
 

TRITA-HYD 2015:2 
ISBN: 978-91-7595-672-5 

Peakflow response of  stream networks 
 

implications of  physical descriptions of  streams 
and temporal change 

Anna Åkesson 

August 2015 

 



Anna Åkesson    TRITA-HYD 2015:2
 

ii 
 

 

© Anna Åkesson 2015 
PhD Thesis 
Doctoral program in Civil and Architectural Engineering 
School of Architecture and the Built Environment 
Royal Institute of Technology (KTH) 
SE-100 44 STOCKHOLM, Sweden 
Reference to this publication should be written as: Åkesson A. 2015. Peakflow 
response of stream networks - implications of physical descriptions of streams and 
temporal change. PhD Thesis, TRITA-HYD 2015:02, 74 p.  



Peakflow response of stream networks 
 

iii 
 

SUMMARY IN SWEDISH 

Pålitliga prognoser av flöden i vattendrag är av yttersta relevans för hållbar 
samhällsbyggnad och beräkningar av höga flöden används därför för 
konstruktion av vattenkraftanläggningar och riskanalyser för städer. Utseendet 
för en tidsserie som beskriver variationen av vattenflödet (hydrograf) beror 
kortfattat av två faktorer – klimatet (nederbörd och temperatur) samt 
avrinningsområdets förmåga att omvandla (filtrera) denna insignal i och med 
att nederbörden på en yta omvandlas till ett flöde i ett vattendrag. 
Osäkerheterna i flödsprognoser är ofta stora, framförallt vad gäller högflöden. 
Detta beror på modellfel och vår okunskap om systemets egenskaper, vilket 
innebär en epistemisk osäkerhet. Opålitliga flödesprognoser påverkar vår 
uppskattning av risker för översvämningar med potentiellt allvarliga effekter på 
ekonomiska såväl som humanitära värden. Sverige är ett land med goda 
förutsättningar, och stor utbyggnad av vattenkraft – även i detta hänseende är 
tillförlitliga flödesprognoser av stor vikt, för de så kallade dimensionerande 
flödena som beräknas med hjälp av hydrologiska modeller. 
Svårigheterna kring hydrologisk modellering är många. Dels uppvisar de 
modellerade systemen en stor heterogenitet vad gäller de egenskaper i 
landskapet, särskilt vattendragen, som återspeglas i modellen – såväl inom som 
mellan avrinningsområden, dels är dessa egenskaper ofta föränderliga över tid. 
Vidare finns svårigheter med att kunna verifiera modellerna för högflöden 
eftersom de per definition är sällsynta och därtill svåra att mäta med en 
tillfredsställande noggrannhet. 
Syftet med denna avhandling är att öka den mekanistiska förståelsen för de 
processer och egenskaper som påverkar responsen av ett naturligt 
vattendragsnätverk, samt därigenom att minska den epistemiska osäkerheten i 
hydrologiska modeller. I avhandlingen visas att en utökad hydromekanisk 
förankring av de modellekvationer som styr hur en hydrograf förändras genom 
ett vattendragsnätverk generellt leder till mer tillförlitliga prognoser, genom att 
flödeshastigheten tillåts variera med flöde, och nätverkets egenskaper. Såväl 
analytisk som numerisk metodik påvisar ett starkt olinjärt samband mellan 
flödeshastighet och vattenstånd (flöde), vilket förklaras av översvämmande 
tvärsektioner, dämningseffekter i nätverk och förändrad friktion. 
I avhandlingen undersöks också hur statistiken för flödesserier har förändrats i 
79 oreglerade avrinningsområden i Sverige. Studien visar att det har skett en 
förändring under det senaste seklet i hur flödets varians fördelas på typiska 
tidsperioder (powerspektrum). Även när förändringarna i flöde över tid 
normerades med motsvarande förändringar för tidsserierna för nederbörd så 
kvarstod den generella effekten att powerspektrumet för flödet förbrantats 
över tid. Denna temporala förändring kan förklaras till största delen med 
förändringar i landskapet, ofta med antropogen orsak, men även till viss del 
med förändringar i klimat (regn). En fallstudie för ett avrinningsområde med 
intensivt jordbruk visade att mänsklig påverkan av vattendragsnätverk, t.ex. 
genom uträtning, breddning och muddring av kanaler dels förkortat 
rinnsträckorna över tid, men även har lett till minskade medelvattenstånd och 
snabbare flödeshastigheter över tid, har lett till en förbrantning av 
powerspektrumet för flödet. Förändringen har även givit en ökad total 
variabilitet inom hydrografer, d.v.s. att dessa förändringar skulle kunna 
innebära att förkomsten av extrema flöden har ökat. 
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ABSTRACT 

Through distributed stream network routing, it has quantitatively been shown 
that the relationship between flow travel time and discharge varies strongly 
nonlinearly with stream stage and with catchment-specific properties.  
Physically derived distributions of water travel times through a stream network 
were successfully used to parameterise the streamflow response function of a 
compartmental hydrological model. Predictions were found to improve 
compared to conventional statistically based parameterisation schemes, for 
most of the modelled scenarios, particularly for peakflow conditions.  
A Fourier spectral analysis of 55-110 years of daily discharge time series from 
79 unregulated catchments in Sweden revealed that the discharge power 
spectral slope has gradually increased over time, with significant increases for 
58 catchments. The results indicated that the catchment scaling function power 
spectrum had steepened in most of the catchments for which historical 
precipitation series were available. These results suggest that (local) land-use 
changes within the catchments may affect the discharge power spectra more 
significantly than changes in precipitation (climate change).  
A case study from an agriculturally intense catchment using historical (from the 
1880s) and modern stream network maps revealed that the average stream 
network flow distance as well as average water levels were substantially 
diminished over the past century, while average bottom slopes increased. The 
study verifies the hypothesis that anthropogenic changes (determined through 
scenario modelling using a 1D distributed routing model) of stream network 
properties can have a substantial influence on the travel times through the 
stream networks and thus on the discharge hydrographs. 
The findings stress the need for a more hydrodynamically based approach to 
adequately describe the variation of streamflow response, especially for 
predictions of higher discharges. An increased physical basis of response 
functions can be beneficial in improving discharge predictions during 
conditions in which conventional parameterisation based on historical flow 
patterns may not be possible - for example, for extreme peak flows and during 
periods of nonstationary conditions, such as during periods of climate and/or 
land use change. 
 
Keywords: Streamflow routing; peakflow predictions; parameterisation; 
hydrological response; stage-dependency; flooded cross-sections; stream 
networks; backwater effects; temporal change; land use change 
 

1 INTRODUCTION 
This section provides a brief introduction to some of the current 
problems related to modelling of peakflows in rivers and to the 
motivation behind this thesis and the main objectives of the 
project. Thereafter, the scope of the study is identified, the 
contents of the four papers are briefly introduced, and the outline 
of the thesis is presented. 
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1.1 Research motivation  
The hydrological cycle comprises many terrestrial processes, of 
which accurate quantitative estimations are generally difficult to 
determine due to the limited understanding of the processes and to 
the many measurement uncertainties and heterogeneities that are 
present in natural systems. This study focuses on increasing the 
knowledge regarding the mechanisms governing the streamflow 
response - i.e., how the hydraulic and geomorphological properties 
of individual stream networks influence the hydrograph response 
as water travels through a stream network. The main incentive for 
this thesis is that peakflow modelling is commonly associated with 
large uncertainties. 
Sweden is a country with conditions that are favourable for 
hydropower production, and reliable predictions of extreme flows 
are crucial when making adequate design flood estimations for 
hydraulic structure such as dams and spillways (Harlin, 1992; 
Seibert, 2003; Svenska Kraftnät, 2007; Wilson et al., 2010). 
However, erroneous peak-flow predictions can lead to systematic 
errors when determining the design values of hydraulic structures, 
which, in turn, may lead to considerable structural failure risk 
(Roth et al., 2012) or inefficient reservoir operations. For example, 
36% of failures of large embankment dams are caused by 
overtopping (Foster et al., 2000), which is often a consequence of 
underestimated design flows or a failure to address high flows. For 
the Swedish case, previous studies have shown that the modelling 
uncertainty for design floods used for hydropower infrastructure 
might be as large as +/- 20% on average (Harlin, 1992). Reliable 
predictions of extreme discharges are also of utmost importance 
for physical planning. As a result of extensive flooding of urban 
areas in Sweden during recent years, the Swedish Civil 
Contingencies Agency (Myndigheten för samhällskydd och beredskap, 
MSB) has recently made compilations regarding floods in Sweden 
over the last century, and initiated projects regarding risk 
evaluation and potential effects of climate change  (Myndigheten 
för samhällsskydd och beredskap, 2012). In addition to causing 
economical damage, erroneous peakflow modelling can also cause 
problems in planning of urban environments and indirectly 
threaten for human lives. The number of natural disasters, the 
economic damage, and the population affected due to floods has 
been shown to increase (Hirsch and Archfield, 2015). Globally, it 
has been estimated that floods caused more than 500,000 deaths 
between 1980 and 2009 (Georgakakos et al., 2013).  
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1.2 Problem formulation  
Hydrological models can essentially be parameterised in two ways: 
physically based parameterisations: a deductive approach in which 
model equations and model parameters are formulated to directly 
reflect the included processes, and statistically based 
parameterisations: an inductive approach in which model 
parameters are determined to sufficiently fit the model to historical 
data series of a measurable quantity. In practice, the two 
approaches are often combined in hydrological modelling.  
A fundamental underlying assumption in hydrologic modelling 
when utilising statistical parameterisation is often that the 
behaviour of the modelled system (e.g., planet earth, a catchment 
or a stream network) and, thus, time series data are stationary, i.e., 
that the catchment response (and model parameters) does not 
change over time. This implies that temporal change - for example, 
caused by the effects of climate change, water regulating strategies 
and/or land use changes, all of which may have substantial effects 
on the discharge response (Chow et al., 1988; Wörman et al., 2010) 
- are neglected. Making hydrological predictions in a world with 
changing conditions (for example, climate change) requires new 
modelling strategies that are based on an improved understanding 
of the hydrological process and observable driving variables, 
thereby providing greater consistency between models and real-
world systems (McDonnell et al., 2010; Wagener et al., 2010). 
There is a growing consensus within the scientific community that 
planet earth is presently experiencing climate change (IPCC, 2008; 
Jackson et al., 2001; Vörösmarty et al., 2000), although its effects 
on the occurrence and magnitude of floods is spatially 
heterogenous and uncertain (Blöschl et al., 2015; Hall et al., 2014).  
Another disadvantage of relying solely on stationary-statistical 
parameterisations is the potential limitations in the recorded 
discharge ranges, which may not include the entire future 
discharge interval. Predictions of hydrological extremes might then 
be achieved only by extrapolating the model predictions outside 
the range for which the model has been calibrated and validated, 
which can lead to less reliable predictions (Harlin, 1992; Seibert, 
2003). Another aspect to consider regarding peak-flow model 
predictions is that the uncertainties associated with discharge 
measurements used in the calibration/validation process can be 
substantial because of unreliable rating curves in the extreme 
ranges (Coxon et al., 2013; Di Baldassarre and Claps, 2010; Di 
Baldassarre and Montanari, 2009; Lindström and Bergström, 2004; 
Westerberg et al., 2011). 
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By using a more physically based parameterisation as a 
complement to conventional statistical parameterisation 
techniques, the abovementioned problems in streamflow 
modelling can, at least to some extent, be addressed such that 
hydrological predictions are expected to become more reliable. In 
principle, this could, for example, be achieved by explicitly linking 
model parameters to measurable catchment properties, which can 
be updated when these properties change. 

1.3 Objective and goal of the thesis 
The mechanisms governing streamflow response are complex and 
depend on both meteorological factors (most importantly, 
precipitation and temperature) and the properties of the receiving 
catchments. To confidently be able to model streamflow response, 
quantitative knowledge regarding the mechanisms and how to 
incorporate these into hydrological models is essential. Improving 
this knowledge is the principal objective of this thesis. 
The objective of this study is to augment the understanding of the 
streamflow routing mechanisms, with a specific focus on the 
importance of readily measureable stream network properties 
(such as topology, topography, cross-sectional geometries, and 
friction coefficients) and the effects of stage-dependency.  
The core of this thesis centres on the flow routing procedure (i.e., 
to relevantly describe the hydromechanical in-stream processes) 
within stream networks and how to realistically incorporate these 
mechanisms into hydrological discharge models. Emphasis is 
placed on the relationship between the stream network properties 
and the hydrologic discharge response and on how this response 
can vary temporally as a result of land use modifications. The 
primary aim is to improve peakflow predictions, and the 
delimitation to the stream network is motivated by the fact that the 
in-stream streamflow mechanisms have been shown to increase 
with increasing discharge (Gaume et al., 2009).  
Another central goal of the present work is to increase the physical 
basis of the streamflow routing routines in the hydrological models 
that are used to predict river discharge given a certain precipitation 
time series. This is achieved by relating model equations and 
parameters to hydromechanical principles that describe factors 
such as stage-dependency and friction losses in accordance with 
established physical relationships and to geomorphological and 
hydraulical properties of stream networks. By relating the 
streamflow response to observable physical properties, the 
developed parameterisation procedures can be used for a wider 
range of conditions - i.e., for peakflow predictions of a previously 
unencountered magnitude (Harlin, 1992; Lindström et al., 1997; 
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Seibert, 2003), for previously ungauged catchments (Palanisamy 
and Workman, 2014; Sivapalan, 2003) and for catchments during 
nonstationary conditions - for example, when exposed to climate 
change and/or land use change (Bergström et al., 2001; Destouni 
et al., 2012; Wörman et al., 2010), both of which can have natural 
or anthopogenically induced causes. 
Paper I outlines a principle methodology for the work in the other 
papers using a stage-dependent, compartmental streamflow 
description based on the Manning equation and a one-
compartment representation of the stream network formulation.  
Paper II develops a 1D distributed stream network routing model 
that accounts for backwater effects (i.e., non-uniform effects). 
Stream network travel times are derived for a range of discharges, 
thus allowing for an unambiguous relationship between catchment 
outlet discharge and average travel time. The inverse of the derived 
travel times is then used as a stage-dependent (i.e., physically 
based) routing coefficient for a hydrological model. 
Paper III augments the methodology of Paper II further by 
exploring the effect of hydraulic model formulation on the travel 
time distributions. Comparisons are made between 2D and 1D 
formulations; between friction model formulations based on the 
Manning and Poisson equations, respectively; and between 
compartmental and distributed stream network model 
formulations. Analytical expressions derived from the kinematic-
diffusive wave equation are developed to account for the stage-
dependency of the first and second temporal moments. 
In Paper IV, the extent of a century-long change in the discharge 
time series of 79 unregulated catchments in Sweden is investigated. 
The relative impact of the global issue of climate change and the 
local issue of land use change is implicitly studied. Additionally, a 
1D distributed routing model is setup to quantitatively show how 
the impact of anthropogenic modifications within stream networks 
can influence the travel time through the network. 
The purpose of all the papers has been to increase the 
understanding of the mechanisms that govern streamflow 
response, with a particular focus on peakflow predictions and with 
the ultimate goal of improving the streamflow routing 
formulations in hydrologic models.  

1.4 Disposition of the thesis 
Following the introduction, Chapter 2 of this thesis is presented in 
the context of currently available research of relevance for the 
theoretical background of the appended papers. This chapter 
includes a summary of the main concepts, ideas and limitations 
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regarding hydraulic and hydrologic modelling related to streamflow 
modelling, with a focus on the hydraulic mechanisms within the 
stream network and their influence on hydrologic systems and 
hydrologic models. A brief summary of the current knowledge 
regarding temporal change influencing streamflow response in 
catchments is also presented, particularly with regard to the effects 
of climate change and land use change. Chapter 3 presents the 
different case studies and the methodologies, applications and 
theoretical developments used within this thesis. Chapter 4 
presents a condensed version of the results of the appended 
papers, alongside a discussion regarding the significance of the 
results and how the results in the four papers complement one 
another. The main conclusions of the research presented in this 
thesis is provided in Chapter 5, and the four research papers 
constituting the body of this theses are provided in the appendix. 

2 THE THEORY BEHIND DISCHARGE PREDICTIONS 
The source of all streamflow is precipitation, distributed unevenly 
in time and space over a catchment. Through hillslope response 
processes, the water eventually enters the surface water at different 
locations within a stream network. Although stream water 
(classified as a surface water) usually interacts with groundwater (in 
reaches that gain or lose water), these subsurface fluxes are 
neglected in the present work. Hydraulics is an applied science 
based on fluid mechanics that addresses the engineering 
applications of fluid flows, including determining forces, moments, 
mass flow rates, velocities and frictional losses. The gravity-driven 
water flow in a stream network is subjected to many processes that 
influence the shape of the hydrograph. The procedure to 
determine the flow hydrograph (i.e., the timing and magnitude of 
flow) at a location along a stream is known as flow routing (Chow et 
al., 1988). The emphasis of this thesis lies on the flow routing 
procedure (i.e., to relevantly describe the hydromechanical in-
stream processes) within stream networks and how to realistically 
incorporate these mechanisms into hydrological discharge models. 

2.1 Hydraulical modelling  
Historically, the science of hydraulics has played an important role 
in the development of civilisation. Early examples of infrastructure 
based on hydraulic design include the irrigation systems in 
Mesopotamia and ancient Egypt, and other examples of early 
although advanced hydraulic development have been found in 
irrigation works in ancient China, Mesopotamia, Egypt and Greece 
-  where notable scientific developments were presented in 
Archimedes’ work related to hydrostatics, floating bodies and 
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buoyancy (~250 BC) (Rouse, 1983). Hydraulic applications such as 
aqueducts, watermills (hydropower) and plumbing systems were 
also developed within the civilisation of ancient Rome, at the time 
when the first hydraulics book is believed to be written in 97 BC 
by Sextus Julius Frontinus (Walski, 2008). During the Renaissance, 
Leonardo da Vinci developed the concepts now known as 
hydrostatic force and pressure (Cavagnero and Revelli), as well as 
conducting the first systematic studies on velocity distributions in 
streams (Chow 1988). During the 18th and 19th century, hydraulic 
knowledge grew rapidly and measurements and experienced were 
intensified. The knowledge regarding the mechanisms of 
hydraulics increased, of which notable contributions were made by 
Bernoulli regarding the pressure and velocity of fluids (1738), 
Chèzy who first showed a relationship between flow velocity and 
energy loss (1768), Hagen-Poiseuille’s equations for laminar flow 
(1840) (Chow, 1959; Rouse, 1983; Walski, 2008). The commonly 
used mathematical formulations to account for the water flow 
through a stream network include fundamental fluid mechanics 
formulations (equations) of mass, energy and momentum 
conservation, together with a large collection of empirical and 
semi-empirical equations, many of which were developed since the 
1800s. 
One of the fundamentals of hydraulic and hydrologic modelling is 
the principle of mass continuity. The one-dimensional (1D) form 
of the equation can be formulated as: 

𝜕𝜕
𝜕𝜕

=
𝜕𝜕
𝜕𝜕

 (1) 

where 𝜕 is the cross-sectional area of the stream channel [m2], 𝜕 is 
the time [s], 𝜕 is the discharge [m3/s], and 𝜕 is the distance along 
the stream [m].  
The energy conservation equation applied between two control 
sections with upstream (upstr) and downstream (dwnstr) locations 
along a stream reach can be written as (Chow et al., 1988): 

𝑧𝑢𝑢𝑢𝑢𝑢 + 𝑦𝑢𝑢𝑢𝑢𝑢 +
𝑢𝑢𝑢𝑢𝑢𝑢2

2 ∙ 𝑔
= 𝑧𝑑𝑑𝑑𝑢𝑢𝑢 + 𝑦𝑑𝑑𝑑𝑢𝑢𝑢 +

𝑢𝑑𝑑𝑑𝑢𝑢𝑢2

2 ∙ 𝑔
+ 𝑆𝑓 (2) 

where 𝑧 is the stream bed elevation [m] and 𝑦 is the water level [m] 
such that 𝑧 + 𝑦 gives the potential energy. The flow velocity is 
denoted by 𝑢 [m/s], and 𝑔 is the acceleration due to gravity [m/s2]; 
𝑢2/2𝑔 gives the kinetic energy, and 𝑆𝑓 is the energy loss [m] over 
the increment.  
The Saint-Venant equation for one-dimensional unsteady open 
channel flow developed in France in 1871 (Chow et al., 1988) is 
frequently utilised for momentum conservation calculations: 
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𝜕𝑢
𝜕𝜕

+ 𝑢 ∙
𝜕𝑢
𝜕𝜕

+ 𝑔 ∙
𝜕ℎ
𝜕𝜕

+ g ∙ �𝑆0 − 𝑆𝑓� = 0 (3) 

where 𝜕 is the time [s] and 𝑆0[-] is the bed slope. The momentum 
equation includes several different terms to account for the 
physical processes of flow momentum, including (from left to 
right in Equation 3) the following: 

• the local acceleration term, due to the time rate of change of 
momentum as a result of the spatial divergence in momentum 

• the convective acceleration term, due to changes in the velocity 
along the channel  

• the pressure force term, proportional to the change in the water 
depth along the channel 

• the gravity force term, proportional to the bed slope  
• the friction force term (proportional to the friction force)  

The dynamic wave model incorporates all of the abovementioned 
terms, whereas the diffusion wave model neglects the local and 
convective acceleration terms (the effect of inertial forces on the 
flow), and the kinematic wave model neglects the local acceleration, 
the convective acceleration and the pressure terms. The 
longitudinal diffusion of waves has been shown to often be of 
relatively minor importance compared with the channel-slope 
(gravity)-driven flow in natural rivers (Chow et al., 1988; Miller, 
1984). The Saint-Venant equations are consistent with Newton’s 
second law and imply that the sum of all forces applied is equal to 
the rate of change of momentum stored within the control volume 
plus the net outflow of momentum. Because no analytical solution 
is available for the Saint-Venant equations, the problem must be 
solved either through simplifications of the equations or by 
numerical approximations (Dooge et al., 1982) - e.g., the Hayami 
approximation (Moussa, 1996). 
The Manning equation is an empirical formula that was first 
presented in the late 1800s and constitutes a special case of the 
Saint-Venant equation. It is commonly used to estimate discharge 
or advective velocity in open channels (Chow et al., 1988), despite 
its assumption of uniform flow in the stream-wise direction. The 
Manning approximation, which relates the velocity to the hydraulic 
radius for steady, uniform flow, is an approximation that has 
greater validity for certain geometries than others; i.e., it might not 
be suitable for a flooded situation with an extended floodplain 
with substantially lower water levels than those in the main 
channel. The Manning equation can be given as: 

𝜕 =
1
𝑛
∙ 𝜕 ∙ 𝑅2 3⁄ ∙ 𝑆𝑓1 2⁄  𝑜𝑜 𝑢 =

1
𝑛
∙ 𝑅2 3⁄ ∙ 𝑆𝑓1 2⁄   (4) 
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where 𝑛 is the Manning friction coefficient [-] and 𝑅 is the 
hydraulic radius [m]. The hydraulic radius is an important measure 
of channel cross-sectional dimensions because the frictional loss 
along a channel predominantly occurs along the entire wetted 
perimeter.  
Similar to the Manning equation, the Poisson equation, as deduced 
from the Navier-Stokes equation for laminar channel flow, can be 
used to determine the relationship between flow velocity and water 
level. The flow velocity over the cross-section is determined as a 
function of the viscosity—or, in the case of turbulent channel flow 
in natural streams, as a function of the eddy viscosity. The Poisson 
equation is valid only for constant dynamic viscosity, which strictly 
applies only to laminar flows. To be applicable in a river routing 
context, the turbulent viscosity would need to be constant over the 
cross-section. In the Poisson equation, the velocity distribution is 
controlled by the viscous shear stresses, which are here assumed to 
correspond to the eddy viscosity of turbulent flow. For a 
comprehensive analysis of turbulent flow (such as in rivers), the 
variation of turbulent shear stresses over the cross-section can be 
explicitly included to account for the spatial variation in eddy 
viscosity. For constant density and constant dynamic viscosity, the 
Navier-Stokes equation can be written as: 

𝜌 �
𝜕𝒖
𝜕𝜕

+ 𝒖 ∙ ∇𝒖� = −∇𝑝 + 𝜇∇2𝒖 + 𝜌𝒈 (5) 

where 𝒖 is the velocity vector, 𝑝 is pressure, and 𝒈 is the 
gravitational acceleration vector (|𝒈| ∇𝑧). Furthermore, assuming 
uniform flow conditions along the x-axis, the inertial term is 
cancelled out: i.e., 𝒖 ∙ ∇𝒖 = 0. The Poisson equation is given as: 

𝜕2𝑢
𝜕𝑦2

+
𝜕2𝑢
𝜕𝑧2

= −
(𝜕𝑃/𝜕𝜕)

𝜇
 (6) 

where 𝑑𝑃/𝑑𝜕 is the hydraulic head gradient in the downstream 
direction. For uniform flow conditions, the hydraulic head 𝑃, can 
be defined as 𝑃 = 𝜌 ∙ 𝑔 ∙ (ℎ + 𝑧𝑏), where ρ is the density [kg/m3], 𝑔 
is the acceleration due to gravity [m/s2], ℎ [m] is the water depth 
(the pressure at the bottom thus being 𝑝 =  𝜌 ∙ 𝑔 ∙ ℎ), and 𝑧𝑏 is the 
bed elevation [m]. 
Although streamflow velocities vary in all three dimensions in 
reality - along the stream, across the stream and from the water 
surface to the river bed - the problem is often simplified to one 
dimension (1D, longitudinal), at least in the routing routines of 
hydrological models on the catchment scale. For more local 
modelling purposes such as flood inundation models or 
investigating the effects of manmade alterations to a river for 
contaminant or sediment transport or infrastructure development 
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(hydraulic design), more advanced hydraulical models may be 
required, occasionally in several spatial dimensions. Examples 
include the MIKE models developed by DHI Water & 
Environment and the HEC-RAS model (1D) developed by the US 
Army Corps of Engineers. Commonly, these hydraulical models 
require topographic information of a high-resolution, detailed 
knowledge about the flow resistance parameters and well-defined 
boundary conditions. 
For the case of a discharge pulse travelling through a stream 
network, it is vital to distinguish between the speed of the energy 
pulse (known as the wave celerity) and the (advective) speed of a 
water droplet (known as water velocity). Though they are related 
to each other, wave celerities are usually higher than the average 
water velocity, implying that a floodwave during a transient flow 
situation will be moving faster downstream than the average water 
droplet. The particle travel time through a stream network is thus 
not the same as the travel time of an energy pulse (floodwave) 
through the system; i.e., the advective velocity could be 
substantially lower than the celerity - for example, in a low-
gradient stream reach in which significant backwater effects 
prevail. The implication of stage-dependency on travel time 
through the stream network is an important factor and is one of 
the key topics of this thesis. Determining the hydraulic response of 
a stream network becomes even more complex when introducing 
the effects of flooding, which may cause, for example, the cross-
sectional geometries and friction coefficient to change substantially 
(Moussa and Bocquillon, 2009). 

2.2 Streamflow routing in hydrological discharge modelling 
Hydrologic and hydraulic models can be of different types, and 
they are commonly divided into distributed and compartmental (lumped) 
models. In a lumped system, the discharge at a location is 
calculated as a function of only time (at times referenced as 
hydrologic routing), whereas in distributed system routing, the 
flow is calculated as a function of space and time (also denoted as 
hydraulic routing) (Chow et al., 1988). In distributed routing, the 
streamflow velocity varies in space along the stream network and 
can, for example, be determined by partial differential equations, 
such as the Saint-Venant equations (Equation 3), conserving 
momentum (or energy) and mass. A lumped (or compartmental) 
model, on the other hand, accounts only for mass continuity and 
can be exemplified by Equation 7 (Chow et al., 1988). In their 
typical form, compartmental models are formulated as ordinary 
differential equations of the first order based on the integral 
equation of continuity. The rate of outflow of the system 𝜕 [m3/s] 
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is related to the rate of inflow 𝐼 [m3/s] and the stored water 
volume within the catchment 𝑆 [m3] (Chow et al., 1988): 

𝜕𝑆
𝜕𝜕

= 𝐼(𝜕) − 𝜕(𝜕) (7) 

The modelled system (for example, planet earth, a catchment, a 
stream network or a stream reach) can be represented by a single 
compartment or a multitude of compartments connected in series 
and/or in parallel. Examples of hydrological compartment models 
are the HBV model (Bergström and Forsman, 1973; Lindström et 
al., 1997), the SWAT model (Arnold and Fohrer, 2005) and the 
HYPE model (Lindström et al., 2010). The rationale of using 
compartmental models is that their model equations can represent 
a plethora of hydrologic processes, which can be formulated in a 
multitude of ways. Equation 7 can thus be applied to entire 
catchments, sub-catchments or sub-systems within the catchment, 
thus representing various hydrological entities. The outflow from a 
compartment (Equation 7) is related to its inflow and storage by a 
response function, also known as a transfer function (Chow et al., 1988). 
Much effort has been put into understanding how the physical 
catchment properties influence the streamflow response function 
and how this knowledge can be translated into models for 
hydrological predictions to improve their performance. One of the 
simplest hydrological compartmental model concepts is that of the 
linear reservoir, in which the discharge 𝜕 [m3/s] is determined as a 
product of the water volume 𝑉 [m3] within the system and a 
response coefficient 𝑘 [s-1]: 

𝜕(𝜕) = 𝑘 ∙ 𝑆(𝜕) (8) 

2.2.1 Development of streamflow routing in hydrological modelling  
The model equations of the streamflow response of a catchment 
can be expressed in numerous ways, depending on the research or 
engineering problem to be solved and the available data, the 
computational capacity and the knowledge of the modeller. Flow 
routing practices are continually being developed. These 
methodologies can be formulated with different degrees of 
complexity, from simple models for a time-lag of the water flow 
using generic parameters to dynamical models in 2D/3D 
considering non-stationarity in the flow mechanics. Often, the 
approaches can be broadly classified into two categories: 
hydrodynamic routing based on the Saint-Venant equations or 
hydrological routing with empirical relationships replacing the 
momentum equation, such as the Muskingum method and concept 
of the instantaneous unit hydrograph (IUH) (Arora et al., 2001).  
Horton (1945) and Strahler (1964), who introduced hierarchical 
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orderings of stream networks and presented descriptive parameters 
for their physical properties, were pioneers in characterizing 
stream network properties. Other important work includes the 
empirical work by Leopold and Maddox (1953) regarding the 
relationships between discharge and cross-sectional geometries in 
natural stream networks. The unit hydrograph concept was 
thereafter extended to also incorporate geomorphological 
properties (the GIUH) and has been used to incorporate the 
explicit relationship between catchment organization and 
catchment response (Gupta et al., 1980; McGlynn et al., 2003; 
Rinaldo et al., 1991; Rodríguez-Iturbe and Valdés, 1979). During 
recent decades, travel time distributions have increasingly been 
used to quantify catchment flow processes of water and/or solutes 
(McDonnell et al., 2010; Robinson et al., 1995; Rodríguez-Iturbe 
and Rinaldo, 1996; Viglione et al., 2010b; Woods and Sivapalan, 
1999).  

2.2.2 Difficulties in hydrological modelling  
Although the mass conservation equation (as exemplified for one 
compartment in Equation 7) providing the basis of hydrological 
models is an intuitive concept, many operational problems are 
associated with determining the equations and parameters to use 
(Chow et al., 1988); for example: 

• The incommensurability issue: that the model parameters are 
not explicitly coupled to the physical properties they are 
said to represent (Bergström and Graham, 1998; 
Uhlenbrook et al., 1999), or, as expressed by Rodríguez-
Iturbe and Rinaldo (2001), “In classical conceptual models, 
all dynamic and morphological effects are blended into 
parameters - at times of very unclear physical meaning - 
that cloud distinctions of the role of each component”. 

• The heterogeneity issue: that the physical properties of the 
modelled system are likely to vary in all dimensions, 
temporally and spatially (Gupta and Mesa, 1988; 
Uhlenbrook et al., 1999; Viglione et al., 2007). The 
concepts of comparative hydrology (Viglione et al., 2010b), 
hydrologic similarity (Gupta and Waymire, 1983; Patil and 
Stieglitz, 2010; Wagener et al., 2007), etc., address the 
issues of generalization - for example, the ability to transfer 
information between events and/or between catchments. 
For hydrological modelling, the primary input data often 
include precipitation, which has been shown to exhibit 
large variations in both space and time over the catchment 
(Arnold et al., 1998; Marani, 2005; Nicótina et al., 2008). 
Because effective and reliable measurements of all 
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heterogeneities are generally impossible in reality, statistical 
distributions of parameter values can be used as a means to 
account for the heterogeneities of properties. 

• The issue of temporal non-stationarity: that, apart from being 
variable in space, the processes governing the streamflow 
response can also be expected to vary temporally - for 
example, through seasonal variations (Lindström and 
Bergström, 2004), land-use change (Wörman et al., 2010) 
and climate change (Jackson et al., 2001). Because the 
uncertainties in hydrologic modelling (and their sources) 
are nonstationary (in time and space), one must be cautious 
when using the past to predict the future (Bergström et al., 
2001; Harlin, 1992; Loaiciga et al., 1996; Teutschbein and 
Seibert, 2013; Wagener et al., 2010). 

• The scaling issue: that parameter values might vary with the 
spatial scale of the investigation (Bergström and Graham, 
1998; Beven, 2008; Didszun and Uhlenbrook, 2008). The 
discretization of the system - i.e., the number and hence the 
size of compartments - and the temporal discretization 
may well be crucial for the modelling outcome. Several 
studies have shown that the same model can give 
substantially different outcomes based on discretization 
(Arora et al., 2001; Lindström et al., 1997; Uhlenbrook et 
al., 1999). The spatial resolution of the system can vary 
from a completely distributed model to a fully lumped 
model via the intermediates of semi-lumped and semi-
distributed models. 

• The equifinality issue: that model calibration may result in 
many ‘optimal parameter sets’ performing equally well but 
representing different conditions (Seibert, 1997; 
Uhlenbrook et al., 1999). Additional data, for example, 
concentrations of dissolved substances or snow cover data 
may well be used for model verification, allowing the user 
to reject parameter sets that simulate the discharge of 
reasonable magnitude but have other flaws displayed as 
inconsistencies in internal variables (McDonnell et al., 
2010; Seibert, 1997; Uhlenbrook et al., 1999). 

• The issue of extrapolation: because the recorded discharges 
during hydrological extremes often are associated with very 
large errors (Lindström and Bergström, 2004) due to 
unreliable rating curves (Coxon et al., 2013; Westerberg et 
al., 2011), it is often impossible to validate a hydrological 
model for extreme flows.  
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2.2.3 Dispersion mechanisms influencing streamflow response 
The dispersion of flow travel times in stream networks has been 
extensively studied during the past few years. Geomorphological 
dispersion refers to the influence of the distribution and the length 
and topology of tributaries on travel times, which have been 
shown to often have a dominating influence on the hydrological 
response (Bergström et al., 2001; Gupta and Mesa, 1988; McGlynn 
et al., 2003; Moussa, 2008, p. 2, 1997; Peña et al., 1999; Rinaldo et 
al., 1991; Snell and Sivapalan, 1994). Hydrodynamic dispersion refers 
to the mixing and differential advection of water within a reach, 
which varies with discharge (i.e., stage) and properties such as the 
cross-sectional geometry (for example, flooded cross-sections) and 
the friction coefficient. In addition to geomorphological and 
hydrodynamic dispersion effects, kinematic dispersion was defined to 
account for the dispersive mechanisms originating from stream 
advective varying velocities along a stream network (Saco and 
Kumar, 2002). The flowpath distribution (i.e., the principal 
property determining the geomorphological dispersion) can be 
obtained from maps, DEM and/or satellite imaging, whereas 
hydrodynamic and kinematic dispersions can be determined from 
routing procedures. 
These three different dispersion mechanisms for water flows in 
rivers have been shown to exhibit varying importance under 
different conditions; for example, the relative importance of 
geomorphological dispersion generally increases with catchment 
size (Robinson et al., 1995; Saco and Kumar, 2002; Snell and 
Sivapalan, 1994) and that kinematic dispersion could be of the 
same order or even more important than geomorphological 
dispersion (Saco and Kumar, 2002).  
The flow velocity is often assumed to be uniform along stream 
channels and in time (i.e., with stage) or to follow the patterns of 
predefined trends, alternatively represented by the advection-
dispersion equation (Rinaldo et al., 1991; Snell et al., 2004) or by 
the usage of the diffusion wave equation with parameters based on 
catchment characteristics (Moussa, 1997). With few exceptions, 
theoretical demonstrations of the dispersion processes mentioned 
above have frequently been explored with a focus on either the 
geomorphological or the hydraulic (hydrodynamic dispersion and 
kinematic dispersion together) contributions to dispersion 
mechanisms (Arora et al., 2001).  
Although the velocity (and wave celerity) within a stream network 
have often been assumed to be fairly constant in space and time, 
other studies argue that this is often not the case (Camacho and 
Lees, 1999; Saco and Kumar, 2002) because flow velocities vary 
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nonlinearly with discharge (Beven et al., 1979; Wondzell et al., 
2007). Determining the hydraulic response of the stream becomes 
even more complex when introducing the effects of flooding, 
which may cause, for example, cross-sectional geometries and 
friction coefficients to substantially change (Moussa and 
Bocquillon, 2009), and for routing scenarios that allow for the 
presence of backwater flow (damming), implying that downstream 
water levels can influence upstream velocities (i.e., the system 
becomes nonlinear). 
The utilization of the distributed stream network routing model 
applied in Papers II–IV implicitly accounts for all three of these 
streamflow dispersion mechanisms because velocities spatially vary 
throughout the stream network of the catchment (kinematic 
dispersion) with stage; i.e., including the effects of flooded cross-
sections (hydrodynamic dispersion) - and as a consequence of the 
topology and distributions of flowpaths for the network in 
question (geomorphological dispersion). 
While theoretically separable and comparable, in reality, these three 
types of dispersion mechanisms interact in a complex manner. As 
an example, the topology and topography of a stream network (i.e., 
the geomorphological properties) are coupled to the kinematic and 
hydrodynamic dispersions because the location of a low-velocity-
reach has an impact on the response of a stream network; i.e., a 
low-gradient reach with backwater flow has a higher impact on the 
average travel time within the stream network if it is located at the 
outlet compared to being located in the headwaters, thus 
influencing only a small proportion of the transported water. 
Additionally, the effects of stage-dependency (i.e., hydrodynamic 
dispersion effects) can imply that reaches can be subjected to 
backwater flow for some flow conditions but not for others. The 
relative influence of the three different dispersion effects is also 
dependent on discharge and stream network properties, which is 
explicitly demonstrated analytically in Paper III.  

2.3 Hydrologic change  
The mechanisms that affect the timing and magnitude of floods 
occurs within the atmosphere, the catchments and/or the stream 
networks (Blöschl et al., 2015; Hall et al., 2014), and attributed to 
(either or both) climate change and land-use change (Blöschl et al., 
2015; Destouni et al., 2012; Hirsch and Archfield, 2015; Wagener, 
2007; Wörman et al., 2010). Whereas many studies have recently 
focused on the global effects of climate change, global models that 
are generally averaged on large spatial scales hide spatial variations 
in the hydrologic processes on a more local scale (Destouni et al., 
2012). Temporal changes in hydrologic mechanisms constitute a 
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central issue pertaining to the pending hydrological decade by the 
International Association of Hydrological Sciences (IAHS) - Panta 
Rhei (Montanari et al., 2013). The methodologies used to separate 
the effects of climate change from the effects of land-use change 
in this thesis are presented in section 3.4.3. 

2.3.1 Climate change 
Currently, there is a scientific consensus that the increased amount 
of greenhouse gases in the atmosphere is leading to the global 
warming of the earth (IPCC, 2008). Although the effects of global 
warming are complex in detail, a general consensus is that the 
additional energy input will lead to an intensification of the 
hydrologic cycle (IPCC, 2008; Jackson et al., 2001; Loaiciga et al., 
1996). Many studies show that the frequency and magnitude of 
extreme precipitation events are increasing globally (Bouwer, 2010; 
Hirsch and Archfield, 2015; IPCC, 2008; Loaiciga et al., 1996), 
however, a large degree of spatial heterogenety and uncertainty is 
displayed (Blöschl et al., 2015; Hall et al., 2014). 
As a result of on-going climate change, peak flows in large parts of 
Sweden are expected to shift in time as well as in magnitude 
(Andréasson et al., 2004; Arnell, 1999; Bergström et al., 2001; 
Blöschl et al., 2015; Hall et al., 2014; IPCC, 2008; Nijssen et al., 
2001; Svenska Kraftnät, 2007; Wilson et al., 2010) - i.e., when 
reservoirs are typically filled. The increased occurrence of peak 
flows throughout the year may complicate regulation strategies 
both for meeting water supply (and hydropower) targets and for 
complying with safety regulations (Loaiciga et al., 1996). The 
increased occurrence of peak flows will have important 
implications for reservoirs and will place more stress on the 
spillways as a result of increased utilization (Bergström et al., 
2001). 

2.3.2 Land-use change 
Anthropogenic land-use modifications within catchments that can 
cause substantial impact on the hydrological response include the 
building of dams and levees, the creation of drainage systems (in 
urban and agricultural areas), and the alteration of land cover, such 
as pavement or deforestation (Destouni et al., 2012; Georgakakos 
et al., 2013; Hall et al., 2014; Kløve and Bengtsson, 1999; Viglione 
et al., 2010a). During the past century, anthropogenic activities due 
to global development have substantially influenced surface water 
qualities and quantities. As a global example, there are presently 
more than 40 000 large dams (>15 m high) worldwide, which 
together are estimated to store one-sixth of total global annual 
runoff (Jackson et al., 2001).  
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In Sweden, major anthropogenic modifications on streamflow 
response have been caused by hydropower development from the 
mid-1800s onwards, causing substantial changes in the discharge 
patterns (Destouni et al., 2012; Lindström and Bergström, 2004; 
Wörman et al., 2010). Other major anthropogenic modifications to 
stream networks in Sweden originate from stream network 
modifications in agricultural landscapes, such as channel 
excavation (Salehin et al., 2003) and increased channelization of 
stream networks (Ihse, 1995) to improve the drainage of fields. 
Anthropogenic modifications have led to widespread losses of 
wetlands (Cousins et al., 2015; Ihse, 1995; Wörman et al., 2010), 
which would have had a dampening effect during more pristine 
conditions, leading to attenuation of flood peaks (Jackson et al., 
2001). Numerous studies acknowledge that temporal change, with 
regards to climate change and land-use change, must be 
incorporated into hydrological models to form realistic predictions 
for the future. 

3 METHODOLOGY 
Common in all four papers is that effects of stage-dependency and 
stream network characteristics on the water discharge at the 
catchment effluence are used to provide the basis of the response 
function for a hydrological runoff model.  
Paper I outlines a principle methodology for the work in the other 
papers using a stage-dependent, compartmental streamflow 
description based on the Manning equation and a single-
compartment representation of the stream network formulation. 
Paper II develops a 1D distributed stream network routing model 
accounting for backwater (i.e., non-uniform) effects by applying a 
version of the Saint-Venant equations that considers steady, non-
uniform flow over all reaches. Stream network travel times are 
derived for a range of discharges, allowing a relationship between 
catchment outlet discharge and average travel time. The inverse of 
the derived travel times is then used as a stage-dependent, 
physically based routing coefficient for a hydrological model. 
Paper III augments the methodology of Paper II further by 
exploring the effect of hydraulic model formulation on the travel 
time distributions. Comparisons are made between 2D and 1D 
formulations based on the Poisson equation to account for the 
dispersion of flow travel times in stream networks; between 
friction model formulations based on the Manning and Poisson 
equations, respectively; and between the travel time distributions 
determined from compartmental and distributed model 
formulations, respectively. Analytical expressions derived form the 
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kinematic-diffusive wave equation are developed to account for 
the stage-dependency of the first and second temporal moments 
of the flow travel time resulting from an impulse input. 
In Paper IV, the change during the last century in the discharge 
time series was studied in 79 unregulated catchments in Sweden. 
By relating the discharge power spectrum to the precipitation 
power spectrum, the relative impact of the global issue of climate 
change and the local issue of land-use change can be implicitly 
studied. Additionally, a 1D distributed routing model is setup to 
quantitatively show how the impact of anthropogenic 
modifications (such as shortening of flowpaths and excavation of 
cross-sections) within stream networks can influence the travel 
time through the network. 
Papers I and III are thus more directed towards methodology 
development, whereas Papers II and IV are more centred on 
applications. 

3.1 Case studies 
The different case study areas are briefly described, and 
characteristics that are important for the respective analyses and 
the subsequent findings are provided. Discharge gauging data for 
all catchments used in this thesis originate from SMHI and is 
customarily quality checked based on international guidelines for 
present conditions. The historical time series of precipitation and 
temperature were also made available by SMHI. Regarding the 
historical data series of discharge, precipitation and temperature 
(sometimes originating from the 1850s), little information is 
available regarding the reliability of these observations; however, 
previous studies (Lindström and Bergström, 2004) state that the 
older discharge series may be less reliable than the more recent 
ones. 
 

Table 1. Stream channel properties for the stream networks of the the Heåkra, Ärrarp 
and Törnestorp Catchments, based on the Overview map and a 50 x 50 m DEM. 
 Heåkra Ärrarp Törnestorp 
Area [km2] 153 261 167 
Lake area [%] 0.03 3.18 0.15 
Agricultural area [%] 52.7 33.5 51.6 
Total stream length [m] 84 820 140 609 63 470 
Average distance to outlet [m] 14 129 16 514 23 714 
Average bottom slope [-] 0.0051 0.0094 See Table 2 
Average discharge at outlet [m3/s] 1.9 4.1 1.6 
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Figure 1. Maps of the two catchments studied (Heåkra and Ärrarp) and their locations 
in the Rönneå Catchment in southwestern Sweden. 

 

3.1.1 Heåkra and Ärrarp Catchments 
The Catchment of Rönne Å, studied in Papers I, II and III, is 
located in southwestern Sweden in the region of Scania, draining 
an area of approximately 1900 km2 into the bay of Skälderviken, 
Kattegat (between the Baltic and the North Seas) on the west coast 
of Sweden (see Figure 1). The Ärrarp and Heåkra Catchments are 
headwater catchments within the Rönne Catchment. No major 
lakes are present in either of these catchments, the rivers are not 
regulated, and discharge measurement stations are located close to 
the outlets of the catchments. Extended information regarding the 
properties of these catchments can be found in Table 1. 

3.1.2 Unregulated catchments in Sweden  
From the discharge series publicly available from the Swedish 
Meteorological Institute (SMHI), a selection was made in Paper 
IV to extract the catchments considered to be unregulated or 
moderately regulated by SMHI internal classification. Further, a 
definition of “long” times was set to include daily observational 
records being equal to or longer than 55 years. This selection 
resulted in a list of 79 catchments covering an area of 
approximately 131 000 km2, which corresponds to approximately 
29 % of Sweden’s area (although a few catchments partly reach 
into Norway and/or Finland). The average length of the daily time 
series (83 years) coincides with the median. 23 of the 79 time series 
extend back more than 100 years and the longest discharge series 
covers a 110-year period.  
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The catchment areas range from 1.6 km2 to 33,930 km2, the 
average catchment area is 2,463 km2, and the median area is 687 
km2. 
Because of limited access to long-term precipitation data for 
northern Sweden apart from a few meteorological stations at the 
coast, the extended spectral analysis of 𝑆𝐶 i.e., normalizing 𝑆𝑄  with 
𝑆𝑃 to eliminate the temporal change in precipitation was made for 
the catchments located south of river Dalälven. This southern part 
of Sweden is more highly populated than the northern part, and 
this is where the majority of the Swedish agricultural areas are 
located (Jordbruksverket, 2011). Additionally, the long-term 
influence of snowmelt is less important here compared to north, 
where a large proportion of the precipitation accumulated over 
many months melts off in the spring. For the remaining 41 
catchments, a precipitation series ranging from the mid-1800s 
could be found within the radius of 150 km from every discharge 
station.  

3.1.3 Törnestorp Catchment 
From the 79 unregulated catchments with historical discharge 
records in Paper IV, one catchment was selected for a more in-
depth analysis of the change in hydraulic response of the stream 
network by use of a distributed routing model as well as a plethora 
of modelling scenarios with respect to network properties. The 
Törnestorp Catchment is a headwater catchment located in 
southern Sweden in the agriculturally dense Västergötland region.  
The stream network is classified to be unregulated, and some basic 
characteristics of the catchment properties are displayed in  
Table 1. The catchment is analysed using a routing model 
described in section 3.2.2 using the three different cartographic 
representations of the stream network as shown in Figure 2. The 
purpose of this analysis was to use historical maps to quantitatively 
determine how the streamflow response may have changed during 
the past century. The meteorological station used as in-data for the 
HBV model is the nearby meteorological station Skara, for which 
meteorological records are available from January 1, 1879. The 
meteorological station is located approximately 30 km from the 
discharge station at Törnestorp. 
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Figure 2. A part of the Törnestorp Catchment in the three different map representations, 
top left: the Overview map (the 2010s), top right: the Terrain map (the 2010s), bottom 
left: the Historical map (Häradsekonomiska kartan, the 1880s), and bottom right: a map 
of southern Sweden showing the location of Törnestorp Catchment (red), Nissafors 
Catchment (dark grey) and Assmebro Catchment (light grey). 

 

3.2 Discharge and routing models 
Different methodologies for determining the water travel time 
distributions were used within this thesis. The hydraulic models 
were applied to the reach scale up to the stream network 
(catchment) scale and comprise compartmental models and 
distributed models, as well as 1D, 2D and semi-2D models. All of 
the applied modelling setups assume quasi-steady conditions, 
implying that during the time of transport throughout the 
catchment, the discharge does not vary temporally, albeit spatially. 
This assumption is essential to establish an unambiguous 
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relationship between discharge and travel time, thus constraining 
the open loop in the stage-discharge relationship, which is an 
approximation that might have varying accuracy under different 
conditions (Camacho and Lees, 1999). The purpose of all hydraulic 
models has been to use them to increase the understanding of the 
mechanisms that govern the streamflow response, with a particular 
focus on peakflow predictions and the ultimate goal of improving 
the streamflow routing formulations in compartmental hydrologic 
runoff models.  
All applied routing models in this thesis are associated with 
assumptions regarding stream network properties. Modelling 
scenarios in all appended papers comprise varying values for the 
Manning friction coefficients, within the ranges commonly 
encountered in natural stream networks (Arcement, Jr and 
Schneider, 1984; Chow et al., 1988; French, 2007; Schulze et al., 
2005) and have different generic cross-sections chosen to 
represent a wide range of possible cross-sectional geometries and 
gain knowledge regarding their respective influences on the stream 
network travel time. 

3.2.1 Compartmental routing models  
In general, the performance of compartmental models can be 
improved by either of two strategies: finding a more optimal 
number of compartments to represent the system (Uhlenbrook et 
al., 1999; Xu et al., 2007) or improving the response function. In 
this study, the focus was solely on the second strategy: improving 
the parameterization of the stream response. The particular 
objective of the work presented herein is to gain knowledge 
regarding the parameterization of the streamflow routine of a 
hydrological compartment model based on the hydrodynamic and 
physical properties of stream networks. 
In the work presented in this thesis, a different hydrologic runoff 
model has been used to generate the inflow runoff signal (hillslope 
response) to the streamflow compartment: 

• as a product of the precipitation multiplied by the 
catchment area and a calibrated runoff-coefficient,  
Paper I. 

• the HYPE model using regionally calibrated generic 
parameters (model version 4.3.1 and model version  
S-HYPE2012 1.2.1),  e.g., Lindström et al., (2010),  
Papers II and III. 

• the HBV model using a conventional means of statistical 
calibration to determine its parameters (Seibert, 2000) and 
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disabling the built-in streamflow routing subroutine,  
Paper IV. 

The streamflow routing mechanism in the conventional model based 
on the HYPE model (Papers II and III) was represented by two 
stream compartments in the series: a local stream compartment 
representing the headwaters and a compartment representing the 
main tributary. The value of the rate coefficient 𝑝𝑢𝑟𝑟𝑟𝑟𝑟 [m/s] in 
HYPE represents a floodwave velocity, 𝛼𝑑𝑑𝑑𝑢 is an outflow 
coefficient for dampening (normally being close to unity) [-], and 
< 𝑋 > [m] is the average stream length within the compartment 
(Donnelly et al., 2010; Lindström et al., 2010). 𝜕𝑜𝑢𝑢,𝐶𝐶𝐶𝐶 is the 
outflow discharge for the conventional model, and the model 
equations for the local and main river compartments are, 
respectively; 

𝜕𝑜𝑢𝑢,𝑟𝑜𝑙𝑑𝑟 = 𝛼𝑑𝑑𝑑𝑢,𝑟𝑜𝑙𝑑𝑟
𝑉𝑟𝑜𝑙𝑑𝑟

< 𝑋 >𝑟𝑜𝑙𝑑𝑟/𝑝𝑢𝑟𝑟𝑟𝑟𝑟
 (9) 

𝜕𝑜𝑢𝑢,𝐶𝐶𝐶𝐶 = 𝛼𝑑𝑑𝑑𝑢,𝑑𝑑𝑟𝑑
𝑉𝑑𝑑𝑟𝑑

< 𝑋 >𝑑𝑑𝑟𝑑/𝑝𝑢𝑟𝑟𝑟𝑟𝑟
 (10) 

The value of the rate coefficient 𝑝𝑢𝑟𝑟𝑟𝑟𝑟 in HYPE representing a 
floodwave velocity is set to 0.7 m/s in Paper II and 1 m/s in 
Paper III (following the generic parameterization practices at 
SMHI at the time). 
The streamflow routing mechanism in the HBV model used in 
Paper IV is a transfer function governed by an empirically 
determined parameter MAXBAS [d]. The modelled catchment 
outflow hydrograph using the HBV model is denoted 𝜕𝐻𝐻𝐶 [m3/s] 
and is calculated within the HBV model as a function of the runoff 
[mm/d] and the parameter MAXBAS. MAXBAS includes a 
triangular weighting function that distributes the runoff generation 
over time (Seibert, 1997), and can be interpreted as the travel time 
of a floodwave through the stream network) (Lindström et al., 
1997) and was calibrated to be approximately 3 days for the 
Törnestorp Catchment in the case study. 
The relationships of how the average time through the stream 
network varies with discharge derived from the various model 
formulations are used as means to parameterize a hydrologic 
compartmental model. The streamflow routing routine used to 
evaluate the effect of these physically based, stage-dependent 
parameterization techniques is formulated as a linear reservoir (see 
Equation 8), i.e., a first-order transfer relationship between outflow 
discharge 𝜕𝑜𝑢𝑢 [m3/s] and water volume 𝑉 [m3] within the stream 
network, given in the form of: 
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𝜕𝑜𝑢𝑢,𝑟 =
1

〈𝜏𝑟(𝜕𝑟𝑑,𝑟)〉
∙ 𝑉𝑟 = 𝛼𝑟(𝜕𝑟𝑑,𝑟) ∙ 𝑉𝑟 (11) 

where < ⋯ > denotes the arithmetical average, and 𝜏 denotes the 
travel time [s]. Consequently, the stage-dependent rate coefficient 
𝛼𝑟 [s-1] can be defined as the inverse of the average travel time at 
the inflow discharge 𝜕𝑟𝑑 at the timestep 𝑖, i.e.: 𝛼𝑟 = 1 〈𝜏�𝜕𝑟𝑑,𝑟�〉⁄ .  
A schematic picture of the parameterization procedure used in 
Papers II–IV can be seen in Figure 3. The basis for the 
assumption of quasi-stationarity is to obtain an unambiguous 
relationship between travel time and discharge. Although not all 
problems related to the accurate modelling of the streamflow 
response can be solved using the quasi-stationary approach, the 
methodology provides a means of understanding the variation in 
the streamflow response with varying discharge and stream 
network properties and is a common assumption in runoff 
modelling (McDonnell et al., 2010). As the response coefficient is 
determined as a function of the magnitude of the inflow into the 
stream network compartment at each calculation step, the 
modelled hillslope response (i.e., the inflow to the stream network) 
has a profound influence on the stream network response. 
 

 
Figure 3. Schematic of the modeling scenarios for implementing the respective response 
functions for the streamflow compartment of a hydrological model presented in Papers 
II and III. The hillslope response modeling is performed by the HYPE model, and the 
streamflow response modelling is performed the physically based, stage-dependent 
parameterization scheme and by a conventional model formulated as the streamflow 
compartments of the HYPE model (Lindström et al., 2010) when using a statistically 
based parameterization scheme. 
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In Paper I, runoff generation within a sub-catchment is described 
as a function of the stored water volume within the sub-area. In 
this model formulation, the entire catchment was considered to be 
one compartment, and the focus was put on the significance of 
accounting for the nonlinear effects of stage-dependency. The 
discharge response was determined as a linear reservoir (Equation 
8), where the stage-dependent response coefficient 𝑘 was 
determined as a function of the water levels in the receiving and 
discharging compartments (sub-catchments). 
The influence of the geomorphological and hydraulic parameters 
was included in the model by the discharge coefficient 𝑘𝑟,𝑗, based 
on the Manning equation (Equation 4). The following 
parameterization formula was derived: 

𝑘𝑟,𝑗 =
𝑅𝑟2 3⁄

𝑛 ∙ ∆𝜕1 2⁄ ∙
(ℎ𝑟+1 − ℎ𝑟−1)1 2⁄

(ℎ𝑟 − 𝐵𝑟)
 (12) 

where 𝐵 is the threshold level [m], and ℎ is the surface water level 
[m] in the catchment. The response function thus depends on the 
water level and the physical properties of the stream network. 

3.2.2 Distributed routing models based on the Saint-Venant equations  
To determine the discharge in each of the stream reaches needed 
for the routing analyses, the hillslope hydrograph describing the 
groundwater recharge entering the stream network (𝜕𝑟𝑑 modelled 
by either the HYPE or HBV model) was spatially distributed over 
the stream network. This inflow to the stream network is 
determined by distributing the effective (giving rise to runoff) 
precipitation uniformly in an orthogonal grid over the entire 
catchment area. From the point of distribution (i.e., the impact 
point of precipitation), every unit source term enters the stream 
network at the closest (by Euclidian distance) reach. Because the 
discharge in every reach is proportional to the sources draining 
into the reach (lateral inflow) added to the inflow from its 
upstream reach(es), it increases towards the catchment outlet. The 
effect of the lengths and topologies of the tributaries thus 
influences the magnitude of the discharge in every reach 
By determining the streamflow velocity for every stream reach at 
various discharges and by knowing the stream reach length, the 
total travel time within the stream network for each source term 
can be determined (this part of the methodology is denoted as the 
particle tracking routine). The routing model is run for a large span of 
possible outlet discharges, assuming a steady state for every 
modelled outlet discharge. The distribution of the ensemble of 
source term travel times is then used to compare different stream 
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network scenarios and parameterize the hydrologic models in the 
physically based approach.  
Geographical data including the stream network coordinates and 
catchment delineation were obtained from the Swedish water 
archive at SMHI from 2012 (Lindström et al., 2010), based on the 
Overview map on the scale 1:250 000 (Papers I–IV). Data with a 
higher resolution (1:50 000) from the Terrain map (Terrängkartan) 
describing present conditions were also used along with historical 
maps, and the map series District Economic map 
(Häradsekonomiska kartan) from the Geographical Survey Office 
archive (Rikets allmänna kartverks arkiv), available from the 
Swedish mapping, cadastral and land registration authority 
(Lantmäteriet) were also used (Paper IV). For Törnestorp 
Catchment, the Historical map was constructed for the years 
1877–1882. Although the Historical maps can be associated with 
uncertainty related to small geometrical irregularities and 
inconsistent classifications, they are usually very accurate for 
smaller areas on the order of magnitude of a few km2, (Cousins et 
al., 2015). The stream networks from the Terrain map and the 
Historical maps were digitized manually, as in Cousins et al. (2015) 
using ArcMap 10.2, because the stream network coordinates were 
not available in vector format. An excerpt from the three different 
maps is presented in Figure 2. 
As a basis for the generic cross-sectional geometries, an intense 
field campaign was conducted in the Heåkra Catchment in 2009 
measuring hypsographs along the entire stream network. More 
than 170 cross-sections were measured normal to the streams at 
locations 500 m apart (along the stream). The generic cross-
sectional geometries were fitted approximately to the cross-
sections in the Heåkra Catchment. A sensitivity test of how the 
generic cross-sections corresponded to the measured cross-
sections was performed to check the reliability of the assumptions 
related to the cross-sectional templates and their associated 
parameters. In Figure 4, actual, measured values for cross-sectional 
geometries (area, wetted perimeter and hydraulic radius) for a few 
of the measured cross-sections compared to those derived from 
the templates used in Paper II are shown. 
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Figure 4. Demonstration of how the templates for cross-sectional area, wetted perimeter 
and surface width correspond to three measured cross-sections, section-IDs: 26, 60 and 
98 in the Heåkra Catchment. 

 
The generic cross-sectional geometries were estimated in a generic 
manner and scaled with average discharge leading to reach-specific 
geometrical features. Although the generic templates for the cross-
sectional geometries vary slightly between the Papers II–IV, they 
are conceptually based on these 170 measured cross-sections in the 
Heåkra Catchment. Scrutinising the data from the measured cross-
sections in the Heåkra Catchment, it was evident that there were 
substantial heterogeneities in the cross-sectional geometries along 
the stream network, both on the resolution of the measured cross-
sections (measured every 500 m and for one tributary every 100 
m), as well as on a finer scale between these measurements. 
Because this suggested that the cross-sectional geometries vary 
considerably on all scales, it was decided to use generic cross-
sectional templates, scaled with discharge, to provide a uniform 
appearance of the cross-sections along the stream network. The 
motivation for this choice was that the focus of the thesis is to 
increase the general understanding behind the complex 
mechanisms governing streamflow response; by eliminating some 
of the heterogeneities (regarding cross-sectional geometries), the 
understanding of the impacts of other stream network properties 
could be augmented. 
The generic cross-sectional geometries of the reaches were 
assumed to have rectangular (Paper IV) or semi-trapezoidal 
(Papers II and III) main channels. These are defined by the width 
of the main channel bottom (𝑤) and the bankfull depth (𝑜). Above 
the main channel depth, the main channels are surrounded by 
sloping floodplains at the angle of 𝛽 = 5°, 10° 𝑜𝑜 20° (denoted the 
floodplain case) towards the horizontal plane or surrounded by 
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vertical walls (levees) not allowing any sidewise flooding—i.e., 
𝛽 = 90° (denoted as the bounded case).  
Cross-sectional geometries were designed to be uniformly scaled 
with the discharge—i.e., a reach in the headwaters should be filled 
to the same extent as a reach near the outlet during the same 
discharge conditions. To scale the channel depth uniformly with 
discharge, 𝑜 was determined for every reach as: 𝑜 = 𝐶𝑢 ∙ 𝜕𝑑𝑟𝑟𝑢𝑑𝑎𝑟, 
where 𝐶𝑢 is a numerically determined catchment-specific 
coefficient based on the measured cross-sections in Heåkra 
Catchment. The coefficient was determined such that most of the 
170 measured cross-sections could be seen as intermediates of the 
generic flood-plain and bounded cross-sections with respect to 
how the cross-sectional area, hydraulic radius and wetted perimeter 
varied with stage. Similarly, the river width 𝑤 was determined 
as 𝑤 = 𝐶𝑑 ∙ 𝑜; thus, the stream width was also uniformly determined 
and scaled with discharge. 
As a means of exemplifying potential effects of anthropogenic 
widening of streams, an additional scenario in which the stream 
widths were also dimensioned in a more randomized way (i.e., not 
by default widening towards the catchment outlet) was applied in 
Paper IV. The same values as above were used for channel depth, 
but the stream width was in this setup randomly determined using 
the relationship 𝑤𝑢𝑑𝑑𝑑 = 𝑤 ∙ (1 + 𝑜𝑟𝑛𝑑), where the random variable 
𝑜𝑟𝑛𝑑 [-] was generated in MATLAB so that −0.75 ≤  𝑜𝑟𝑛𝑑 ≤ 0.75. 
The default value of Manning’s 𝑛 (the friction coefficient) used in 
all papers, for all reaches, for all catchments and for all cross-
sections was set as 0.05 s/m1/3 based on values from the literature 
(Arcement, Jr and Schneider, 1984; Chow et al., 1988; French, 
2007; Schulze et al., 2005) and general observations of the 
catchment streams. In Papers II and III, the model sensitivity 
with regards to Manning’s friction coefficient 𝑛, was investigated 
by varying the coefficient value from 0.02 to 0.08 s/m1/3. In 
natural waters, the friction coefficient can substantially vary along 
the river and within a cross-section. Because the cross-sectionally 
averaged friction coefficient generally increases with the degree of 
flooding, the floodplains are rougher than the main channels. The 
coefficient thus might vary with stage and also be affected by 
factors such as vegetation, heterogeneous river beds and the 
possible occurrence of ice.  
The bottom elevation at the beginning of every reach was 
determined throughout the network by using a raster format DEM 
with a resolution of 50×50 m and a 4-point approximation routine. 
Although the coarse resolution may not accurately capture the true 
elevation of the low points situated in the riverbeds, it is believed 
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to capture the major topographical features of the catchment. In 
Paper IV, the implications of this limitation were explored by 
varying the reach length, thus varying the distance between the 
start nodes of every reach. The downstream energy level at the 
outlets of the catchments was set be constant a few meters above 
the threshold at the stream network outlet to ensure an 
unambiguous relationship between average travel time and 
discharge. 

3.3 The relationship between energy slope and discharge  

3.3.1 The Semi-2D kinematic diffusive wave model with floodplain exchange 
In Paper III, kinematic-diffusive wave theory was applied to the 
distribution of flowpaths in the stream network to describe the 
water discharge response following a precipitation event (Moussa 
and Bocquillon, 2009; Rinaldo et al., 1991; Snell and Sivapalan, 
1994). In the present study, the kinematic-diffusive equation is 
used in an analogous formulation to the advection-dispersion 
equation used in many previous studies (Riml and Wörman, 2011; 
Rinaldo et al., 1991; Snell and Sivapalan, 1994; Xu et al., 2007). 
A lateral exchange flux between the main channel and the two 
floodplains is included in the formulation (in the form of a 
retardation factor), resulting in a “semi-2D” formulation in the 
sense that no longitudinal transport occurs on the floodplains. 
Further, it is assumed that the transverse flow velocity is zero, 
i.e.,𝑞𝑧 ℎ⁄ = 0, where 𝑞 is the discharge per unit width [m2/s]. By 
accounting for non-uniform flow (gradually varying water depth), 
longitudinal diffusion of waves is also acknowledged. The friction 
losses are represented using Manning’s equation (Equation 4). 
Assuming a hydraulically wide and trapezoidal cross-section, the 
kinematic wave celerity, 𝐶𝑀𝐶, can be calculated from the average 
flow velocity of the main stream channel, 𝑈𝑀𝐶 [m/s], as 𝐶𝑀𝐶 =
𝑑𝜕 𝑑𝜕⁄ = 5 3⁄ ∙ 𝑈𝑀𝐶 , where 𝑈𝑀𝐶 is calculated by the Manning 
equation, and the coefficient (5/3) results from the assumed cross-
sectional geometry and the chosen friction model (Henderson, 
1966; Miller, 1984). The cross-sectionally averaged kinematic-
diffusive wave equation for the main flow channel is expressed as: 

𝜕ℎ𝑀𝐶
𝜕𝜕

+ 𝐶𝑀𝐶
𝜕ℎ𝑀𝐶
𝜕𝜕

− 𝐾𝑀𝐶
𝜕2ℎ𝑀𝐶
𝜕𝜕2

+ 2 ∙
𝐾𝐹𝑃
𝑊𝑀𝐶

∙
𝜕ℎ𝐹𝑃
𝜕𝑧

�
𝑧=±𝑊𝑀𝑀/2

= 0 (13) 

The last term on the right-hand side of Equation 13 represents the 
flow interaction between the main channel and the flooded zone, 
which arises due to the transverse diffusion of the kinematic wave, 
from consideration of non-uniform flow. The diffusion 
coefficients of the main flow channel and the floodplain section 
based on the Manning equation are calculated, respectively, as 



Anna Åkesson    TRITA-HYD 2015:2
 

30 
 

𝐾𝑀𝐶 = ℎ𝑀𝑀
10 3⁄

2𝑞𝑥,𝑀𝑀∙𝑑𝑀𝑀
2  and 𝐾𝐹𝑃 = ℎ𝐹𝐹

10 3⁄

2𝑞𝑥,𝐹𝐹∙𝑑𝐹𝐹
2 . Longitudinal wave diffusion on 

the floodplain is assumed to be negligible because the diffusion 
coefficient 𝐾𝐹𝑃 ≪ 𝐾𝑀𝐶 and the water level is substantially lower on 
the floodplain than in the main channel. The outer boundary 
condition of the flooded zone reflects impermeable conditions for 
the diffusive waves in the form of: 

𝜕ℎ𝐹𝑃
𝜕𝑧

�
𝑧=±(𝑊𝐹𝐹+𝑊𝑀𝑀)/2

= 0 (14) 

The semi-2D form of the kinematic-diffusive wave equation for 
the floodplain can then be simplified as: 

𝜕ℎ𝐹𝑃
𝜕𝜕

− 𝐾𝐹𝑃
𝜕2ℎ𝐹𝑃
𝜕𝑧2

= 0 (15) 

In the proposed formulation, the floodplain width remains 
constant through water level fluctuations. Equations 13 and 15 can 
be solved exactly under the assumption that the coefficients C and 
K do not vary significantly with water depth for a limited reach 
under consideration, i.e., the discharge does not change rapidly. 
The first and second central temporal moments of the effluent 
response of the water surface perturbation in a reach with a length 
𝜕 [m] can consequently be derived as: 

𝜇𝑢 = 𝜇𝑢(0) +
𝜕
𝐶𝑀𝐶

∙ �1 +
𝑊𝐹𝑃

𝑊𝑀𝐶
� = 𝜇𝑢(0) +

𝜕
𝐶𝑀𝐶

∙ (1 + 𝐹)

= 𝜇𝑢(0) +
3
5
∙
𝜕
𝑈𝑀𝐶

∙ (1 + 𝐹) 
(16) 

𝜎𝑢2 = 𝜎𝑢2(0) + 2
𝜕
𝐶𝑀𝐶

�𝐹 ∙ 𝑇 +
𝐾𝑀𝐶
𝐶𝑀𝐶2

∙ (1 + 𝐹)2� = 

= 𝜎𝑢2(0) + 2 ∙ 3
5
∙ 𝑥
𝑈𝑀𝑀

�𝐹 ∙ 𝑇 + 9
25
∙ 𝐾𝑀𝑀
𝐶𝑀𝑀
2 ∙ (1 + 𝐹)2�  

(17) 

where 𝑇 = 2
3
∙ 𝑊𝐹𝐹

2

𝐾𝐹𝐹
 [m4/3/s], and the retardation factor 𝐹 = 𝑊𝐹𝐹

𝑊𝑀𝑀
 [-]. In 

the above equations, 5 3⁄ ∙ 𝑈𝑀𝐶  can be identified as the kinematic 
wave celerity of the main channel and 5 3⁄ ∙ 𝑈𝑀𝐶/(1 + 𝐹) as the 
effective kinematic wave velocity considering the retention of the 
waves on floodplains with stagnant water.  
The retardation factor 𝐹 defined as the ratio of floodplain width 
(𝑊𝐹𝑃) to main channel width (𝑊𝑀𝐶) (see Figure 5)—i.e., 𝐹 =
𝑊𝐹𝑃 𝑊𝑀𝐶⁄  [-], which represents the retardation of flow velocity due 
to the effects of flooding (transverse flux between the main 
channel and the surrounding floodplains). For water levels less 
than bankfull, 𝐹 = 0, because 𝑊𝐹𝑃  =  0 when the stream is not 
flooded.  
The terms in Equation 17 can be interpreted as I) the variance of 
the input boundary hydrograph, 𝜎𝑢2; II) the variance caused by the 
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floodplain dispersion (i.e., due to wave diffusion between the main 
channel and floodplains); III) the variance caused by the in-stream 
dispersion along the longitudinal flow direction (i.e., main channel 
wave diffusion); and IV) the variance caused by the 
geomorphological dispersion depending on the flowpath 
distribution within the stream network.  

3.3.2 The Poisson and Manning equations  
The Poisson equation in 2D (Equation 6) is numerically solved 
using the MATLAB PDE toolbox on the cross-sectional geometry 
specified in Figure 5. 
 

 
Figure 5. Schematic representation of the stream network and its cross-sectional 
geometrical properties. The map shows the Heåkra stream network in southern 
Sweden. 

 
The boundary conditions used to solve the equation are the von 
Neumann condition on the surface; zero vertical gradient, i.e., 
𝑑𝑢
𝑑𝑑
�
𝑑=ℎ

= 0, and no-slip (Dirichlet) condition on the section walls 

(zero velocity on the walls—i.e., 𝑢(𝑦 = 0) = 0. The complexity of 
the 2D Poisson equation is then reduced to a 1D problem, 
neglecting the impact of the transverse boundaries on the friction 
losses (eliminating the second term on the left-hand side of 
Equation 6—i.e., flow on a plane). Thus, the velocity distribution 
in the vertical direction can be expressed as: 

𝜕2𝑢
𝜕𝑦2

= −
𝜕𝑃/𝜕𝜕
𝜇

 (18) 

This equation was integrated twice to produce the relationship for 
the vertically averaged velocity over the cross-section using the 
boundary conditions: 𝑑𝑢

𝑑𝑑
�
𝑑=0

= 0 for y =0 and 𝑢(𝑦 = 𝑦max ) = 0. 

Thereafter, a closed-form expression of the cross-sectionally 
averaged velocity for the 1D Poisson formulation was determined 
by integrating over the entire channel cross-section (in the z 
dimension) such that: 

U =
𝜌 ∙ 𝑔 ∙ 𝑆𝑜
𝜕𝑢𝑜𝑢 ∙ 3 ∙ 𝜇

∙ � ℎ(𝑧)3𝑑𝑧
𝑧=𝑊𝑡𝑡𝑡/2

𝑧=0
 (19) 
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where Wtot is the stream surface width (i.e., 𝑊𝐹𝑃 + 𝑊𝑀𝐶) [m], 𝑆0 is the 
bed slope of the stream reach [-], and 𝜕𝑢𝑜𝑢 is the area of the entire 
cross-section [m2]. Equation 19 implies that the velocity decreases 
as the water level decreases—e.g., on the floodplain. As long as the 
floodplain cross-sectional area is small compared to the main 
channel cross-sectional area, the low velocities in the floodplain 
will have a relatively low impact on the cross-sectionally averaged 
velocity. In the Poisson equation, the longitudinal hydraulic 
gradient is balanced with the transversal viscous shear stress arising 
along the boundary. The velocity distribution is controlled by the 
viscous shear stresses, which are here assumed to correspond to 
the eddy viscosity of turbulent flow. The dynamic viscosity (𝜇), 
here set to the constant value 𝜇 = 1.307 ∙ 10−3 N ∙ s/𝑚2, could also 
be formulated to be proportional to specifically account for 
turbulent flow conditions. By quantitatively comparing the 
variation in the relationship between velocity and discharge 
between the 1D and 2D model versions, the significance of the 
transverse velocity distribution can be compared to that of the 
vertical velocity distribution. Hence, the relative importance of the 
boundaries to the friction losses can be evaluated. The Poisson 
equations in 1D and 2D were only applied in Paper III. For most 
calculations in Papers I–IV, however, the relationship among 
flow velocity, water level and cross-sectional geometry was 
determined using the Manning equation. 
In addition to the conventional velocity equations using the 
Poisson (Equation 19) and Manning (Equation 4) equations, the 
responses for a stream reach and stream network, respectively, as 
functions of discharge were also described using a retardation 
factor formulation. This was done as a means to incorporate the 
velocity reduction due to flooding. The average velocity for the 
cross-section was determined from the main channel (MC) velocity 
reduced with a retardation factor 𝐹𝐴 or 𝐹𝑊 [-] representing the 
degree of flooding (see also Figure 5). The retardation factor 𝐹 was 
formulated as 𝐹 = 𝐹𝐴(ℎ) = 𝜕𝐹𝑃(ℎ)/𝜕𝑀𝐶(ℎ) and alternatively as 
𝐹 = 𝐹𝑊(ℎ) = 𝑊𝐹𝑃(ℎ)/𝑊𝑀𝐶(ℎ), where 𝑊𝐹𝑃 is the combined width of 
the two floodplains [m], 𝑊𝑀𝐶 is the  width of the main channel [m], 
𝜕𝐹𝑃 is the combined area of the two floodplains [m2] and 𝜕𝑀𝐶  is the 
area of the main channel [m2]. The cross-sectionally averaged 
velocity was thus determined as: 

U = 𝑈𝑀𝐶 ∙
1

1 + F𝐴 𝑜𝑜 F𝑊 
 (20) 

where 𝑈𝑀𝐶  [m/s] is the velocity calculated using the cross-
sectionally averaged equations (i.e., the standard formulation of the 
Poisson or Manning equations) in a cross-section where no 
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flooding is allowed (i.e., the bounded case). The motivation behind 
using retardation factor models is that the longitudinal flow 
predominantly occurs in the main channel section of the cross-
sectional geometry, whereas the longitudinal velocity in the 
floodplain section is substantially lower. 

3.4 Solution methodologies 

3.4.1 Numerical finite difference method applied in a distributed context 
The model accounts for non-uniform flow associated with 
backwater effects, which can have substantial effects on the 
hydraulic response of the stream network (Chow et al., 1988). For 
each stream reach (the geographical representation of the stream 
network, based on coordinates from maps) and each flow, the flow 
state (super- or subcritical) was first determined. For supercritical 
flow conditions, normal depths were assumed to prevail along the 
entire reach with constant geomorphological variables, such as 
slope and width. For subcritical conditions, the non-uniform 
velocities (and consequently water levels) along the reach were 
determined using an iterative central finite difference method to 
calculate the slope of the energy line. The calculation was 
performed stepwise in the upstream direction from the catchment 
outlet towards its sources. The friction head losses in the reaches 
were calculated according to the Manning equation (or, in some 
special cases in Paper III, according to the Poisson equation) and 
was combined with the steady-state form of the 1D momentum 
equation, resulting in the so-called step method: 

𝜕𝑧
𝜕𝜕

+
𝜕𝑦
𝜕𝜕

+
1

2 ∙ 𝑔
∙
𝜕𝑢2

𝜕𝜕
+ 𝑆𝑓 = 0 (21) 

where 𝑧 [m.a.s.l.] represents the elevation of the river reach 
bottom, 𝑦 [m] is the water level, 𝜕 [m] is the longitudinal distance 
of the river increment, 𝑔 [m/s2] is the acceleration due to gravity, 𝑢 
[m/s] is the velocity, and 𝑆𝑓 [-] represents the friction head loss 
over the increment. If the current reach was determined to be 
subcritical for the given conditions and the downstream reach was 
supercritical, the critical depth downstream was used as the lower 
boundary condition for the calculation. In other cases, when the 
downstream reach was also subcritical, the actual depth at the 
upstream end of the downstream reach was used as the boundary 
condition. Because the slope of the energy line can vary between 
calculation increments ∆𝐿 [m] (numerical discretization, shorter 
than the reach lengths ∆𝜕), the model is able to account for 
backwater effects. Hence, the slope of the energy line does not 
have to be constant within a stream reach; for example, even if the 
downstream end of a reach is subcritical, a hydraulic jump could 
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be detected somewhere within the reach so that the upstream end 
of the reach is supercritical. Apart from finding a spatial 
calculation increment sufficiently small to ensure a stable 
(converging) solution, the model is not explicitly calibrated in any 
way (Åkesson and Wörman, 2012). However, as a consequence of 
limited data regarding stream network properties (see section 
3.2.2), generic parameters are used for properties such as 
Manning’s friction coefficient and stream channel geometries. 

3.4.2 Exact solution - derivation of the temporal moments  
The semi-2D model approach based on the kinematic-diffusive 
wave equation (Equation 13) has the advantage of allowing 
derivation of closed form solutions to the temporal moments of 
water travel times associated with an input hydrograph. The first 
temporal moment controls the timing of the peak discharge in a 
stream channel, whereas the second central temporal moment 
describes the variance of the residence time distribution. The 
different terms contributing to the variance of the travel time 
distribution for water and/or solutes through a stream network 
reflect various dispersion mechanisms; therefore, the analytical 
expressions can thus be used as a tool to quantify the significance 
of these mechanisms (Riml and Wörman, 2011; Rinaldo et al., 
1991; Robinson et al., 1995; Saco and Kumar, 2002; Snell and 
Sivapalan, 1994; Viglione et al., 2010b; Woods and Sivapalan, 
1999).  
A methodology that has frequently been used to describe solute 
transport in stream networks involves derivations of the central 
temporal moments—for example, when quantifying the magnitude 
of exchange among different processes on the stream reach scale 
(Schmid, 2003; Wörman, 2000) and on the catchment scale (Di 
Lazzaro, 2009; Viglione et al., 2010b). The expressions for the 
central temporal moments can also be used to facilitate parameter 
translation between distributed models and conventional 
compartmental models. The semi-2D formulation of the 
kinematic-diffusive wave equation is applied to the entire stream 
network with trapezoid channels, using network-averaged stream 
network parameters that are spatially constant but stage-
dependent; i.e., calculations are made for discrete values of 
discharge as a means to investigate the temporal moments’ stage-
dependency. 

〈𝜇𝑢〉 = 𝜇𝑢(0) +
3
5
∙
〈𝑋〉
〈𝑈𝑑〉

∙ (1 + 2 ∙ 〈𝐹〉) ∙ 𝜆1 (22) 
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〈𝜎𝑢2〉 = 𝜎𝑢2(0) +
6 ∙ 〈𝑋〉 ∙ 〈𝐹〉 ∙ 〈𝑇〉

5 ∙ 〈𝑈𝑀𝐶〉
∙ 𝜆2 +

9
25

∙
〈𝑋〉2 ∙ (1 + 2 ∙ 〈𝐹〉)2

〈𝑈𝑀𝐶〉2

∙ �
3
5
∙

2
𝑃𝑃

∙ 𝜆3 + 𝐶𝑉𝑋2 ∙ 𝜆4� 
(23) 

where 〈… 〉 denotes the network-averaged parameter, 𝐹 [-] is the 
ratio of floodplain width to the main channel width, 𝑇 = 2

3
∙ 〈𝑊𝐹𝐹〉2

〈𝐾𝐹𝐹〉
 

[m4/3/s], the Péclet number 𝑃𝑃 [-] for the stream network 
hydraulics is defined as: 𝑃𝑃 = 〈𝑋〉 ∙ 〈𝑈𝑀𝐶〉/〈𝐾𝑀𝐶〉, and 𝜆1−4 represents 
the parameter variability along the stream network; here, the 
parameters are spatially constant, and 𝜆1−4 = 1. Equation 23 could 
be rewritten by following the methodology of Riml and Wörman 
(2015): 

〈𝜎𝑢2〉 = 𝜎𝑢2(0) + 

+2 ∙
〈𝑋〉 ∙ (1 + 2 ∙ 〈𝐹〉)2

〈𝑈〉3
∙ [〈𝐷𝐹𝑃〉 ∙ 𝜆2 + 〈𝐷𝐼𝐶𝐼〉 ∙ 𝜆3 + 〈𝐷𝐺〉 ∙ 𝜆4] 

(24) 

where 〈𝐷𝐹𝑃〉, 〈𝐷𝐼𝐶𝐼〉 and 〈𝐷𝐺〉 [m2/s] are interpreted as floodplain 
exchange dispersion (caused by the lateral exchange—i.e., wave 
diffusion between the main channel and floodplains), in-stream 
dispersion along the longitudinal flow direction (i.e., main channel 
wave diffusion) and geomorphological dispersion that depends on 
the flowpath distribution within the stream network, respectively: 

〈𝐷𝐹𝑃〉 =
3
5
∙
〈𝑈𝑀𝐶〉2 ∙ 〈𝐹〉 ∙ 〈𝑇〉

(1 + 〈𝐹〉)2
 (25) 

〈𝐷𝐼𝐶𝐼〉 = �
3
5
�
3

∙ 〈𝐾𝑀𝐶〉 (26) 

〈𝐷𝐺〉 = �
3
5
�
2

∙
〈𝑋〉 ∙ 〈𝑈𝑀𝐶〉 ∙ 𝐶𝑉𝑋2

2
 (27) 

Similar approaches for identifying the relative influence of 
different dispersion coefficients have frequently been utilized 
(Botter, 2003; Cantone and Schmidt, 2011; Riml and Wörman, 
2011; Rinaldo et al., 1991; Robinson et al., 1995; Saco and Kumar, 
2002; Snell and Sivapalan, 1994; Viglione et al., 2010b). The 
novelty here was to quantitatively investigate the relative 
importance of the different dispersion mechanisms at different 
discharges (i.e., at different velocities). 

3.4.3 Exact solution - Fourier power spectral analyses 
Moving downstream through a catchment, the power spectrum of 
a discharge time-series, which initially exhibits properties similar to 
those of precipitation (i.e., resembling white noise) is transformed 
and becomes progressively steeper (Kirchner, 2009). The 
precipitation-to-discharge transformation process is catchment 
specific and is governed by a catchment’s unique properties; it is 
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also known as the hydrologic signature of a catchment (Kirchner, 
2009; Rodríguez-Iturbe and Rinaldo, 1996; Snell and Sivapalan, 
1994; Viglione et al., 2010a; Wagener et al., 2007).  
Long-term discharge series from Swedish catchments were 
analysed to quantify temporal changes in runoff patterns over 
different time scales and to relate these changes to 
geomorphologic change processes. By comparing (normalizing) 
discharge changes with changes in precipitation, the relative 
contributions of climatically induced and land-use-change-induced 
changes can be determined.  
The power spectrum of a time series can be interpreted as a 
visualisation of the relative importance of variance in the discharge 
for different periods, and thus indicates the degree of randomness 
in the time series. The periodic nature of the discharge time series 
is revealed via Fourier spectral analyses, wherein the hydrograph is 
separated into frequency-specific (constant) amplitudes over the 
selected time series (Dolgonosov et al., 2008; Kirchner, 2009; Riml 
and Wörman, 2015; Wang et al., 2008; Wörman et al., 2010). To 
filter and clarify the results, de-trending and Hamming windowing 
to partially neutralize throbbing effects between harmonics 
(Dolgonosov et al., 2008) were applied to the time series. To 
eliminate data from periods in which precipitation likely existed in 
the form of snow (particularly in the northernmost catchments), 
only the May-to-October period was analyzed for each year. The 
time series is thus continuous for every half-year and consists of 
184 daily discharge measurements. All years that included gaps in 
the May-October discharge series were eliminated. The discharge 
spectrum SQ [m6] for every year in the available time series is fitted 
to a power law distribution with the following form:  

𝑆𝑄(𝑇) = 𝑟𝑄𝑇𝑏𝑄 (28) 

The evaluated parameters 𝑟𝑄 and 𝑏𝑄 describe the spectral level and 
slope of the spectrum, respectively, and T denotes the period 
[days]. The regression was based on Equation 28:  

ln�𝑆𝑄� = ln (𝑟𝑄 ∙ 𝑇𝑏𝑄) = 𝑏𝑄 + ln (𝑟𝑄) ∙ 𝑇 (29) 

The calculated spectral levels and spectral slopes were plotted for 
each year, and a linear fit was generated so that: 

𝑟𝑄(𝑦𝑃𝑟𝑜) = 𝑘𝑑,𝑄 ∙ 𝑦𝑃𝑟𝑜 + 𝑚𝑑,𝑄 (30) 

𝑏𝑄(𝑦𝑃𝑟𝑜) = 𝑘𝑏,𝑄 ∙ 𝑦𝑃𝑟𝑜 + 𝑚𝑏,𝑄 (31) 

giving rise to the coefficients 𝑘𝑑,𝑄, 𝑚𝑑,𝑄, 𝑘𝑏,𝑄  and 𝑚𝑏,𝑄 for each of 
the 79 catchments. 
Additional analyses were conducted to eliminate effects of 
temporal changes in the precipitation power spectrum of a nearby 
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meteorological station from the discharge power spectrum. This 
made it possible to separate potential temporal precipitation 
change effects from the discharge series analyses, suggesting that 
the remainder of the power spectral change should consist of the 
effect of the land-use changes only. 
Outflow from the catchment, 𝜕 [m3/s]), can, according to 
instantaneous unit hydrograph (IUH) theory (Dooge, 1959; 
Rodríguez-Iturbe and Valdés, 1979; Snell and Sivapalan, 1994; 
Troutman and Karlinger, 1984), be obtained by convolving a 
precipitation time series with the catchment response based on: 

𝜕(𝜕) = � 𝑃(𝜏)𝑓(𝜕, 𝜕 − 𝜏)𝑑𝜏
∞

0

 (32) 

where 𝑃 is the precipitation load of the catchment [m3/s] and 𝑓 is 
the catchment discharge unit response [s-1]. The latter function 
describes the unit response of a linear system based on an 
assumption of stationary parameters. Equation 32 allows for a 
transformation utilizing convolution in the time domain that 
corresponds to multiplication in the Fourier domain:  

𝑓𝑄(𝑇) = 𝑓𝑃(𝑇)𝑓𝑓(𝑇)  (33) 

where 𝑓 denotes the Fourier-transformed parameter. Equation 33 
implies that the power spectrum of the catchment response can be 
separated from the influx (load) on the catchment, i.e., 
precipitation in the form of: 

𝑆𝑄(𝑇) = 𝑆𝑃(𝑇)𝑆𝐶(𝑇)  (34) 

where 𝑆 denotes the power spectrum of a given parameter 
(discharge, precipitation and catchment response, respectively). If 
the precipitation and discharge time series are known, the power 
spectrum of the catchment discharge unit response, 𝑆𝐶(𝑇), or the 
so-called spectral catchment scaling function of the catchment 
(Riml and Wörman, 2015) can be evaluated numerically as: 

𝑆𝐶(𝑇) = 𝑆𝑄(𝑇)𝑆𝑃(𝑇)−1 (35) 

For those years when daily observations of both precipitation and 
discharge time series were available during the May-to-October 
period, the spectral scaling function was fitted to a line of the 
following form: 

𝑆𝐶(𝑇) = 𝑟𝐶 ∙ 𝑇𝑏𝑀 (36) 

The regression was based on:  

ln(𝑆𝐶) = ln (𝑟𝐶 ∙ 𝑇𝑏𝑀) = 𝑏𝐶 + ln (𝑟𝐶) ∙ 𝑇 (37) 

To evaluate potential changes in the power spectral level and slope 
over time, the calculated coefficients for yearly spectrum levels (𝑟𝐶) 
and spectral slopes (𝑏𝐶) were fitted using linear regression: 
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𝑟𝐶(𝑦𝑃𝑟𝑜) = 𝑘𝑑,𝐶 ∙ 𝑦𝑃𝑟𝑜 + 𝑚𝑑,𝐶 (38) 

𝑏𝐶(𝑦𝑃𝑟𝑜) = 𝑘𝑏,𝐶 ∙ 𝑦𝑃𝑟𝑜 + 𝑚𝑏,𝐶 (39) 

giving rise to the coefficients 𝑘𝑑,𝐶, 𝑚𝑑,𝐶, 𝑘𝑏,𝐶  and 𝑚𝑏,𝐶 for the 41 
catchments for which both historical discharge and precipitation 
series were available. For the precipitation power spectrum, the 
analogous indices are labeled as 𝑃, and thus, the precipitation 
spectral level and slope are denoted as 𝑟𝑃 and 𝑏𝑃 respectively. 
Similar to equations 34 and 35, the scaling factor of stream 
network hydraulics can be determined as:  

𝑆𝑄,𝑜𝑢𝑢(𝑇) = 𝑆𝑄,𝑟𝑑(𝑇)𝑆𝐶(𝑇)  (40) 

where 𝑆𝑄,𝑜𝑢𝑢 in Equation 40 is the power spectrum of the modeled 
outflow from the stream network, 𝑆𝑄,𝑟𝑑 is the power spectrum of 
the inflow into the stream network, and 𝑆𝐶 can be interpreted as 
the spectral network scaling function. The power spectrum of the 
stream network impulse response function 𝑆𝐶(𝑇), can thus be 
evaluated numerically: 

𝑆𝐶(𝑇) = 𝑆𝑄,𝑜𝑢𝑢(𝑇)𝑆𝑄,𝑟𝑑(𝑇)−1  (41) 

By determining the scaling factor for different stream network 
property conditions (scenarios), the change in stream network’s 
effect on the hydrographs can be quantitatively evaluated. 
Formally, 𝑆𝐶 separation (Equation 41) requires the use of a linear 
system.  

3.5 Statistical fitting measures 
To compare the performance of the different compartmental 
model parameterizations, the model efficiencies were determined 
for the entire time series of daily discharge measurements and for 
peakflow discharges (Åkesson et al., 2015; Seibert, 2003). The 
general agreement between observed (𝜕𝑜𝑏𝑢) and simulated (𝜕𝑑𝑜𝑑) 
catchment runoffs was evaluated using the model efficiency index 
(𝑅𝑟𝑓𝑓) developed by Nash and Sutcliffe (1970), and < ⋯ > denotes 
the arithmetic average of the entire time series. To address the 
ability of the model to reproduce peak flows, a modified goodness-
of-fit measure (𝑅𝑢𝑟𝑑𝑝) was also used (Seibert, 2003).  

𝑅𝑟𝑓𝑓 = 1 −
∑(𝜕𝑜𝑏𝑢 − 𝜕𝑑𝑜𝑑)2

∑(𝜕𝑜𝑏𝑢 − 〈𝜕𝑜𝑏𝑢〉)2
 (42) 

𝑅𝑢𝑟𝑑𝑝 = 1 −
∑ �𝜕𝑢𝑟𝑑𝑝,𝑜𝑏𝑢,𝑟 − 𝜕𝑢𝑟𝑑𝑝,𝑑𝑜𝑑,𝑟�𝑑
𝑟=0

∑ 𝜕𝑢𝑟𝑑𝑝,𝑜𝑏𝑢,𝑟
𝑑
𝑟=0

 (43) 
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4 RESULTS 
An overarching result of this thesis is to obtain a better 
understanding of the effects of river stage and stream network-
specific geometry on flow travel times in stream networks and of 
how such an understanding can be utilised to parameterise the 
response functions of a hydrological runoff model. Specific 
findings show that compartmental runoff predictions—particularly 
for peakflows and nonstationary conditions, such as during 
periods of climate and/or land use change—can benefit 
significantly from increasing the physical basis of the streamflow 
response functions of hydrological models. A central reason is that 
there is a nonlinear relationship between river stage and flow travel 
time. 
The main outcome of Paper I was the identification of research 
questions to be further explored; four of them constituted the 
framework of the other three papers: 

1. investigations of the how the effective value of the 
Manning roughness coefficient 𝑛 varies with discharge (not 
addressed in this thesis) 

2. comparisons of the implications of using different 
response functions by incorporating effects of stream 
network properties and stage-dependency in a physically 
based manner (Papers II–IV, especially Paper III) 

3. developing analytical expressions considering the flow 
distance distributions in the stream network for the effect 
on the hydraulic response of a stream network (Paper III) 

4. increasing the spatial resolution of the stream network 
such that its properties (and hence flow velocities) are 
allowed to vary spatially along the stream network  
(Papers II–IV) 

5. investigating the consequences of varying the temporal 
resolution within a hydrologic model (not addressed in this 
thesis)  

6. investigations of the consequences of including backwater 
(damming) effects into the modelling of the streamflow 
response (Papers II-IV) 

4.1 Discharge and routing models 
In the following section, a condensed version of the results found 
in the appended papers is provided. The principal distinction is 
made between distributed and compartmental models. Although 
most of the findings regarding compartmental models concern 
hydrological compartmental models in which the compartment 
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represents a catchment, a short section is devoted to hydraulic 
compartmental models; in which the compartment represents a 
stream network. 

4.1.1 Distributed routing models  
In all cases and in all papers, the travel time is shown to decrease 
(i.e., the flow velocity increases) nonlinearly with discharge, which 
has been well documented (Beven et al., 1979; Henderson, 1966; 
Robinson et al., 1995; Saco and Kumar, 2002; Wondzell et al., 
2007). This common finding can be seen in Manning’s equation, 
where 𝑢 ∝ 𝑅2/3, which, for hydraulically wide cross-sections, can be 
approximated to 𝑢 ∝ ℎ2/3, where R denotes the hydraulic radius [m] 
and ℎ denotes the water level [m]. For all model formulations, the 
flooding of the stream banks leads to a substantial retardation of 
the velocity (i.e., increased travel time). This retardation is a 
consequence of the increase in hydraulic radius (hence, larger 
friction losses) as the stage increases. 
Hydraulic models for rivers are known to generally be very 
sensitive to bed roughness (Miller, 1984); however, non-uniform 
models that include backwater flow; such as the model used in 
most of this thesis, are less sensitive to the friction coefficient 
because the geomorphological properties that cause the backwater 
sections will have a major influence on the travel times, i.e., the 
velocities in non-uniform flows are controlled more by the 
continuity equation than uniform flow, in which the velocity is 
given explicitly by the friction loss relationship (Liu et al., 2003; 
Schulze et al., 2005). 
 

 
Figure 6. Left, results from the distributed network models for Heåkra demonstrating 
how the network-averaged travel time varies with model choice and discharge. Right, 
results from the compartmental network model demonstrating how the network-
averaged travel time in Heåkra varies with the model choice, the stream-network 
properties, the degree of flooding, and discharge. 
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The analyses in Paper III demonstrated clearly that although the 
average travel time is highly dependent on the choice of friction 
coefficient in the compartmental model setups, the distributed 
models that include backwater flow are relatively insensitive to 𝑛 
(see Figure 6). Although the friction coefficient will have a 
pronounced effect on the velocity within the supercritical (sub)-
reaches, it will have a minor influence on the travel time under 
subcritical conditions in which the flow is generally uniform. 
Consistent with the Manning equation, increased values of 
Manning’s 𝑛 leads higher water levels in the stream network, lower 
water flow velocities and hence to longer travel times.  
The nonlinear relationship between the average network travel 
time and discharge is relatively more pronounced; i.e., more 
nonlinear) for lower friction coefficients – that is, when the depth 
is lower and the flow is more uniform. 
The influence of backwater effects on the average travel time 
through a stream network depends on where in the stream network 
a flow threshold is located—i.e., a result of the spatial variability 
within the stream network that is explicitly incorporated when 
using a distributed model. Commonly, steeper reaches are located 
in the headwaters and flatter reaches towards the catchment outlet 
(Saco and Kumar, 2002; Viglione et al., 2010b), which causes these 
low-gradient reaches to have a pronounced effect on the network-
averaged travel time because all of the water in the catchment must 
travel through these downstream reaches. Comparatively, a low-
gradient sub-reach that is far upstream in a catchment will 
influence only a fraction of the discharge in the system and hence 
have a smaller impact on the network average travel time than in 
cases where these sections are located nearer the catchment outlet. 
This is a clear example of when it is—both in reality and in 
distributed models—difficult to clearly distinguish between effects 
of geomorphological, kinematic and hydrodynamical dispersion 
effects, though the separation of these effects is an attractive 
methodology that is often used in compartmental linear contexts. 
Because the travel time distribution through the stream network 
depends on the location of a reach with differing velocity, the 
kinematic dispersion is in this context coupled with the 
geomorphologic dispersion, i.e., the topology of the stream 
network. Hydrodynamic dispersion varies with discharge, 
especially within stream reaches that are prone to flooding (with 
wide floodplains).  
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Figure 7 Average travel time through the stream networks as a function of stage and 
cross-sectional geometry, in the Heåkra Catchment (left) and the Ärrarp Catchment 
(right). 

 
There is a general similarity in the shape of the graphs that 
describe the average travel time as a function of catchment outlet 
discharge (Figure 7) for the Heåkra and Ärrarp Catchments, 
though they have different magnitudes and curvatures 
(representing the different geomorphological properties and the 
topology of the networks).  
For the distributed routing models proposed in Papers II and III, 
the difference in average travel time between the Ärrarp and 
Heåkra catchments is a consequence of two distinct 
geomorphological factors: first, that the Ärrarp catchment is larger 
and the travel distances within the stream network are thus slightly 
longer; second, that the Ärrarp Catchment has influential low-
gradient sub-reaches (more than the Heåkra Catchment) close to 
the catchment outlet, which are responsible for a large proportion 
of the total average travel time through the stream network. 
Although the average slope (Table 1 in Paper II) in the Ärrarp 
stream network is higher than that in Heåkra, an attentive reader 
may note that the discharge-weighted average slope (Table 3 in 
Paper III) is lower than that in Heåkra as a consequence of the 
low-gradient reaches close to the outlet, thus influencing a large 
proportion of the generated discharge. This finding is important 
because it reflects the complex interactions between hydraulic and 
geomorphological stream network properties. The implication of 
this finding is that a low-gradient reach close to the catchment 
outlet will have a larger impact on the average network travel time 
than a low-gradient reach located in the headwaters where 
discharge is only a fraction of the outlet discharge. The network-
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averaged water level was also higher in the Ärrarp Catchment than 
in the Heåkra Catchment, as a consequence of the higher flows 
(due to Ärrarp’s larger size) and of the extensive backwater effects 
close to the outlet, which lead to larger water volumes within the 
stream network and, consequently, longer residence times. 

4.1.2 Compartmental hydraulic models  
In a compartmental hydraulic model formulation, the stream 
network water level will exceed the bankful level everywhere at the 
same time compared with distributed network models, in which 
some reaches can be flooded while others are not. Hence, the 
compartmental routing model in Paper III (see Figure 6) displays 
substantially shorter travel times than the distributed models 
because the bottom slope in the compartmental network model is 
constant. No backwater sections with very low velocities occur in 
the compartmental model, whereas backwater effects are known to 
have substantial influence on the response of the stream network 
(Chow et al., 1988; Liu et al., 2003). The (nonlinear) variations with 
discharge are more significant when using the distributed model 
scenario, likely because of the presence of low-gradient backwater 
sections, which have a pronounced effect on the travel times 
within the stream network.  

4.1.3 Compartmental hydrologic models  
The results from all four papers demonstrate that physically based 
response functions (and model parameters) can be used to 
parameterise compartmental models whose parameterisation is 
commonly based on numerical calibration; leading to 
extrapolations outside calibration intervals to predict extreme river 
discharge. Findings supported by all four papers show that 
incorporation of the nonlinear relationship between river stage and 
flow travel time is beneficial, especially for the modelling of 
peakflows, which allows the peaks to rise higher and faster.  
The prediction of the catchment outflow discharge was generally 
improved when using the physically based parameterisation 
routine instead of the conventional parameterisation routine with a 
constant, statistically determined parameter. The appended papers 
include many examples of this improvement, a selection of which 
is presented here.  
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Figure 8. Implications of using response functions that are dependent on stage and 
network properties, compared with a conventional compartmental model using a 
response function with a constant coefficient. The demonstration in the Heåkra 
Catchment (left) and the Ärrarp Catchment (right) displays better peak-flow predictions 
when using the physically based response function. 

 
In Paper II, the physically based response function outperformed 
the conventional (constant) response function, even when testing a 
range of model adaptations. It is thus concluded that the 
improvement in the prediction of the catchment outflow discharge 
is due to the nonlinear relationship between outflow discharge and 
flow travel time. 
The improvements presented in Paper II included 𝑅𝑟𝑓𝑓 values 
increasing from 0.61 (conventional) to 0.66 (physically based) for 
Heåkra and from 0.47 to 0.56 for Ärrarp. Examples of 
improvements in peakflow predictions (also in Paper II) include 
that of the Heåkra Catchment on April 19, 1999, in which the peak 
error is -49.5% with the physically based model compared to -
69.2% with the conventional model. For the Ärrarp catchment, the 
errors of the peak on July 4, 2003, are -13.5% and -55.6% for the 
physically based model and the conventional model, respectively. 
A typical illustration of the improvement is shown in Figure 8. 
The average error limited to the largest flow peak of every year 
during the 10-year period (1996–2005) is -52% (new model) 
compared to -60% (conventional model) for Heåkra, and the 
corresponding values are -50% (new model) and -67% 
(conventional model) for Ärrarp. 
In Paper III, the stage-dependent parameterisation was shown to 
provide better results than the conventional model for all but one 
scenario for 𝜕𝑢𝑟𝑢𝑟𝑟𝑢 and for all but a few (one for Heåkra and three 
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for Ärrarp) of the 88 investigated peak discharge scenarios (44 for 
Heåkra and 44 for Ärrarp Catchments, respectively). These peak 
flow scenarios comprised a large range of network properties, 
compartmental and distributed models, with the travel time 
distributions being determined from the Manning and Poisson 
equations (with and without retardation factors) and a semi-2D 
formulation of the kinematic-diffusive wave equation. Although 
the fits of the distributed and lumped models are fairly equal when 
equal weight is given to the entire discharge time series, the 
distributed models outperform the lumped models regarding the 
peakflow predictions. The most significant improvement is shown 
for the peak discharges, which supports the argument that 
knowledge and correct descriptions of streamflow hydraulics are 
essential for reliable peak flow predictions. At its best for Heåkra, 
𝑅𝑢𝑟𝑑𝑝 (Equation 43) increases from -0.24 to 0.33, and 𝑅𝑟𝑓𝑓 increases 
from 0.76 to 0.84. The corresponding values for the Ärrarp 
Catchment are 𝑅𝑢𝑟𝑑𝑝 increasing from -1.05 to 0.47 and 𝑅𝑟𝑓𝑓 
increasing from 0.56 to 0.78.  
The main improvement attributed to the implementation of the 
new response function is in the cases where rapid peaks originate 
from a relatively low flow (steep rising limb of the peak)—cases in 
which it is particularly important to consider the nonlinear 
properties of streamflow (Beven et al., 1979). By including the 
aspect of stage-dependency in the parameterisation, the dispersion 
of the peak(s) in the hydrograph will decline. The physically based 
(nonlinear) model thus produces outflow hydrographs with a 
higher variance in the discharge, which makes their shape pointier 
(less smooth) and thus more similar to the inflow hydrograph than 
the conventional model. Travel times are thus often overestimated 
when using the conventional model for high flow conditions. The 
results of all appended papers indicate that accurate descriptions of 
the surface water processes are essential, particularly for predicting 
high flows, where rapid flow (such as that in surface water) is the 
main contributor to the outflow hydrograph. It was also shown 
that the improvement of the high flows was not made at the 
expense of the lower flows. The predicted catchment outflow is a 
consequence of several subroutines of hydrological modelling (e.g., 
spatial distribution and volume of rainfall and, runoff generation), 
of which this study addresses only the processes occurring within 
the stream network. The discrepancy between the recorded and 
the modelled discharge could obviously be diminished by also 
improving parts of the hydrologic model description other than 
the streamflow routine and/or its parameters. 
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Figure 9. Variation in the average travel time and water level as a function of discharge 
for a 1-m reach in a trapezoidal cross-section. The stream reach has the dimensions of 
the Heåkra network-representative channel.  

4.2 The relation between energy slope and discharge  
In Paper III, the average travel time in a stream reach is presented 
as a function of model choice, as presented in Figure 9, and 
channel properties. To compare the general shape of the stage-
dependency of the travel time, the physical properties used in this 
figure are floodplain angle 𝛽 =  10° m, main channel depth 
𝑜 = 0.254 m and main channel bottom width 𝑤 =  2.03 m. For the 
Poisson equation formulations: 𝜌 = 999.7 kg/m3 and 𝜇 = 1.307 ∙
10−3 N ∙ s/𝑚2; for the Manning equation formulations: 𝑛 =
0.02 𝑠/𝑚1/3, and for the kinematic-diffusive semi-2D formulation: 
𝐹 = 𝑊𝐹𝑃 𝑊𝑀𝐶⁄ = 2 and 𝑛 = 0.05 𝑠/𝑚1/3. The physical properties; 
such as 𝑛 in Manning’s equation and the dynamic viscosity 𝜇 for 
the Poisson equation, were chosen - to give results of similar 
magnitudes to facilitate a comparison regarding the shapes of the 
curves.  
Figure 9 (left) shows that the travel times determined by the 2D 
Poisson equation (purple) compared with the 1D version averaged 
over the width (green) are very similar, thus indicating that the 
simplification of a 2D formulation to a 1D formulation can be 
justified in the context of stream network routing, as performed in 
this study (section 3.2.2). In Figure 9 (right), the water level is 
displayed as a function of discharge for the different reach models. 
From this figure, it is apparent that the overtopping effect (when 
water levels exceed bankful depth) occurs at different discharges 
for the different alternatives.  
The Poisson and Manning equations formulate the friction losses 
as functions of stage (discharge) and cross-sectional geometries in 
different ways, which implies that the appearance of the < 𝜕(𝜕) >-
relationships will have different shapes. The friction loss for the 
Manning equation (blue) is proportional to 𝑆01/2/𝑛, whereas the 
corresponding expression for the Poisson equation (purple and 
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green) is proportional to 𝜌 ∙ 𝑔 ∙ 𝑆0/𝜇. The use of the Manning 
equation is a well-established and highly reliable approximation for 
expressing the friction losses in natural stream networks.  
The response for a stream reach as a function of discharge was 
also described using a retardation factor formulation that 
represented the size of a floodplain cross-sectional area relative to 
that of the in-stream channel. The retardation factors 𝐹𝐴(ℎ) (blue 
dashed) and 𝐹𝑊(ℎ) (blue dotted). 𝑊𝑀𝐶  ceases to increase when the 
flooding begins; this implies that FW increases with stage faster 
than 𝐹𝐴, thus leading to more substantial velocity retardation. In 
the semi-2D kinematic-diffusive model (red), the retardation factor 
is set to a constant value (i.e., not a function of stage). The 
difference between the network models in Paper III based on the 
Manning and Poisson equations is relatively small, although the 
travel times are shown to be slightly longer for the model based on 
the Poisson equation, as shown in Figure 6 when using a constant 
value of the dynamic viscosity: 𝜇 = 1.307 ∙ 10−3 N ∙ s/𝑚2.  
The main difference between the Poisson and Manning methods 
to determine the energy slope (hence, the friction losses) is because 
the Poisson equation in its traditional formulation is valid for a 
constant dynamic viscosity, whereas the Manning equation has 
been derived empirically for turbulent flow, which can be expected 
to be better for routing purposes in rivers. Another reason for the 
discrepancy between the models in which the friction losses are 
determined according to the Poisson and Manning equations is 
that in the Manning equation, the friction losses are assumed to be 
functions of the hydraulic radius in a manner that can be expected 
to be more valid for certain cross-sectional geometries than for 
others.  
However, the differences between the Manning and Poisson 
formulations in the network context in Figure 6 are not as 
substantial as those in the reach model plots in Figure 9. The 
reason for the greater similarity of the models at the stream 
network scale is that the subcritical stream reaches largely govern 
the flow travel time. In these subcritical sections, water levels can 
raise substantially, which implies that the residence time (volume 
divided by discharge) can become very long as the volume 
becomes large. This is also the explanation for the distributed 
network models being relatively insensitive to the choice of 
Manning friction coefficient (Papers II and III and the reason for 
assuming a constant 𝑛 in Paper IV) (Liu et al., 2003; Schulze et al., 
2005). However, in the supercritical stream reaches, the friction 
losses will have a profound impact on the travel time through 
these reaches. The average velocities derived from the Manning 
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and Poisson equations are thus more similar in the stream network 
context (where backwater effects occur) than in the reach model 
(where the reach is uniform).  

4.3 Solution methodologies 

4.3.1 Exact solution - derivation of the temporal moments  
A theoretical reasoning (Paper III) based on the central temporal 
moments derived from the kinematic-diffusive wave equation in a 
semi-2D formulation including the effects of flooded cross-
sections shows that the hydraulic dispersion becomes increasingly 
more important than geomorphological and kinematic dispersion 
as the discharge increases. As shown in Figure 10 and Equation 23, 
the floodplain dispersion (blue) decreases with discharge, the in-
stream dispersion (green) increases with discharge, and the 
geomorphological dispersion (red) decreases with discharge. 
With decreasing discharge, the Péclet number (see Equations 22 
and 24) increases, and a greater part of the variance in residence 
time is explained by the geomorphologic dispersion term (Rinaldo 
et al., 1991; Wondzell et al., 2007). Consequently, the 
hydrodynamical contribution to the total dispersion becomes 
increasingly important as the discharge increases. This finding 
stresses the need of a more hydrodynamically and 
geomorphologically based approach to adequately describe the 
mechanisms governing streamflow response, especially for higher 
discharges. All three dispersion terms (as shown in Equation 23) 
increase with an increasing friction coefficient and with an 
increased degree of flooding. 

 
Figure 10. An example of the second temporal moment (the variance of the travel time 
in the stream network) for the Heåkra Catchment with Manning’s n=0.05 s/ m1/3 and 
F=2. Note that the variance in the hillslope response is not included (the first term in 
Equation 23) because the quantification is not within the scope of this study. 
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The temporal moment analysis clearly demonstrates the need to 
consider the nonlinearity in the response function for streamflow, 
and it can help in understanding how the flow travel time 
distribution is influenced by stream network properties and how 
these vary with discharge. Because the (network-averaged) velocity 
term < 𝑈𝑀𝐶 > is present in all three dispersion terms and because 
the stream velocity varies with discharge, it is clear that the 
temporal moments are highly stage dependent. The expressions of 
the temporal moment analyses show that average travel time 
increases with increased flooding, as represented by the retardation 
factor 𝐹 (exemplified in Figure 6). 
Although Paper III gives an analytical formulation describing the 
variance in travel times (see section 3.4.2), these characteristics 
were also numerically determined by the distributed routing model 
and the particle tracking routine (Papers II and IV). In Paper II, 
it is shown that the variance of the traced particles decreased with 
increasing flow. The larger variance arising in the flow travel times 
during lower discharge could be attributed to the fact that more 
reaches are subcritical at lower discharges, which indicates that the 
velocities can vary substantially from one reach to another. 
Consequently, as discharge increases and more reaches become 
subcritical, the velocities along the stream become more similar, 
and thus the variance of the travel times decreases. The variance of 
travel time was also shown to be higher in the floodplain case than 
in the bounded case. The dispersion caused by the spatial 
variations in water flow velocity is a type of kinematic dispersion 
(Papers II and IV).  

4.3.2 Exact solution - Fourier power spectral analyses 
The discharge power spectrum was determined for the May-to-
October period for all of the 79 catchments and for each year that 
discharge records were available. For different catchments, the 
discharge power spectral slopes and levels were found to vary over 
time in different ways, as shown in the example in Figure 11, 
which presents the averaged discharge power spectrum per decade 
for two neighboring catchments. The two catchments, Nissafors 
and Assmebro, are located in southwestern Sweden, as shown by 
the dark grey and light grey areas, respectively, in the right panel of 
Figure 2. 
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Figure 11. Averaging the discharge power spectrum reveals a steepening in the 
discharge spectral slope of the Nissafors Catchment, whereas the Assmebro Catchment  
displays a relatively constant trend over time. 

 
To facilitate comparisons of the data for all of the years (88 years 
for Assmebro and 82 years for Nissafors), the discharge power 
spectrum was averaged over decades. For the Assmebro 
Catchment, the discharge spectrum varies little over time. 
However, for the Nearby Nissafors Catchment, the discharge 
power spectrum is noticeably flatter during the first part of the 
time period (until ~1972) than during the latter time period. While 
tempted to believe that the major change for Nissafors occurs for 
the short timescales, a thorough examination shows that the power 
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spectrum (both 𝑆𝑄 and 𝑆𝐶) also has increased for the longer 
periods. As the power spectrum level can be considered as a 
measurement of the total variance in the time series, it is vital to 
understand how the total variance (over all periods) has changed 
over time. For the Nissafors Catchment, the total variance of the 
discharge series thus increases over time, even though it appears to 
decrease when only looking at the shortest periods. 
Changes in the power spectral slope over time of the discharge 𝑏𝑄, 
i.e., 𝑘𝑏,𝑄, for the 79 investigated catchments are displayed in Figure 
12. This analysis reveals a statistically significant increase (at the 
95% confidence level) in the discharge power spectral slope for 58 
of the 79 studied catchments, this implies that the discharge 
spectrum steepens over time. Temporal changes in the power 
spectral slopes (𝑘𝑏,𝑄) for the ensemble of all 79 catchments has an 
average of 0.00556. The confidence interval, which was calculated 
via t-test statistics at the 95% confidence level, is 0.0043 to 0.0068, 
implying that the increase is significant.  
These results from 79 unregulated catchments confirm the 
hypothesis that overall, a temporal change in discharge response 
has occurred over the last century, as shown here by a gradual 
steepening of the discharge power spectrum. Similar results have 
previously been reported for Swedish catchments (Wörman et al., 
2010). 
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Figure 12. Temporal changes in the slope of the discharge power spectrum (kb,Q) for 79 
unregulated catchments in Sweden. Green catchments denote areas of negative or zero 
temporal gradients in the spectral slope. The blue dots mark the locations of the 79 
discharge measurement stations. 
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Temporal changes in the discharge power spectrum and the 
catchment scaling function power spectrum for the two 
neighboring catchments (Nissafors and Assmebro) located in an 
agricultural area were compared (Figure 13). Their close spatial 
proximity and topographic similarities support the assumption that 
these catchments have experienced fairly similar climatic 
conditions. Figure 13 shows that the catchment scaling function 
spectral slope bC of the Nissafors catchment increases over time, 
i.e., 𝑘𝑏,𝐶 is positive (𝑘𝑏,𝐶  ≈ 0.018) for Nissafors, whereas the 
neighboring catchment exhibits a relatively constant value (i.e., 𝑘𝑏,𝐶  

= 0.0014) that is approximately one order of magnitude smaller. 
This increase in the spectral slope in Nissafors may have resulted 
from a spectrum level increase over longer time periods and/or a 
spectrum level decrease over shorter time scales.  
The change in the precipitation power spectrum over the same 
time period for the used meteorological station is minor and non-
significant (Figure 13), and the catchment scaling function slope 
has increased similarly to the discharge spectral slope. 
Of the six included precipitation stations only one station showed 
a statistically significant increase (at the 95% confidence level) in 
the power spectral slope i.e., 𝑘𝑏,𝑃 for the May-October period for 
the included years. The meteorological station for which the 
statistically significant change was detected was the station in 
Västervik, on the east coast, closes to the two large islands Öland 
and Gotland. The temporal increase the in spectral slope 𝑘𝑏,𝑃  for 
the Västervik eteorological station was 0.0010, which is smaller 
than that for most catchment scaling functions and the discharge 
power spectra. 
 

 
Figure 13. Spectral change over the last century in two neighboring catchments 
(Nissafors and Assmebro) in southwestern Sweden. Temporal changes in the spectral 
slope for precipitation 𝒃𝑷 (black), discharge 𝒃𝑸 (blue) and catchment scaling function 𝒃𝑪 
(red) are shown for the two catchments. The displayed linear fit is for 𝒃𝑪 and can thus be 
described by the coefficients 𝒌𝒃,𝑪 and 𝒎𝒃,𝑪. 
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The temporal changes in the slope of the catchment scaling 
function i.e., 𝑘𝑏,𝐶, for the 41 catchments in southern Sweden 
presented in Figure 14 were however shown to be similar to the 
temporal changes in the discharge power spectrum slope (Figure 
12), suggesting that much of the change in the discharge response 
is attributable to factors other than temporal changes in 
precipitation patterns.  
Regarding the temporal change in the catchment scaling function 
spectral slope, i.e., 𝑘𝑏,𝐶, 26 of the 41 catchments show a statistically 
significant change at the 95% confidence level. Of these, 24 
catchments shows an increase (i.e. steepening of the spectral slope 
over time) and two catchments show a decreasing spectral slope. 
34 of the 41 catchments shows a similar trend for the catchment 
scaling function spectral slope as for as the discharge spectral slope 
(i.e., comparing 𝑘𝑏,𝐶  to 𝑘𝑏,𝑄). Six catchments show a significant 
change for discharge (𝑆𝑄) but not for the scaling function (𝑆𝐶), 
whereas one catchment displays the opposite behavior, i.e., that 
there is a statistically significant change for the scaling function but 
not for the discharge. This discharge station is the Järnforsen 
station, for which the closest precipitation station is the Västervik 
station which was the only precipitation series that displayed a 
statistically significant increase. 
The temporal change in power spectral slope (𝑘𝑏,𝐶) for these 41 
catchments has an average value of 0.0050. The confidence 
interval, which was calculated via t-statistics, varies from 0.0028 to 
0.0069, implying that this increase, similar to the increase in 𝑘𝑏,𝑄, is 
significant at the 95% confidence level. Thus, the statistically 
significant change in the catchment scaling function spectrum 
cannot be caused by a change in precipitation alone. This indicates 
that temporal changes in discharge responses in numerous 
Swedish catchments may be largely attributable to land-use 
changes. 
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Figure 14. Temporal change in the slope (𝒌𝒃,𝑪)of the catchment scaling function, 𝑺𝑪, for 
41 unregulated catchments in Sweden for which historical meteorological records are 
available within a 150-km radius (circles) of the meteorological stations (black squares). 
The color-coding scheme is similar to that used in Figure 12, and thus, green 
catchments denote areas of negative or zero temporal gradient in the spectral slope. 
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A large number of factors can influence the hydrologic response of 
a catchment, and many of these factors interact in a complex 
manner. The results, which are presented as changes in the 
discharge power spectral slope, are thus difficult to directly 
correlate with potential land-use changes because a multitude of 
different landscape types that may have been subjected to different 
landscape modifications are represented among the 79 studied 
catchments.For the fertile areas in which intense agriculture is now 
occurring, development has involved the gradual incorporation of 
enhanced drainage, and developments towards intensified, large-
scale agriculture have been made over the last century (Cousins et 
al., 2015; Ihse, 1995; Jaramillo et al., 2013; Jordbruksverket, 2011). 
According to statistics from Swedish Board of Agriculture, the 
average cultivated area per farm has increased approximately four 
times since the 1930s and the area of pipe-drained areal land has 
increased five times, for the Västergötland region where 
Törnestorp Catchment is located (Jordbruksverket, 2011). The 
impacts on stream network responses may be attributable to 
drainage and the removal of wetlands (Cousins et al., 2015; Ihse, 
1995), excavation (Ihse, 1995; Salehin et al., 2003) and levee 
construction (Blöschl et al., 2015; Hall et al., 2014), although 
stream restoration towards more pristine conditions does occur in 
some locations. It must also be noted that spring floods caused by 
snowmelt can significantly affect the hydrographs in the northern 
catchments, even in May and June. This snow accumulates over 
several months, and because it can vary substantially from year to 
year, it may further complicate interpretations of the discharge 
spectrum change. The discharge power spectral slope changes also 
depend on the volume and locations of lakes within the given 
catchment. For example, one of the discharge stations is located at 
the outlet of Sweden’s second largest lake, Vättern (found in the 
large, green catchment in the center of southern Sweden in Figures 
4 and 6). The large water volumes present in lakes will generally 
result in high attenuation for a water pulse through a given 
catchment, i.e., the presence of a lake can overshadow any eventual 
land-use changes in sub-catchments draining into the lake (Schulze 
et al., 2005). In most of the catchments, some degree of regulation 
may also be present, even if it is not actively used for regulation 
(e.g., mining dams and inactive, small-scale hydropower stations 
where dams are still present). The data used to select the suitable 
unregulated (or at least regulated to a low extent) catchments were 
relevant to present-day conditions, implying that catchments may 
have been regulated to a greater extent earlier in the discharge 
measurement period.  
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A recent study (Destouni et al., 2012) showed that temporal 
discharge variability levels have increased over time in regions 
where agricultural areas have increased, whereas declines in the 
temporal runoff variability levels were shown for hydropower-
dominated catchments. In the northernmost catchments, a 
possible explanation for the temporal changes in the discharge 
power spectrum may relate to the thawing of permafrost because 
of climate change-induced temperature increases (Sjöberg et al., 
2012). 
To conclude, it does not appear that nearby catchments (even ones 
of similar sizes, such as Nissafors and Assmebro; see Figure 5) can 
generally be assumed to have experienced similar temporal 
changes. Because only one of these two catchments shows a 
temporal change in the spectral slope despite experiencing similar 
climatic conditions and because the rain spectrum has remained 
fairly constant over the last century, our hypothesis that land-use 
changes within a catchment can have a major impact on 
hydrological responses is supported. Because the map in Figure 6 
strongly resembles that in Figure 4 and the change in precipitation 
power spectral slope over time for the seven examined long-term 
precipitation records (not displayed) is generally less steep than the 
temporal changes in discharge spectral slopes and catchment 
scaling function spectral slopes, the theory that temporal changes 
within catchments may be more substantial than changes in 
precipitation patterns, is supported. The finding that 
anthropogenic land-use modifications can substantially alter 
hydrological patterns at the catchment scale has previously been 
shown for other geographical regions, e.g., the Mississippi Basin 
(Zhang and Schilling, 2006) and the Great Lakes region (Mao and 
Cherkauer, 2009) in North America. The results also suggest that 
modifications of catchment properties can in some cases cause 
more substantial changes in discharge responses than changes in 
precipitation (DeFries and Eshleman, 2004). It has also been 
shown that global climate models, which are generally averaged 
over large spatial scales, tend to overshadow local spatial variations 
in hydrologic processes resulting from, e.g., land-use changes 
(Destouni et al., 2012). 
Power spectral methods can also be used to evaluate the difference 
between the scaling functions as modelled by the HBV model and 
the physically based model respectively. The relative influence of 
stream network processes and the way these are modelled 
increases with decreasing timescales and this difference diminishes 
for the longer timescales, i.e., 𝑆𝑄,𝑟𝑑 and 𝑆𝑄,𝑜𝑢𝑢 become more similar 
for longer timescales. It was found that the physically based stream 
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network scaling function resulted in roughly one order of 
magnitude more variance in the discharge function for the shorter 
time scales compared with the original HBV setup. This implies 
that that the outflow hydrograph 𝜕𝑜𝑢𝑢 for the physically based 
response function displays more variance than the HBV model 
(which can be said to be more dampened). When using the 
physically based response function, variability in the discharge 
hydrograph becomes more similar to the inflow hydrograph and 
thus more similar to the erratic behavior of rainfall. The 
probability density functions for the discharge series (𝑃𝐷𝐹𝑄) 
illuminates the differences in the outflow hydrographs. The 𝑃𝐷𝐹𝑄 
for the 𝜕𝐻𝐻𝐶 and has a higher maximum and a smaller variance 
than the corresponding 𝑃𝐷𝐹𝑄 for 𝜕𝑢ℎ𝑑𝑢𝑟𝑙𝑑𝑟, implying that the latter 
hydrographs give can be associated with higher variance, i.e., being 
more flashy and less dampened than the former. Using stage-
dependent response functions, thus gives rise to a larger spread of 
discharges, with more extreme values, thus potentially being better 
suited to model peakflows. The power spectrum methodology thus 
illuminates a fundamental difference between different streamflow 
routing descriptions and facilitates comparisons in a manner that 
would not be possible using other methods of comparisons, such 
as the Reff values – which were similar for most modelled 
scenarios. 
By assuming that the inflow to the stream network as modelled by 
the HBV model is reliable, a further comparison can also be made 
by evaluating the scaling function that results from this inflow and 
the observed discharge, to give a perspective regarding the 
properties of the real stream network scaling function. The 
findings show that the routing description provided by the 
physically based model more resembles the actual routing 
processes that occur in the stream network. The major difference 
between the modelled discharge conceived from the two 
respective models can be seen for the short timescales, which 
generally are of high importance for adequate peakflow modelling. 
The routing component of the HBV model represents a more 
generic and simplified description of stream network routing 
mechanisms compared with the physically based response 
function. While the robustness of the HBV model offers some 
advantages, our findings based on the physically based response 
function provide a more in-depth view of the effects of various 
stream network properties on the streamflow responses, though at 
the cost of introducing additional uncertainties regarding the 
aforementioned stream network properties. 
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4.4 Temporal change in streamflow response 
Using the kinematic-diffusive wave model as an explanatory 
model, which is analogous to the advection-dispersion model in a 
previous study by Riml and Wörman (2015) as an analytical 
description for the power spectrum for the network scaling 
function (cf. equations 35 and 41), provides an exact solution for a 
reach, which can be determined as follows:  

𝑆𝐶(𝑇) = 𝑃𝜕𝑝
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Where 𝐷𝐿 is the longitudinal dispersion [m2/s] and 𝜕 is the 
reachlength [m]. Assuming that the system-dependent network of 
flowpaths 𝑊(𝑋) belongs to a gamma distribution, specifically 
𝑊(𝑋) = 𝛤�𝛼𝛾,𝛽𝛾�, after, e.g., (Kirchner et al., 2000; Marani et al., 
1991; Riml and Wörman, 2015; Rodríguez-Iturbe and Rinaldo, 
2001), the scaling function can be formulated as follows: 
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Where 𝛼𝛾 and 𝛽𝛾are shape and scale parameters of the gamma 
distribution. The scaling function will thus be determined by 
several factors, one that varies with period, i.e., 𝑇 (𝐷𝐿𝛽𝛾

2)⁄  and one 
that does not depend on the period, i.e. 𝑢 (𝐷𝐿𝛽𝛾)⁄ . The former can 
be considered to be a predominantly geomorphological term, while 
the latter is a more hydrodynamically-dependent parameter. The 
Péclet number of the stream network, which is usually formulated 
as 𝑃𝑃 = 𝑢 ∙ 𝑋 𝐷𝐿⁄  is formulated as: 𝑃𝑃 = 𝑢 (𝐷𝐿𝛽𝛾)⁄  in this case. Thus, 
the spectrum of the stream network scaling function and the 
discharge spectrum will be influenced by both geomorphological 
and hydrodynamic dispersion effects, where the geomorphological 
contribution becomes increasingly important for longer time 
periods, and vice versa. A higher Péclet number thus lowers the 
power spectrum, especially for short periods. 
However, in real stream networks, all the variables in Equation 45 
can be interdependent and time-invariant, which complicate the 
interpretation regarding possible changes over time. Complicated 
interdependencies between stream network properties and 
streamflow velocities are seen in the outcomes of the routing 
model and are caused by both the non-linear relationship between 
velocity and water levels (as acknowledged, for example, in 
Manning’s equation) and the presence of backwater sections. The 
dispersion coefficient has previously been approximated (Rinaldo 
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et al., 1991) as a function of the water level y0 [m] and the slope of 
the energy line 𝑆0 [-] as follows: 

𝐷𝐿 =
𝑢𝑦0
3𝑆0

   (46) 

This relationship implies that Equation 45, in this theoretically 
simplified approximation, could be rewritten as follows: 
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Assuming uniform flow, Equation 47 could be simplified further 
by inserting the velocity calculated by Manning’s equation 
(Equation 4), resulting in: 
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The main hypothesis in Paper IV can thus be reformulated as 
claiming that increases in discharge and/or catchment scaling 
function power spectra over time can be a result of anthropogenic 
modifications in these catchments causing the Péclet number to 
increase over time. The hypothesis when beginning the study in 
Paper IV was that the stream network had been straightened out 
and the flowpaths shortened and/or made faster in an intensively 
cultivated catchment such as Törnestorp. Present-day network 
representations in the two resolutions and a historical map from 
the 1880s are shown in Figure 15. These images are accompanied 
by a present-day land-use map in which agricultural land areas are 
marked in yellow. Geomorphological properties, e.g., stream 
network flowpath length properties 𝑋 [m], are used as a 
quantitative measure for comparing the different stream network 
representations shown in the three maps, showing that the average 
flow distance decreased over time as shown in Table 2, while the 
average bottom slope has increased slightly.  
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Table 2. Average geomorphological properties for the stream network derived from the 
three different map representations.  

 Overview Terrain Historical 
Number of stream tributaries [-] 11 285 119 
Average tributary length [m] 5761 670 1058 
Total network distance [m] 63 371 190 950 125 940 
Average distance to outlet [m] 23 683 22 821 25 523 
Variance, distance to outlet [m2] 1.29·108 1.07·108 1.39·108 
Squared coefficient of variation flowpaths 𝐶𝑉𝑋2 [-] 0.230 0.205 0.214 
Average elevation difference reach to outlet divided by 
average distance (for Δx = 100 m) [-] 

0.00206 0.00199 0.00186 

 
When considering the average distance to each catchment outlet, it 
is clear that the historical map presents a larger value than both 
modern maps, supporting the hypothesis that the network 
flowpaths have shortened over time, likely because of 
anthropogenic activities. The fact that the stream network 
flowpath variance seem to have declined over time also suggests 
that the network has become less branched. Hence, the resolution 
issue does not appear to constitute a major problem because a 
temporal change is observed regardless of whether the historical 
map is compared to a map of lower (the overview map) or higher 
(the terrain map) resolution. However, no evidence of the 
suggested temporal change is revealed when only comparing 𝐶𝑉𝑋2-
values, indicating that this measure is more sensitive to the 
resolution issue than the average distances. The outcomes from 
the map analyses show that 𝑆0, has increased over time, while the 
outcomes from the distributed routing show that y0 has decreased 
over time.  
 

 

 
Figure 15. Stream network representation of the Törnestorp Catchment, from left to 
right: the overview map (present day, blue), the terrain map (present day, red), the 
historical map (the 1880s, black) and a land-use map of present-day conditions. 
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Together, these observations indicate that the spectra in the 
Törnestorp Catchment have decreased over time according to the 
terms in Equation 47. Through the scenario modelling using the 
1D distributed hydraulic routing model, it was quantitatively 
analysed how travel time distributions within stream networks can 
vary as a consequence of anthropogenic impacts. The results 
suggest that many anthropogenic modifications made to stream 
networks in agricultural landscapes can significantly affect 
hydrological response. Lower water levels and faster streamflows 
were seen: 

• through the straightening of streams by the removal of 
meandering streams and implementation tile drainage, thus 
shortening the average flowpath. 

• through the excavation of stream channels to make them 
deeper or by surrounding streams with walls to prevent 
flooding.  

• through the removal of thresholds in the stream bed 
topography to minimize low-gradient reaches, as simulated 
here by varying the resolution of stream reach lengths, 
where the bottom topographies are smoother when 
𝛥𝜕 =  100 𝑚 than when 𝛥𝜕 =  10 𝑚.  

• by widening the stream to facilitate faster flow velocities, as 
represented here by applying a river width that varies 
randomly towards the catchment outlet. 

All these analytically and numerically derived findings correspond 
well with the basic conception that farmers in this part of the 
world generally have wanted to avoid flooding, and hence 
facilitating drainage by reducing water levels and increasing flow 
velocities. From Equation 46, the Péclet number can be 
reformulated as follows: 

𝑃𝑃 =
𝑢 ∙< 𝑋 >

𝐷𝐿
=

3 ∙ 𝑆0 ∙< 𝑋 >
𝑦0

   (49) 

It has been quantitatively shown for the Törnestorp Catchment, 
that 𝑆0 has increased over time and that the water level 𝑦0 has 
decreased over time. Despite the average flowpath < 𝑋 > 
decreasing over time, the Péclet number has increased over time, 
which is a likely explanation for the steepening of the catchment 
scaling function and/or the discharge power spectrum over time.  
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5 CONCLUSIONS 
This thesis revolves around the issue of how to adequately 
formulate streamflow response functions within hydrological 
models used to predict river discharge (runoff), with a particular 
focus on stage- dependency of the response function within a 
stream network (catchment) context. The results from 
hydromechanical analyses stress that the flow travel time varies 
strongly nonlinearly with river stage and that the response is 
catchment specific and is governed by the geomorphological 
properties of the stream networks. 
Physically derived distributions of water travel times through a 
stream network were successfully used to parameterise the 
streamflow response function (a first-order differential equation) 
of a compartmental hydrological model. By using the physically 
derived travel time distributions as a parameterisation tool for the 
streamflow compartment of a hydrological model, predictions 
were found to improve compared with the conventional 
statistically based parameterisation schemes, particularly in the 
prediction of high flows. A sensitivity analysis was performed by 
varying the parameters in the routing model, particularly regarding 
the choice of Manning’s friction coefficient and the formulation of 
a generic cross-sectional area. The implications on the 〈𝜕(𝜕)〉-
relationship due to varying the parameters was determined, and it 
was shown that the uncertainty in routing parameters did not have 
a major effect on the final hydrograph.  
Improvements in peak prediction were mainly attributed to the 
stage-dependent response function, allowing discharge peaks to 
rise more quickly and higher because of the nonlinear response, 
leading to an increasingly faster flow when stage rises and smaller 
(spatial) dispersion with increasing discharge. Typically, the 
physically based (nonlinear) model produces hydrographs with a 
higher temporal variance in the discharge (i.e., more pointy - less 
smooth) than the conventional model. Compared with the 
conventional parameterisation, the stage-dependent response 
function leads to a hydrograph, which is more similar to the inflow 
hydrograph for the higher discharges and implies that the response 
time is often overestimated when using the conventional model 
for these high flow conditions. The use of power spectral methods 
was also used to show that the routing description provided by the 
physically based model more resembles the actual routing 
processes that occur in the stream network, than the routing 
descriptions in the conventional hydrological model. The analyses 
also showed that the power spectrum of the stream network 
impulse response function 𝑆𝐶 is higher for shorter time periods 
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when a physically based response function is used compared to 
when the built-in HBV software is used, even though the two 
routing methodologies showed similar levels of performance in 
terms of their 𝑅𝑟𝑓𝑓-values. Using the physically based stage-
dependent response functions thus produces a larger spread of 
discharges with more extreme values, which is better suited for 
modeling peak flows and may provide better descriptions of some 
of the hydrodynamic routing mechanisms. 
A theoretical reasoning based on the central temporal moments 
and derived from the kinematic-diffusive wave equation in a semi-
2D formulation (including the effects of flooded cross-sections) 
shows that the hydraulic dispersion mechanisms increase in 
importance compared to geomorphological dispersion 
mechanisms with increasing discharge. This finding stresses the 
need of a more hydrodynamically based approach to adequately 
describe the variation of streamflow response over longer times, 
especially for predictions of higher discharges. 
A Fourier spectral analysis of 55-110 years of daily discharge time 
series from 79 unregulated catchments in Sweden revealed that the 
discharge power spectral slope has gradually increased over time. 
The increase was significant for 58 catchments and for the 
ensemble of all catchments. Decreases in the discharge power 
spectrum are generally observed over short periods in these 
catchments. The results indicated that the catchment scaling 
function power spectrum had steepened in most of the catchments 
(24 catchments) for which historical precipitation series were 
available within a radius of 150 km from the catchment outlet (the 
41 southernmost catchments). These results suggest that (local) 
land-use changes within the catchments may affect the discharge 
power spectra more significantly than changes in precipitation 
(climate change).  
By using 1D distributed hydraulic routing, it was quantitatively 
analyzed how the travel time distributions within stream networks 
can vary as a consequence of anthropogenic impacts, such as 
changes in the spatial coordinates of stream networks (these 
stream networks were derived from three different maps: two 
present-day maps and one from the 1880s), modifications of river 
widths, stream channel excavation, and the elimination of 
thresholds in stream bottom topography that create very low (or 
even negative) local bottom slopes.  
The analysis of one catchment from historical maps and scenario 
models suggests that (anthropogenic) modifications to the 
properties of a stream network can cause substantial changes in 
the discharge power spectra. The average flow length and water 
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level were shown to decrease over time, whereas the average 
bottom slope was shown to increase. In Törnestorp Catchment, 
the Péclet number has increased over time, which is a likely 
explanation for the steepening that occurred from lowering the 
power spectrum for short periods, the catchment scaling function 
and/or the discharge power spectrum over time. A higher Péclet 
number thus lowered the power spectrum, especially for short 
periods. 
Future research topics may comprise analytical coupling of the 
travel time distributions to geomorphological properties of 
catchments, thus facilitating the derivation of catchment-specific 
response functions through increased usage of readily available 
information, such as DEMs. Another interesting future topic 
would be to extend the analyses of how catchment-specific 
properties (such as areal coverage of different land use types) 
correlate with the temporal change in discharge power spectral 
slopes. 
An increased physical basis of response functions compared to 
conventional statistically based response functions, can be 
beneficial in improving discharge predictions during conditions 
when conventional parameterisation based on historical flow 
patterns may not be reliable. This includes, for example, modelling 
of extreme peakflows as well as modelling during periods of 
nonstationary conditions such as periods of temporal change in 
climate and/or land use. Outcomes from the spectral analyses 
performed in this thesis shows that hydrological response 
mechanisms may change significantly over time, thus highlighting 
the need for new types of hydrological models and/or 
parameterisation strategies. 
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