer data are used (Benettin et al., 2015a) or not
(Kirchner, 2006).
The second notable limitation concerns the WATET model structure, which is developed
based on assumptions that are relevant in relation to the presented results. The model
assumes perfect mixing in each cell of each compartment (i.e., channel, surface, soil, and
groundwater). This hypothesis was shown to yield plausible solute dynamics at the catchment scale when relatively small volumes are considered within the grid spacing but model
simulations remain scale dependent (Section 3.4.1). Moreover, the water flow is described
in WATET with the kinematic approximation and using a simplified infiltration-excess
scheme, based solely on the saturated hydraulic conductivity. This assumption is deemed
acceptable for the sake of modelling simplicity and considering parametrization uncertainties, but it may partly affect the representation of runoff generation in dry climates,
where fast overland flow can follow heavy storm events on sealed dry soils or hydrophobic
soils. This limitation likely contributed to lower NSE and R2 performance indexes in two
study catchments, the Marshall Gulch and the Upper Dalya. Finally, the model does not
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The results presented in this study are a systematic comparison of TTDs over five different
climates and two catchment topographies. However, since they were obtained through
modelling result, some assumptions and limitations are worth of a further discussion.
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account for snow precipitation and snowmelt, adding uncertainty to the transit time of
winter precipitation events for the Rietholzbach and Marshall Gulch climates.
Finally, our study focused on two aspects, which are expected to control TTDs, i.e. climate and geomorphology and only indirectly on bedrock geology. However, we limited
our analysis to a homogeneous soil layer with constant depth. Sub-surface permeability
and connectivity, soil depth, geological patterns and land use can be also important determinants of the hydrological response and they influence the hydrological state and its
temporal and spatial evolution, thus controlling the water storage and the water transport
velocities at different moisture conditions (e.g., Sayama and McDonnell, 2009; Harman et
al., 2011; Heidbüchel et al., 2013; Ameli et al., 2017; Heße et al., 2017; von Freyberg et al.,
2018). Despite their importance, these additional levels of complexity, if not accounted in
great detail, are likely playing a confounding role with respect to the separation of the
main effects addressed in this study, and were therefore excluded.
The above-mentioned limitations suggest that the TTDs and Fyw we estimate are not
necessarily precise in absolute terms, but they can still be considered reliable in comparative terms, thus allowing the analysis of response differences to catchments and climates
characteristics.

4.5. Summary and conclusions
The objective of this study was to simulate and discuss the variability of transit time
distributions and young water fractions with climates and topographies. We presented
a numerical experiment to explicitly model water age and transport mechanisms in two
realistic – although synthetic – domains and five climate regimes. For each case, we used
a simple, fully distributed and integrated hydrologic model in order to follow the fate of
water of each rainy day for two plus five years in its individual path towards the catchment
outlet. We could derive directly from the model results the dynamic TTDs forward in time
and the young water fraction Fyw . The differences that emerged in the TTDs and Fyw
from the analyzed scenarios allowed outlining the combined effect of changes in climate
and topography on the transport response of the hydrological system.
In wet catchments, the role of climate on transport processes can be mostly summarized through discharge, as manifestly evident from the distribution of water leaving the
catchment when plotted versus cumulative discharge rather than transit time. In this representation, the median curves merge to almost a unique function that is defined only by
the geomorphological characteristics of the river basin.
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In dry climates, the convergence of the median distributions is not observed, thus suggesting that the role of climatic variability is more important than that of the geomorphological controls, and that the patterns of TTDs are rather complex, because the processes
governing fast and slow hydrological response are very different. Fast processes have similar response times to those of wet climates, but with a larger variability associated to
rainfall intensity fluctuations and a larger fraction of total water leaving the catchment
for a given runoff magnitude. The long-term response is instead even slower than that
observed for wet catchments, and characterized by a less pronounced variability of GW
outflow. This is reflected in a larger range of Fyw , which median, however, was found to
be smaller in the simulated dry climates than in the wet ones.

Overall, this numerical effort of comparative analysis of water transport mechanism provides useful insights into the complex challenges of understanding how hydrological response and its drivers govern the processes leading to different transit time distributions
in various catchment configurations. These insights are a step forward in defining a more
comprehensive theory describing catchment-scale transport processes, which allows predicting the hydrological response and the associated transport mechanism whenever direct
observations are not available. To this purpose, we foresee a central role of modelling tools
like that presented here or even more process-based tools in acting as virtual laboratory
to develop and test hypotheses, useful to disentangle the central role played by catchment
and climate features in determining water transport.
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Geomorphological properties exhibited an important control on catchment transit time
and flow processes. The topographic domain with a steeper profile generated by fluvial
erosion was characterized by faster transit times and lower young water fractions irrespectively of the investigated climate.
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General discussion and conclusions
The previous chapters provided insights on the catchment-scale transport processes and
their spatial and temporal controls. This chapter summarizes the outcomes of the model
development, its verification for multiple catchments, and its use as a virtual laboratory to
understand the role of morphologic and climatic controls on transport processes. Moreover,
and more importantly, it offers a critical appraisal of the research state and of future
developments in light of the knowledge advancement from the findings of this thesis.

The study of the effects of increasing anthropic pressures on water resources for the challenging case of the Ciliwung river in Jakarta was presented in Chapter 2 and Appendix A.
The application of a state-of-the-art conventional hydrological model provided an answer
to some of the case-specific hydrological challenges triggered by urbanization. Moreover,
it highlighted to which extent this model typology can help assessing water dynamics in a
catchment. Large hydrological changes have clear implications on tracer dynamics, which
cannot be simply predicted by a sort of “proportional” relationship from the magnitude
of the hydrological changes. This suggested the necessity of adding to the hydrological
model a component to evaluate and estimate water transport and transit time at the
catchment scale and motivated the development of the WATET framework in order to
compute transit time distributions and explore how catchment nonstationarity and spatial
heterogeneity influence hydrological response.
Chapter 3 approached the problem of hydrological transport modelling at basin scale by
introducing the novel WATET hydrological model for simulating water transport dynamics distributed in space. It demonstrated that the fully distributed hydrological model
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coupled with a purely advective transport component provides a satisfactory simulation
of water and tracer flows, notwithstanding the hypothesis of fully mixing at the cell scale
and the absence of explicit modelling of the passive storage. WATET was tested through
the application to a relatively data-rich case study in the UK and was shown to generate
reliable water and tracer flows. Consequently, two years of daily rainfalls were tracked in
their individual paths to the catchment outlet, and water transit time and age distributions were obtained. This application provided a supporting and quantitative evidence
for the characterization of the driving transport mechanism. A strong relationship was
identified between forward transit time and seasonality and between water age and soil
saturation for the investigated catchment.
In Chapter 4 the developed model and framework were applied to four additional case
studies with various climatic and morphologic characteristics with the aim of investigating the controls of climates and topographies on catchment hydrological and transport
response. The results suggested that the role of climate on transport processes can be
mostly explained by discharge and its dynamics in wet catchments, whereas in dry catchments, climatic and topographic variability induces a large variability of TTDs and Fyw ,
thus resulting in a smaller dependence on discharge dynamics than that observed in wet
catchments. Irrespectively of climate, we identified by which magnitude transit times are
faster and young water fractions lower in topographies with steeper profiles, in comparison
with more gentle topographies generated by diffusive erosion processes.
Overall, a description of catchment-scale transport processes has been provided, including modelling advances and applications to real-world catchments. We gained a better
understanding on the climatic and topographic controls over water transit and residence
times. The findings can contribute to water resources management, from the point of view
of assessing transit time in a distributed way and pointing out which climatic conditions
and catchments (or areas inside a catchment) have faster or slower hydrological response,
thus leading to different reactions to potential pollutants’ contamination.

5.2. Methodological implications
5.2.1. Data issues
High-quality datasets are a fundamental asset in developing and testing hydrological models, as also experienced in this study. In Chapter 2 we saw how data scarcity in terms
of space-time coverage and quality can limit the applicability of a standard hydrological
model and the resulting analysis. On the contrary, in Chapter 3 we relied on an extensive
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and high-quality dataset that included environmental tracer measurements and allowed us
to test the novel model framework. High-frequency time series of both discharge and tracer
observations over one year were used to calibrate the WATET model. Finally, in Chapter
4 WATET was calibrated for four additional catchments, but without using tracer data
given their limited availability.

1. Temporal scales and resolution
Measurements of rainfall and streamflow chemistry at hourly and sub-hourly intervals (similar to the resolution at which hydrological data are usually available)
significantly increase the amount of information on the dynamic behaviour of catchment response and therefore our understanding of transport processes (Kirchner et
al., 2004; Stockinger et al., 2016; Tetzlaff et al., 2017). For example, only sub-daily
sampling can reveal the signal variability in the streamflow due to daily evapotranspiration (Hayashi et al., 2012; von Freyberg et al., 2017). High variability can also
be observed in the rainfall signal when continuous monitoring is conducted (Berman
et al., 2009; Pangle et al., 2013).
Additionally, not just measurements for individual events, but long-term campaigns
should be sought to allow differentiating catchment transport processes related to
different water ages and flow pathways, and to better understand seasonal and interannual variability (von Freyberg et al., 2017). In general, planning fieldwork, collecting water samples, and analysing them remains time consuming and expensive.
To date, only few relative high-frequency and at the same time long-term hydrochemical studies have been conducted, e.g. at the Hubbard Brook Experimental
Forest in US (Holmes and Likens, 2016), at the Plynlimon catchment in Wales, UK
(Neal et al., 2012), in the Scottish Highlands (Tetzlaff et al., 2014), at the KervidyNaizin headwater catchment in Brittany, France (Aubert et al., 2013), or at the
Selke river in Germany (Rode et al., 2016a). Observations at the Plynlimon study
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Tracers have provided over the past 40 years valuable insights into age, origin, and pathways of water in catchments (Kendall and McDonnell, 2012). In the past, their extended
use has been mainly constrained by the cost and time required for analysing water samples, particularly for isotopes with mass spectroscopy. Technological developments, such
as the advent of laser spectrometers, have largely improved the situation making in situ
chemical monitoring feasible at higher frequencies and for longer spans of time (Rode et
al., 2016b; von Freyberg et al., 2017). Nevertheless, for these historical reasons there are
only few research sites where high-quality, high-resolution tracer data collected over prolonged periods are available (Birkel and Soulsby, 2015). Starting from the classification
presented by Birkel and Soulsby (2015), in the following specific data issues are identified
and discussed in view of the results from this work.
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site include solute data sampled sub-daily for over one year and weekly for over
20 years and they were used in this work to calibrate and test the novel modelling
framework by assessing how the model captured the fast variability, but also the
persistence and damping of solute concentration in the long time series (Chapter
3). An additional parameter validation could have been performed if a longer subdaily campaign would have been performed, but the available observations at two
resolutions demonstrated to provide a sufficient level of information to understand
and capture the tracer behaviour at different frequencies. Recent studies have been
focusing on evaluating the best timing to collect few runoff measurements and water
samples that are most informative for model calibration (Pool et al., 2017; Wang
et al., 2017). Using a modelling tool like WATET could further help in this direction by providing a first estimation of the discharge age composition over time and
suggesting in a prediction mode the best timing for collecting new measurements to
further calibrate or validate the simulations.

chapter 5

2. Spatial aspects
Sampling campaigns of discharge and tracers at different locations in the same catchment are still limited to few research sites, but have the potential to become extensively used thanks to cheaper, more compact, and faster measuring technologies.
For example, quasi-continuous measurements of isotopes in the field have recently
become possible combining a Continuous Water Sampler (CWS) with a wavelengthscanned cavity ring-down spectrometer (CRDS) as seen in the experimental setup
by von Freyberg et al. (2017). Spatially distributed datasets are key for understanding the role of flow network connectivity on transport processes, scaling mechanisms
of runoff contributions, and saturation/mixing areas, as seen in the extensive work
carried out in the Scottish Highlands (e.g., Tetzlaff et al., 2014; Blumstock et al.,
2016; Lessels et al., 2016; Geris et al., 2017) and in the Hubbard Brook Valley
(McGuire et al., 2014).
Moreover, basin-wide campaigns offer synoptic data that are essential for proper
testing of distributed models at multiple locations. If discharge measurements at
multiple stations along the Ciliwung river allowed us to better calibrate and independently validate the Topkapi-ETH model (Chapter 2), having also chloride tracer
data available at two stations in the Hafren catchment allowed us to spatially test
the transport component of the model at least in two different points and offered
proxy information for independent verification of model internal consistency (Chapter 3). With a cascade of stations, the (manual) calibration process was facilitated
because we could first calibrate the spatially-distributed parameters for the area
drained by the upstream gauge, before calibrating the model over the entire basins.
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4. Sampling sources
Sampling water from different compartments, such as groundwater, soil water and
surficial waters (e.g. lakes and wetlands), can provide a better understanding on the
spatial and temporal distribution of water mixing and transport processes inside
catchments (Birkel and Soulsby, 2015; Sprenger et al., 2016a). To date few studies
have explored the potential of integrating tracer-based information from different
sources in the transport analysis. Examples include work based on spatially distributed campaigns in different soil layers (Katsuyama et al., 2009; Heidbüchel et
al., 2013; van Huijgevoort et al., 2016b) and aquifers (Birkel et al., 2014). In our
study, when we applied the WATET model to the Hafren basin (Chapter 3) tracer
samplers in the groundwater compartment would have been greatly beneficial to
better calibrate the initial tracer concentration in the storage and to test the simulations of the internal states.
Recently, isotopic signals of transpired water (from plant xylem), soil water, streamwater, groundwater and precipitation helped to frame a new hypothesis about sources
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3. Geographical distribution
A significant issue is the geographical distribution of hydrochemical studies. Most
of the campaigns are in fact located in wet areas in North America and Europe, as
reported in the opinion paper on field hydrology by Burt and McDonnell (2015) and
in the global isotope analysis by Jasechko et al. (2016) and Evaristo et al. (2015).
Tracer studies in humid tropical environments are particularly sparse, mainly due
to economic and analytical constraints, that already result in a lack of hydrological data (Bonell and Bruijnzeel, 2005; Birkel and Soulsby, 2016). The latter aspect
was evident in the Ciliwung River project, where the scarcity of discharge records
would have made questionable a tracer sampling campaign. Nevertheless, future
complete campaigns in humid tropical catchments are recommended given how water quality is affected in some of these regions by poor land and water management
(Appendix A). Moreover, it would be particularly relevant to expand the number
of water transit time studies and data campaigns in semi-arid and Mediterranean
climates. In this regions runoff generation mechanisms different from the ones in
wet climates imply more variable residence and transit times, which are difficult to
capture as seen in Section 4.4.1. In line with McDonnell and Beven (2014), we can
summarize that there is an urgent need to test the insights gained so far on catchment transport processes across a wide range of climatic and geomorphic regions.
The virtual experiment presented in Chapter 4 moves toward this direction, but a
broader understanding could be achieved only with increased observations across
various latitudes.
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of water used in transpiration (Evaristo et al., 2015; Jasechko et al., 2013; Brooks
et al., 2010). The ‘two water worlds’ hypothesis derives from observing evaporation
fractionation in different compartments and suggests a clear separation between water used by vegetation and water that drains to streams in numerous catchments.
Despite current debates on the theory (Sprenger et al., 2016a; Benettin et al., 2018)
and the appropriate water extraction methods (Sprenger et al., 2015; McDonnell,
2014), the potential of sampling water from other sources in addition to discharge
has been widely recognized and could provide further inside into the soil mechanisms
of transport processes.
Additionally, new opportunities are emerging from combining unconventional natural tracers to hydrochemical tracers for studying runoff flow sources and pathways.
Dual or multiple tracers can in fact be helpful in resolving hypotheses about catchment functioning (McDonnell et al., 2010). Examples include streamflow electrical
conductivity (Benettin and Van Breukelen, 2017), terrestrial diatoms (Pfister et
al., 2017b), and thermal infrared imagery (Antonelli et al., 2017), which can help
identifying water mixing patters.
Finally, the hydrological community could greatly benefit from data standards between
countries (Weiler and Beven, 2015), as already achieved in the meteorological community,
and from repositories for data sharing (Blume et al., 2017). In this respect, the campaigns
at the Plynlimon experimental catchment are a great example of an extensive database
easily available to the community, which has yielded fundamental insights in a number of
studies as seen in Chapter 3.

5.2.2. Challenges of distributed hydrological transport
modelling
Model construction, strengths and benefits
By incorporating the simulation of transport processes into hydrological modelling and
then using it to track several rainfall events and their paths in a catchment, the WATET model can estimate transit and residence time, while reproducing the hydrological
response. As extensively explained in Chapter 3, the WATET model has been constructed
to be explicit both in the representation of the physical processes and in relation to spatial and temporal scales. This means that the main hydrological and transport processes
are explicitly formulated through appropriate mathematical models, being most of the
parameters characterized by a physical meaning. It is worth noticing that incorporating
tracer data into the model has not required additional model parameters, such as passive
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storages. Thus, the model neither becomes more complex nor increases the space dimensionality as instead seen for other tracer-aided models (McDonnell et al., 2010; McDonnell
and Beven, 2014). Moreover, the model is fully spatially distributed on a raster that can
be related to a digital elevation model and digital thematic maps. In this way, the model
is a trade-off between being complex enough to represent the spatio-temporal flow and
transport dynamics across the entire catchment scale, and being not too computationally
demanding to efficiently run in relative large domains and track in parallel multiple water
amounts. By estimating transit time distributions, WATET can improve process understanding and can be also used to investigate and test previous theoretical assumptions
on transit time analyses (McDonnell et al., 2010). In addition, the model can capture
how different landscape units store and release water and solutes, and where changes
have a stronger impacts, thanks to its spatially explicit representation. These features
have a potential to serve water quality studies and land planning purposes. Finally, the
model can be used to detect and predict hydrological changes by running simulations in
which conditions as climate time series or parameter values are modified (Seibert and van
Meerveld, 2016).
The modelling framework is designed to be simple, general, however physically consistent,
and thus more easily transferable to other catchments. The model can be potentially applied to many study catchments, since the data requirement is not excessive. Time series of
precipitation and potential evapotranspiration rates are required as input data, together
with the spatially distributed field of elevation, stream network position, vegetation and
soil type. Time series of discharge are used to calibrate the model parameters, when the
latter cannot be transferred from previous studies. In addition, time series of tracer concentrations can be used to calibrate the model coherently also for the transport processes,
but this procedure is currently limited by data availability and issues (Section 5.2.1).

In addition to data issues explored in Section 5.2.1, the following main model limitations
have been identified.
1. Transport formulation
Two main assumptions are invoked in the WATET transport formulation. First,
the transport between cells is purely advective, without considering dispersion. Secondly, complete and instantaneous mixing is assumed for every compartment in one
cell. Furthermore, the model does not explicitly represent immobile water zones
within the unsaturated zone and preferential flow paths, such as macropores. Even
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with these simplifying assumptions, the model proved to be able to reproduce discharge and conservative tracer time series, and thus satisfactorily reproducing water
transport dynamics. Relaxing these assumptions would have meant to increase the
number of parameters and complicate the process description, resulting in a higher
risk of parameter equifinality and likely longer simulations that would have negatively affected the time required for tracking multiple water amounts at the core
of the transit time estimation. However, a small grid unit size is required in order
to avoid excessively unrealistic complete mixing in a large soil and/or groundwater
storage. This means that if we want to apply the model on a large catchment, we
will have to carefully consider the implications in terms of computational time. As
a final remark, the model has been designed for representing the hydrological processes governing humid catchments and presented some limitations when applied to
arid systems (Section 4.4.3). The runoff in dry climates can in fact generate from
fast overland flow following heavy storm events on sealed dry soils or hydrophobic
soils, and this mechanism is not yet accounted for in the model structure explicitly.
2. Identification of parameters
Distributed hydrological models, such as Topkapi-ETH and WATET, require the
estimation of a set of parameters, which can be spatially and temporally variable,
as seen in Section 3.2.3 and 4.2.3. Parameters such as hydraulic conductivity need
to be estimated at the grid scale (effective parameters). The parameter calibration
was performed running the model multiple times with different set of parameters
aiming to achieve the highest performance measures and physically plausible simulations. A large number of parameter combinations were initially sampled using
Sobol’s quasi-random number generator in order to efficiently cover and explore the
entire parameter space. Subsequently, a “manual trial-and-error” calibration was
performed to further improve the parameter estimation. This approach can lead
to long model runtimes and analysis, but presents the advantage of providing a
learning experience and comprehensive overview on the most sensitive parameters.
Alternatively, parameter optimisation routines, such as the PEST software suite
(Doherty, 2011), have been applied to calibrate integrated hydrological models in
other studies, e.g. Ala-aho et al. (2017a) among the most recent ones. Even if automatic routines decrease the computation time, the user should be conscious that in
a dual calibration based on discharge and tracer concentration data, they could generate different compromises on the model performance for the two separate variables
(van Huijgevoort et al., 2016b), which it would be more difficult to track (Section
3.3.5). Moreover, they could lead to incomplete exploration of the parameter space,
and large over/under-estimation of a parameter to compensate and therefore mask
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a structural error in the model development or the input data. This last aspect can
be particularly risky when coupling hydrological and transport simulation, as we
experienced while developing the WATET model before arriving to the final structure presented in Section 3.2.1. The groundwater storage was initially represented
with a unique bucket for the entire catchment described with a linear release function. After a first exploration of the parameter space and looking at the resulting
outputs, it appeared evident that a linear groundwater function could not able to
capture the discharge peaks. This led to the implementation of the power law reported in Section 4.2.2. We could thus generate a good reproduction of discharge
observations, but still not of tracer time series. Having gained an understanding
of the parameters’ impact on the simulation, we decided to develop a distributed
representation also of the groundwater layer and by this we were successful in reproducing both the hydrological and transport response. This process underlines how in
the development of a new hydrological model a “manual-oriented” calibration and
a tracer-aided modeling approach are important to gain an understanding on the
influence of the singular parameters and components on the overall performance.
Moreover, it suggests that a consistent representation of all the spacial components
should be sought in fully distributed models.

5.2.3. Metrics for the spatial and temporal variability of

Water transit times were analysed in time following both a forward and backward approach. In the forward approach, we looked at the forward cumulative transit time distributions (TTDs) and, as comparison metrics, at their median and lower quartile. TTDs
were chosen for their unique ability to describe hydrologic and transport catchment response, while integrating information about timing, quantity, storage, mixing and flow
paths of water. The chosen median and lower quartile were considered in this study significant metrics to compare the various transit time curves. The median of the TTDs
looks at the time required to release half of the water (values of the TTDs at 50% of nonexceedance probability) and it can be compared to the hydraulic turnover of a catchment,
similarly to the mean transit time frequently used in past studies (McGuire and McDonnell, 2006). The lower quartile (values of the TTDs at 25% of non-exceedance probability)
captures instead how responsive is the catchment in releasing the first amount of water
after receiving them as precipitation. In the future, these metrics could be more extensively computed and compared among different studies and catchments. Even if much
attention has been dedicated to transit time, the scientific debate is in fact still lagging a

103

chapter 5

transport processes

chapter 5

Chapter 5. General discussion and conclusions
comprehensive comparisons and post-assessment of the previous methods and results on
TTDs. If in the past many approaches were based on a-priori definitions of the transport
function, it would be relevant to use today new data and models to assess how skilful
those hypothesis and results were.
In addition to these metrics, we proposed the cumulative transit distributions plotted as
function of the cumulative discharge following each rain event as a relevant function to
analyse and eventually predict water transit time. This representation has been introduced
in various studies before (Niemi, 1977; Rodhe et al., 1996; Fiori and Russo, 2008; Ali et al.,
2014), but here his applicability in real catchments has been tested and proved efficient
especially in wet climates.
In the backward approach, we relied on the young water fraction Fyw as a metric of
age composition in the discharge and catchment storages. This metric can be directly
computed from WATET output, and, differently from the mean transit time, it is not
susceptible to the aggregation errors as pointed out by Kirchner (2016a). Since its definition by Kirchner (2016a), the Fyw has been computed in a growing number of studies,
demonstrating its potential to become a major metric for cross-comparing water age
analysis (Jasechko et al., 2016; Stockinger et al., 2016; Ameli et al., 2017; Benettin et al.,
2017a; Wilusz et al., 2017). An additional advantage of the WATET framework is that
it allows computation of the young water fraction for any young water threshold, thus
directly expressing the catchment cumulative distribution of travel times conditioned on
sampling time. For each discharge amount it is in fact possible to identify its age composition according to how many days have been tracked in the simulation (Figure 3.9a). This
feature is particularly relevant to understand how discharge age composition is affected
by catchment conditions, as explored in this study, but also in potential future applications to pollutants transport. Once the model will include the necessary modifications for
non-conservative solutes, one could for example in an agricultural region predict how the
discharge at the outlet is composed every day by part of previous fertilizer injections in
the system.

5.3. Recommendations for future work
The results of this study shed new light on the capability of modelling and understanding
the controls on water transport processes, but also opened several opportunities for new
research avenues, which have the potential to generate further understanding on solute
transport. This would ultimately lead to improved predictive models integrating water
quality issues for use in water resources planning and management. The list that follows
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focuses on those issues that are perceived as most crucial and promising in the light of
the conclusions of this study.
Advancing knowledge of controls on water transit time

Considering Moore’s law and the constantly increasing technological capacity available
to compute information (Hilbert and López, 2011), we can expect that in few years the
WATET model can be used even more extensively to track water amounts and to run
simulations over longer time periods, stochastic predictions, and more sophisticated calibration and parameter sensitivity procedure. At the moment, the resulting TTDs are in
fact constrained from the model outputs to a time which cannot be longer than the simulation time, therefore long-temporal scales cannot be easily characterized at the moment.
In the future we could instead be able to follow five or ten years of daily rainfalls in their
paths in the catchments. We could also think of tracking events on a higher temporal
resolutions, comparable to the ones of the gauging stations (e.g., 15 minutes), to gain
better insights of transport mechanisms at higher frequencies. Moreover, water amounts
could be tracked for each computational grid, thus providing a comprehensive overview
on the spatial distribution of transit times and pursuing spatial comparisons like the one
in Figure C.4.
Improving model structure and components
Further work will be required to improve the WATET model and include additional
structural components. We consider relevant to tackle the following features.
1. Including non-conservative solute transport
So far, the characterization of water travel times helped identifying the time available
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chapter 5

The WATET model provides the appropriate framework for more extensive applications to
challenge different transport hypotheses and address other controls on water transit time.
The model could be used both as a virtual laboratory as well as applied to additional
actual catchments, where further verification of its capabilities could lead, on the one
hand, to insights on transport processes under specific conditions, and, on the other hand,
to model improvements. More investigations could be carried out with WATET into the
non-linear, threshold-type, non-stationary and hysteresis-driven nature of how catchments
transport water (Birkel and Soulsby, 2015). Among other applications, exploring land use
and urbanization controls would be a first relevant addition to this study, especially to
further test the conclusions of Chapter 2.

chapter 5

Chapter 5. General discussion and conclusions
for biogeochemical processes to occur and help distinguishing spatial sources of
runoff or the storage volume over which solutes are mixing (Benettin et al., 2015c).
However, an important future step is to model non-conservative solutes and use
it in real-world problems, where water pollutants reactivity has to be taken into
account and properly embedded in the model structure. Including the simulation of
non-conservative solutes into the transport module would in fact allow a potential
assessment of water quality issues at the catchment scale. This advancement requires
to tackle a number of challenges in terms of (i) the appropriate kinetic laws to
be implemented, either corresponding to physical laws or conceptual schemes to
remove or transform the tracer, and (ii) the availability of time series of solute
input and output observations necessary to test and validate the model. Only few
studies have recently explored solutions to these challenges. Among them, Benettin
et al. (2015c) studied the transport of dissolved silicon and sodium concentration
with a conceptual hydrochemical model, whereas Tunaley et al. (2016) combined
water ages from a tracer-aided hydrological model with the estimations of dissolved
organic carbon amounts. In the case of WATET, a first relatively easy step would be
to include solutes undergoing first-order chemical kinetics, which are usually derived
from mineral weathering. The kinetic law would be included at the grid size and its
parameter calibrated on the entire catchment using input-output observations. A
further step would be to identify for each of the non-conservative solutes of interest
its own concentration-discharge (C-Q) relationship at a small, ideally grid scale.
The function, likely simplified in a C = aQb form, could then be implemented for
each grid and component and then tested on the whole catchment scale. A check on
the equilibrium and kinetically controlled chemical reactions would also need to be
performed at both scales. More challenging would be instead to include a dispersive
component of transport among cells, trying to extend 1-dimensional geochemical
models like PHREEQC (Parkhurst et al., 1999) to 3-dimensional environments.
2. Including more detailed hydrological processes
The hydrological component of WATET can be seen as a sort of light version of the
Topkapi-ETH model and it would be worth exploring the possibility of integrating
the WATET transport framework for transit time computations into Topkapi-ETH.
With this combination we would take advantage of the computational efficiency of
Topkapi-ETH also when applied to large catchments and its capability of reproducing more hydrological features (e.g., two soil layers, snow accumulation and melt,
anthropogenic features such as dams and river diversions) as seen in the several
studies where the model was used (e.g., Ragettli and Pellicciotti, 2012; Paschalis
et al., 2014; Fatichi et al., 2015a; Ragettli et al., 2016b). Including for example
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5.3. Recommendations for future work
snowmelt in the tracer-aided model could be a significant improvement since in
many catchments it can be a major control on catchment hydrology (McDonnell et
al., 2010; Tetzlaff et al., 2015). Even if this does not represent a modelling challenge,
few studies have moved so far in this direction (e.g., Benettin et al., 2015c; Zappa
et al., 2015; Ala-aho et al., 2017b) because the dynamics of conservative tracers like
isotopes in snowmelt processes could be difficult to monitor and sample.
Working towards a shared predictive framework of catchment transport
response

chapter 5

The study of catchment transport response has been for long-time focusing on computing
mean transit times using conservative tracer data and lumped approaches. Following
the early lumped and analytical approaches, more conceptual and physical models and
frameworks have been proposed in the past decade, increasing the scientific debate over
this topic and expanding the opportunities to advance knowledge. Examples in this sense
are the StorAge Selection (SAS) approach and the young water fraction Fyw definition.
As much as it would be important to agree on the metrics (Section 5.2.3), it would be also
relevant to invest towards a converging science of transport processes, which recognises
the key process components driving the response at the catchment scale. This is currently
still far from being identified. If, on the one hand, transport laws are known, on the other
hand, it is still challenging to delineate the best necessary approximation approaches
and/or parametric techniques that allow simulations and analyses at the catchment scale.
In this respect, we believe that this work contributes to advancing knowledge on how
catchments store and release water and solutes, and how the related mechanisms can be
modeled for both diagnostic and prognostic purposes. This is especially beneficial in view
of controlling water quality issues and use in real-world problems, where water pollutants
behaviour is an important component of the formulation of sustainable water management
policies.
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Appendix

A

The Ciliwung River project
This Appendix provides a general overview on the Ciliwung River project, which was
the setting for the study presented in Chapter 2, and summarizes parts of the following
publications co-authored by the author of this thesis.
Citations: Vollmer D., Pribadi D. O., Remondi F., Rustiadi E., Grêt-Regamey A. (2016),
Prioritizing ecosystem services in rapidly urbanizing river basins: A spatial multi-criteria
analytic approach, Sustainable Cities and Society, 20, 237-252, doi: 10.1016/j.scs.2015.10.004.
Gurusamy S., Burlando P., Girot C., Shaad K. (Eds.), (2015), The Ciliwung River Project,
Future Cities Laboratory, ETH Singapore SEC Ltd, Singapore.
Vollmer D., Costa D., Lin S.E., Ninsalam Y., Shaad K., Prescott M.F., Gurusamy S., Remondi F., et al. (2015), Changing the course of rivers in Asian cities: Linking riparian landscapes to human benefits through iterative modeling and design, JAWRA Journal of the
American Water Resources Association, 51(3), 672-688, doi: 10.1111/1752-1688.12316.

A.1. Project outline
The Ciliwung River Project was carried out within the research programme Landscape
and Ecology of the Future Cities Laboratory (FCL) within the Singapore ETH Centre
(SEC) from 2010 to 2015. The Ciliwung river in Jakarta, Indonesia was the basin to
which the collective goal of demonstrating the potential for alternative forms of urban
river rehabilitation in the tropics was focused.
The research method combined environmental engineering with urban planning and landscape architecture and was strongly based on a combination of design conceptualisation,
mathematical modelling and ecosystems services. The methodology attempted to respond
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to the complexity of a river in a dense urban environment through an iterative approach,
strongly based on conceptualization and nested mathematical modelling. The interdisciplinary team conducted research at three river scales to better focus on the hydrological
and ecological dynamics (Figure A.1). At the overall catchment scale, the focus was on
the hydrology of the watershed and flood processes. By means of hydrological modelling
the impacts of increasing urbanization and land use policies were assessed for the entire catchment. The analysis continued at river corridor scale, where hydrodynamic and
water quality models provided insight into how future changes in the river and adjacent
lands could directly affect river dynamics. Landscape modelling was developed on selected
sites to generate, test and analyse possible topographic and hydrographic changes to the
river bathymetry and adjacent urban areas. At a local site scale, detailed investigations
between urban, sub-urban, and rural sites provided potential for alternative landscape
configurations and designs. Advanced 3-D landscape modelling was used for procedural
design and precise visualization of proposed changes and their effects, as predicted by the
mathematical models and suggested by expected social impacts. Exploring, though to a
limited extent, the principles of participatory planning and design methods allowed the
project to obtain critical stakeholder feedback in shaping a socially acceptable approach.
The Ciliwung Rvier Project methodological framework and its results demonstrated that
a paradigmatic change in river rehabilitation is possible, and providing future scenarios
that balance concerns over flooding, water quality, and ecology, with the realities of a
rapidly growing megacity is not a utopia.
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Fig. 1.6: The project is divided into three distinctly different spatial scales, the catchment, river corridor and site scales.

Each
requiring
a different methodological
approach
but yet
all of which are(indicated
interconnected through
the river.
Figure
A.1.:
Location
of Ciliwung
River
catchment
in red)
and project sites
along the river. The project is divided into three distinctly different spatial
scales: the catchment, river corridor and site scales. Adapted from Lin (2016).
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A.2. The challenges
The methodological framework was developed to address the challenges of a heavily urbanized tropical river catchment in metropolitan Jakarta, home to nearly 30 million people.
The Ciliwung River is the largest and most significant river in the region. Approximately
5 million people reside within the 385 km2 catchment, which spans from Mount Gede
nearly 3,000 m a.s.l. to the Java Sea passing through the cities of Bogor, Depok, and
Jakarta (Figure 2.1 and A.1).
The main challenges for integrating and incorporating a river system in Jakarta’s urban
environment can be summarised as follows:
Flooding Recent catastrophic floods (1996, 2002, 2007, 2013, 2014) have caused nearly
100 deaths and led to billions of dollars of damages to property in Jakarta. The
catastrophic flood of February 2007 affected 60% of the Jakarta region and caused
80 casualties, approximately 190,000 people with flood-related illnesses and US$ 453
million in damages. As the city’s largest river in terms of discharge, the Ciliwung
has historically been and continues to be a primary source of inland flooding (Figure
A.2).
Water quality The Ciliwung is also heavily polluted as a result of industrial and agricultural waste emissions occurring primarily in the middle stream section, untreated
domestic waste emissions discharged throughout the river corridor, and untreated
urban runoff from the municipalities of Bogor, Depok, and Jakarta (Figure A.2).
Between 2005 and 2006 the concentrations of biological oxygen demand and faecal
coliforms were, on average, 2.5 and 4.8 times higher in Jakarta when compared to
the upstream area of Bogor.
Water security As a result of poor water quality, the Ciliwung does not serve as a municipal raw water source for Jakarta, and provides only small amounts of raw water
for Bogor and Depok. Studies have shown that the shallow groundwater system in
Jakarta is also highly polluted with urban contaminants (e.g., nitrate and phosphate). Excessive and unregulated groundwater extraction has increased the interaction between the shallow groundwater and the deeper aquifer (Figure A.2). The
high levels of faecal coliforms in the Ciliwung pose a short-term human health risk
from exposure to floodwaters and a longer term risk of groundwater contamination.
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11

February 2007

January 2013

January 2014

Source: www.pitoyosusanto.wordpress.com

Source: http://www.japantimes.co.jp/news/2014/12/23/world/jakarta-sinking-feeling-real/#.VlxQ-HarRaQ

22

Figure A.2.: Photographs taken in Jakarta during the massive floods in 2007, 2013, 2014.

Figure A.3.: Self dug wells (yellow rectangles) next to septic tanks or wastewater pipelines
(red circles) along the Ciliwung River.
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A.3. The method
The project team developed and demonstrated a framework to iteratively model and
design a range of future scenarios for river rehabilitation, based on stakeholders’ input
and valuation of ecosystem services locally and within the catchment. The methodology
towards the development of this framework featured a multidisciplinary approach, multiscale case studies, and iterative feedback loops of disciplinary knowledge (Figure A.3 and
A.3). With the application od technically robust tools, scenarios and solutions were developed and evaluated at multiple scales to support a spatially variable policy for watershed
management focusing on ecosystem services and river rehabilitation.
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Figure A.4.: Information flows, spatial scaling of the project, and key outputs at each
scale. Adapted from Vollmer et al. (2015b).
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Figure A.5.: Iterative and feedback loops for work at the catchment, corridor, and site
scales. Adapted from Vollmer et al. (2015b).
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Supporting information Chapter 2
This Appendix contains additional details regarding data (Table B.1) and results (Figure
B.1) presented in Chapter 2.
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Type

Dataset

Land

Digital
Elevation Model

Source, Scale, Period

Shuttle Radar Topography Mission (30 m)
and ASTER Global Digital Elevation Model
(90 m)
Land Cover
2010 land use and land cover for island of
Java (30 m) and 2008 land cover for Ciliwung
watershed (≥30 m) (Indonesian Ministry of
the Environment [KLH])
Soil
Soil composition Harmonized World Soil Database v. 1.2
(http://webarchive.iiasa.ac.at/Research/
LUC/External-World-soildatabase/HTML/)
Meteorological Air temperature NCDC
database
(http://www.ncdc.noaa.gov)
Precipitation
Daily totals from eight gauge stations [20032008] and estimations from satellite data
TRMM 3B42 (http://disc.sci.gsfc.nasa.gov)
for same time period to use as validation
dataset.
Radiation
Gauged data from the World Radiation Data
Centre (www.wrdc.mgorssi.ru)
Hydrological
Water level and Daily records from 4 sites [2003-2008]
discharge
Table B.1.: List of major data type and sources used in the study.
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Figure B.1.: Hourly simulated (black line) and daily observed (red line) flows at the 3
stations where most of the data were available. The observed data are affected
by large uncertainties related to the rating curves used to transform level
observations into discharge (see section 2.3.1).

149

Appendix

C

Supporting information Chapter 3
This Appendix contains a series of figures showing the catchment topography and the
location of the gauging stations (Figure C.1), and additional results from the WATET
simulations (Figures C.2-C.7).
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(a)

Hafren river DEM [m asl]
Gauging
station
Weather
station

(b)

Vegetation
Broad-leaved/mixed woodland
Coniferous woodland
Inland bare ground
Open dwarf shrub heath

Upper Hafren

(c)

Carreg Wen

Lower Hafren
UNITED
KINGDOM

Soil
Boulder clay (till)
Colluvium
Hilltop head, bare rock, etc.
Soliflucted head

Tanllwyth

Hafren catchment
in the Plynlimon River basin

Figure C.1.: The Hafren catchment in the Plynlimon River basin. (a) Elevation map,
stream network, and location of the stream gauges and weather stations.
Stream gauges recorded discharge every 15 min and chloride concentrations
every 7 hours (7 days on the long period). The weather station recorded
hourly rainfall rates and chloride concentration every 7 hours (7 days on the
long period). (b) Vegetation cover map. (c) Soil map.
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Figure C.2.: Time series of the long run simulation for the years 1984 to 2010 compared
with observed values in the Hafren catchment, Plynlimon, Wales. The two
upper plots compare the observed (blue) and simulated (red) discharge at
the (a) Upper Hafren (UHF) and (b) Lower Hafren (LHF) stations. The
two lower plots compare the observed (blue) and simulated (red) chloride
concentrations at the (c) UHF and (d) LHF stations.
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Figure C.3.: Tracking of water entering the model catchment during two similar rainfall events with contrasting antecedent wetness conditions. The proportion
of event water that remains stored in the groundwater and soil storage compartments is tracked for each day after injection, in addition to the proportion
of event water already lost as cumulative outflow or evapotranspiration (ET).
The first event occurred in February with wet basin conditions (top), whereas
the second one occurred in July with drier basin conditions (bottom). Owing
to the drier summer conditions, the proportion of water from the July event
lost through ET is 4.6 times larger. Water from the two events also followed
different dynamics in the model. Water from the February event reached the
basin outlet faster as discharge, whereas more of the July event water initially
infiltrated into the soil and recharged the groundwater storage before then
becoming outflow. In both cases a small proportion of the event water (8.9%
for the first event and 7.1% for the second one) was still in the groundwater
storage two years after falling as rain.

154

Non-exceedance probability [-]

1
0.8
0.6
0.4
0.2

LHF
UHF

0
10 0

10 1
10 2
Transit time [d]

10 3

Figure C.4.: Forward cumulative transit time distributions for the 2005-2006 precipitation
events over the Upper Hafren (UHF) and the entire Hafren (LHF) catchments, plotted as a function of transit time. Dark lines show the median
transit time, whereas shaded regions show the range of the 10th to 90textsuperscriptth percentile.
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Figure C.5.: Variations in age of 25 and 50% discharge water from the 2005-2006 precipitation events across the main basin conditions at the exit moment. The
basin effective saturation (d) has the greatest influence on the discharge age,
followed by groundwater storage (e).
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Figure C.6.: Residence time distributions for the entire storage. The cumulative age distribution (left) of each daily storage amount in the soil and groundwater is
colored accordingly to the mean effective saturation of the basin at each day.
The mean residence age distributions during different wetness regimes following the combination of high and low storage in the groundwater and soil
storage show a more relevant influence of the groundwater condition on the
residence age composition (right).
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Figure C.7.: Time series of simulations for the 2008 calibration year that achieved highest
NSE values in the sensitivity test (NSE = 0.61 for UHF and 0.72 for LHF
station) compared with observed values in the Hafren catchment, Plynlimon,
Wales.

156

Appendix

D

Supporting information Chapter 4
This Appendix contains additional details on the results from calibrating the model for
the 5 study catchments in Stage 1 presented in Chapter 4.
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Catchments

Active soil depth
(mm)
Curvature
parameter Van
Genuchten (-)
Saturated
hydraulic
conductivity (mm
h-1 )
Saturated water
content (-)
Residual water
content (-)
Anisotropy ratio
(-)
Initial GW
storage (mm)
Sgw,max, max gw
storage (mm)
a, coefficient gw
(mm h-1 )
b, exponent gw
(-)
Bedrock-soil
interface
hydraulic
conductivity (mm
h-1 )

Hafren,
Plynlimon
(UK)a

Rietholzbach
(CH)

Marshall
Gulch
(US)

Dalya
(IL)

Rio
Icacos,
Luquillo
(PR)

350, 400,
500, 700

500, 1000

20-1000

240, 340

300-1500

1.8, 5.2

1.2

1.6

2.1

1.1, 1.5

20, 30, 45

117

20-70

60, 62

30, 50

0.59, 0.61

0.6

0.35

0.65

0.55, 0.56

0.18, 0.20

0.07

0.06

0.1

0.0041,
0.075

50

70

100

100

100

1450

1060

463

620

1310 (CV),
1374 (CX)

2500

2150

1000

700

2000

105.8

105

104

100.3

103

28

23

20

37

23

0.01

0.005

0.01

0.05

0.01

Note a The calibrated parameters and performance are retrieved from Remondi et al. (2018).

Table D.1.: Model parameters for the 5 study catchments obtained from calibration or
literature (see references in Section 4.2.1).
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Figure D.1.: Flow duration curves for the 5 catchments with Nash-Sutcliffe efficiencies.
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