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ABSTRACT 

Conventional hydrological compartmental models have been shown to exhibit a high degree of 
uncertainty for predictions of peak flows, such as the design floods for design of hydropower 
infrastructure. One reason for these uncertainties is that conventional models are parameterised 
using statistical methods based on how catchments have responded in the past. Because the rare 
occurrence of peak flows, these are underrepresented during the periods used for calibration. 
This implies that the model has to be extrapolated beyond the discharge intervals where it has 
been calibrated.  

In this thesis, hydromechanical approaches are used to investigate the properties of stream  
networks, reflecting mechanisms including stage dependency, damming effects, interactions  
between tributaries (network effects) and the topography of the stream network. Further, it is 
investigated how these properties can be incorporated into the streamflow response functions of 
compartmental hydrological models.  

The response of the stream network was shown to vary strongly with stage in a non-linear  
manner, an effect that is commonly not accounted for in model formulation. The non-linearity is 
particularly linked to the flooding of stream channels and interactions with the flow on  
flood-plains. 

An evaluation of the significance of using physically based response functions on discharge  
predictions in a few sub-catchments in Southern Sweden show improvements (compared to a 
conventional model) in discharge predictions – particularly when modelling peak discharges. 

An additional benefit of replacing statistical parameterisation methods with physical  
parameterisation methods is the possibility of hydrological modelling during non-stationary  
conditions, such as the ongoing climate change. 

Keywords: Hydrological modelling, peak flow predictions, distributed routing,  
parameterisation, stage-dependency 
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1  INTRODUCTION 

Together with sunlight, water constitutes the 
principal prerequisite for life on earth. Water 
represents the largest material flow through 
the biosphere (Jackson et al 2001) and is 
continuously being circulated between the 
earth and its atmosphere through different 
processes known as the hydrologic cycle. 

1.1 The hydrologic cycle  

The central processes of the hydrologic cycle 
(Fig. 1) include evapotranspiration, which  
occurs through respiration from organisms 
as well as the vaporisation of water. Then, 
water vapour can condense, leading anew to 
precipitation in the form of rain or snow. The 
precipitated water can then be intercepted by 
vegetation, flow over the land surface as 
overland flow, infiltrate into the ground as 
subsurface flow and then either discharge into 
rivers and streams as surface runoff or  
percolate even deeper into the ground as 
groundwater recharge. Sooner or later, all water 
evaporates again into the atmosphere to 
continue its journey in the hydrologic cycle.  

Hydrologic studies are commonly being 
performed at the scale of a catchment (also 
known as a watershed), which is defined as an 
area of land draining into a stream at a given 

location (Chow et al 1988). The principal 
task of the hydrologic modeller is to be able 
to quantify the amounts of stored water as 
well as the fluxes between the different 
components of the hydrologic cycle.  

Traditionally, hydrological modelling has 
been performed under an assumption of 
stationarity (in other words, the idea that the 
system response to the input does not 
change over time), implying that historical 
observations of hydrological processes can 
be used to tell us about future conditions. 
Making hydrological predictions in a world 
with changing conditions (for example  
climate change) requires new modelling 
strategies based on improved understanding 
of the hydrological process, therefore  
requiring a greater consistency between 
models and real-world systems (McDonnell 
et al 2010, Wagener et al 2010). 

Even though water is abundant on earth, 
freshwater is a scarcity in many places and 
the total amount of water is unevenly  
distributed in space as well as in time. In 
total, there is more than one billion km3 of 
water present on earth. Out of the global 
water resources, the vast majority (over 
97%) is saline water, which is a form un-
available for use by the organisms of terre-
strial and freshwater ecosystems (Chow et al 
1988, Jackson et al 2001). Of the remaining 

Figure 1 A schematic 
picture of the  
hydrologic cycle, i.e. 
the renewable fresh-
water circulation.  
Photograph by  
Birgitta Gustafson. 
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3% (the freshwater part) of the global water 
supply, more than two-thirds is locked in 
glaciers and ice caps. Most of the remaining 
water is in the form of groundwater, leaving 
less than 0.01% of the total amount of  
global water in freshwater lakes and rivers. 
This marginal 0.01% of the global water 
supply in lakes and river comprises about 
100 000 km3 of freshwater globally (Chow  
et al 1988, Jackson et al 2001). This thesis will 
focus on this particular portion of global 
water resources, with a particular focus on 
the prediction of peak flows in rivers. 

1.2 Hydrologic predictions in a changing 
world 

Currently, there is a scientific consensus that 
the increased amount of greenhouse gases in 
the atmosphere is leading to global warming 
of the earth (IPCC 2008). Although the 
effects of global warming are complex and 
difficult to grasp, a general conclusion is that 
the additional energy input will lead to an 
intensification of the hydrologic cycle 
(Loaiciga et al 1996, Jackson et al 2001, IPCC 
2008). This intensification will occur as a 
consequence of increased evapotranspiration 
leading to augmented amounts of  
precipitation. The changes in the hydrologic 
cycle resulting from global warming are 
expected to affect different regions in  
different manners. In total, increased  
occurrences of hydrologic extremes such as 
floods and droughts are to be expected 
globally (Loaiciga et al 1996, IPCC 2008). Of 
the global population, up to 20% live in 
areas that will be prone to flooding by the 
2080s because of global warming (IPCC 
2008). Another general conclusion regarding 
the predicted climate change is that annual 
runoff in tropical and mid-latitudes is  
expected to decrease, whereas runoff is 
expected to increase in high latitude basins 
(Nijssen et al 2001, IPCC 2008). In Northern 
Europe this increase might be as large as 
25% (Miller & Russell 1992, Arnell 1999). 

Some of the largest changes in the hydrolog-
ic cycle worldwide are expected occur in the 
cold, snow-dominated catchments in mid to 
higher latitudes (Nijssen et al 2001).  

Region-specific studies show that the  
catchments in Sweden generally belong in 
this category (Bergström et al 2001,  
Andréasson et al 2004). For these snow-
dominated basins, two different alternative 
scenarios are possible in the future. In many 
basins dominated by snowfall, the  
temperature increase will result in decreasing 
water content stored in the snowpack,  
because flow will be released more  
frequently throughout the year than  
previously. This will lead to more frequent 
floods. However, these floods will have 
reduced magnitudes compared to the spring 
floods in prior years (Arnell 1999, Nijssen  
et al 2001, IPCC 2008). For Sweden, this 
implies that the spring flood peaks for  
basins in most of the country are likely to be 
less dominant (as there will be several melt 
periods), whereas the frequency of high flow 
events during other seasons is expected to 
increase (Bergström et al 2001). In snow-
dominated basins where the temperature 
drift will not influence the general temporal 
fluctuation pattern of the hydrologic year, 
the timing of floods will not change as  
dramatically, though the peak flow  
magnitude is expected to increase as a  
consequence of the augmented amounts of 
precipitation (Bergström et al 2001,  
Andréasson et al 2004). This change is  
expected to occur in regions with an arctic 
climate (Nijssen et al 2001), such as the 
Sourva catchment in the northernmost part 
of Sweden (Bergström et al 2001).  

Hydrological modelling using climate change 
scenarios show that even with no change in 
the relative inter-annual variability in climate 
inputs, most of Europe will experience a 
general increase in the inter-annual variabili-
ty in runoff (Arnell 1999). This fact  
highlights the non-linear relationship be-
tween climate and runoff and stresses the 
need for a model representation that also is 
based on non-linear relationships. A larger 
variability in streamflow increases the de-
mand of better, physically based  
hydrological models that do not exclusively 
rely on how a catchment has responded 
during a past period of hydrological  
measurements.  



Hydraulic- hydromorphologic analysis as an aid for improving peak flow predictions 

 

3 

However, changes in climate are not the 
only cause of the present pressure on global 
water resources. The global water demand is 
continuing to increase. Over the past one 
hundred years, the human water  
consumption worldwide has risen  
exponentially and is expected to increase 
further during the coming decades 
(Vörösmarty et al 2000, Jackson et al 2001). 
For instance, the accessible global runoff is 
unlikely to increase more than 10% over the 
next thirty years, whereas the earth‟s  
population is expected to rise by  
approximately a third during the same time 
period (Jackson et al 2001). Freshwater is 
thus expected to become even more limited 
during the coming century (Jackson et al 
2001). According to Vörösmarty et al (2000): 
“impending global-scale changes in  
population and economic development over 
the next 25 years will dictate the future  
relation between water supply and demand 
to a much greater degree than will changes 
in mean climate”. As civilisation progresses, 
anthropogenic activities gradually alter the 
dynamic equilibrium of the hydrologic cycle. 
Because of the complexity of hydrological 
processes (on all scales), unexpected conse-
quences might appear as a result of human-
induced hydrologic changes (Chow et al 
1988). These possible changes are yet  
another motive for the development of 
better models for hydrological predictions - 
models that could help allocate water more 
efficiently among competing needs (Jackson 
et al 2001, Wagener et al 2010).  

1.3 Improved peak flow predictions – 
incentives for this thesis  

Numerous studies (Vörösmarty et al 2000, 
Jackson et al 2001, IPCC 2008, Wagener et al 
2010), have concluded that the increased 
pressure on freshwater resources within the 
near future calls for new, sustainable and 
research-based management of surface water 
resources. The main purpose of this research 
project is to increase the understanding of 
the processes that rule the timing and  
magnitude of peak flows. Additionally, this 
project aims to understand how this  
information can be incorporated into  

hydrological models to achieve better peak 
flow predictions.  

Sweden is a country with considerable  
opportunities for hydropower production. 
The current share of hydropower constitutes 
almost 50% of national power generation 
(Amundsen & Bergman 2007). The Swedish 
hydropower system was developed heavily 
between the 1950s and the 1970s, and  
currently, most of the large rivers are  
regulated. In the past, overtopping of dam 
crests has been shown to be the principal 
cause for about half of the failures of large 
embankment dams (Foster et al 2000). 
Therefore, improving the predictions of 
high flows is crucial for risk management 
related to dams, as surplus water can be 
released through spillways to prevent over-
topping. The spillways of a dam are designed 
to be able to release discharge with a specific 
magnitude – known as the design flood. The 
design flood is determined using hydrologi-
cal modelling techniques that describe the 
effects of extreme precipitation under  
“particularly unfavourable hydrological 
conditions” (Svenska Kraftnät 2007). For 
safe and efficient hydropower management, 
reliable streamflow predictions are essential, 
especially for cases of high flows. Improved 
hydrological predictions are also beneficial 
for water management issues, facilitating 
compliance with guidelines and regulations 
for water quality and ecological status, such 
as the European Water Framework  
Directive. 

However, the hydrological extremes provide 
the range where hydrological predictions are 
usually the most uncertain (Seibert 2003). As 
shown in the example (Fig. 2), the  
predictions of the larger flows are often 
biased - in this case, they are consistently 
being underestimated. One reason for this 
uncertainty is that these large flows are rarely 
observed, and thus are underrepresented in 
the discharge data used for calibrating  
hydrological models. The predictions for 
high flows are thus often conceived through 
extrapolations of model performance  
outside calibrated model intervals (Seibert 
2003). An additional dilemma is that the 
discharge measurements in the higher ranges 
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used for model validation are also associated 
with large errors due to measurement  
difficulties during peak flows as well as the 
uncertainties related to extrapolations of 
rating curves (Lindström & Bergström 2004) 
(see also Section 2.5.2). 

In northern Sweden, where most of the 
large river systems are found, peak flow 
events typically occur in late spring/early 
summer as a result of snowmelt. Historically, 
about half the annual runoff has occured as 
an intense spring flood in May to July 
(Lindström & Bergström 2004). At that 
time, the reservoirs are normally fully drawn 
down, implying that additional input can 
easily be accommodated within the  
reservoir. Water from the snowmelt season 
as well as from summer and autumn rains is 
usually stored for hydropower production 
during the wintertime, a time when  
electricity demand is high and the natural 
discharge is low. This implies that spring 
floods are normally easier to manage than 
the summer or autumn floods that often 

force the activation of spillways, which can 
lead to consequences for downstream areas 
(Lindström & Bergström 2004).  

The summer and autumn floods in Sweden 
have increased considerably between 1970 
and 2000, and the majority of floods during 
the 1990s in Sweden were induced by  
summer or autumn rainfall. This trend was 
contrary to the snowmelt-induced spring 
floods that are traditionally the largest floods 
of the year (Lindström & Bergström 2004).  

As a result of ongoing climate change, peak 
flows in large parts of Sweden are expected 
to shift from spring to other seasons (Arnell 
1999, Bergström et al 2001, Nijssen et al 
2001, Andréasson et al 2004, Svenska 
Kraftnät 2007, IPCC 2008), 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 as well as for complying 
with safety regulations (Loaiciga et al 1996). 
The increased occurrence of peak flows will 
have important implications for reservoirs 
and put more stress on the spillways as a 
result of increased utilisation (Bergström et al 
2001). An additional complication in manag-
ing more frequent peak flows is the  
anthropogenic modifications (such as  
extensive draining leading to shorter flow-
paths and shorter residence times) of stream 
networks in Sweden during the last century. 
These modifications have led to widespread 
losses of wetlands (Ihse 1995, Wörman et al 
2010), which in a pristine environment could 
have had a dampening effect, leading to 
attenuation of flood peaks (Jackson et al 
2001). 

Better predictions of peak flows can lead to 
safer and more efficient usage of water  
resources, an issue that is becoming  
increasingly important as global water  
demand is increasing faster than the 
amounts of accessible fresh water (Jackson et 
al, 2001). Simultaneously, the global change 
in hydrological processes might occur faster 
than ever as a result of human impact 
(Wagener et al 2010) which is likely to lead to 
substantial transformation in the function 
and operation of the existing water  

Figure 2 Demonstration of predictions 
made by a compartmental hydrologic 
model (HYPE), showing modelled  
discharge and the corresponding observed 
discharge in the Heåkra Catchment in 
southern Sweden (153 km2). The straight 
line demonstrates the 1:1 relationship, 
showing that the larger discharges often 
display a high degree of uncertainty (data 
from figure 6 in Lindström et al., 2010). In 
this particular case, the high flows are 
systematically being underestimated. 
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infrastructure (IPCC 2008). Thus, improved 
peak flow predictions are necessary for 
creating sustainable, safe and efficient water 
and hydropower management (Loaiciga et al 
1996).  

1.4 Objectives and scope  

In this thesis, the focus was put on the 
streamflow portion of hydrological  
predictions. More specifically, the purpose 
was to investigate how stream network 
properties vary as a result of catchment 
characteristics and stage, and how this  
information can be incorporated into the 
streamflow component of compartmental 
hydrological models. The motive was to 
improve discharge predictions predictions, 
particularly the predictions of peak flows.  

The principal purpose of the work presented 
in this thesis was to use hydraulic modelling 
methods as a means to physically paramete-
rise the streamflow component of a  
hydrological model. In other words, to in-
vestigate how the average stage (water level) 
over the stream network, topography,  
topology and other catchment-specific 
properties influence the streamflow  
response of a catchment. A particular focus 
was put on how the response of a stream 
network might vary according to stage, i.e,. 
that the response of a specific watercourse 
reach varies with (discharge). The cause of  
these stage dependent variations are related 
to the hydraulic conditions, and the key 
processes that were investigated are changes 
in cross-sectional geometry, changes in 
friction losses, backwater (damming) effects 
as well as interactions between different 
tributaries of the watercourse network (i.e., 
stream network effects). 

Other parts of the hydrologic cycle, for 
example hillslope processes and ground-
water processes are not included in the 
scope of this study. However, these 
processes are represented as sources in the 
modelled system (i.e., the channel network), 
which implies that these input fluxes are 
likely to have a substantial influence on the 
modelled discharge. The scope of the study 
presented here is thus limited to the 
processes and properties that govern how 

the hydrograph changes spatially along the 
stream network. The problem is also limited 
to not account for transient effects, i.e., the 
effects related to the non-stationary  
conditions as a flow peak is transported 
through the channel network. The travel 
time distributions used for the  
parameterisation of compartmental hydro-
logic models are thus to be seen as a way of 
characterising the upstream conditions with-
in the stream network (McDonnell et al 
2010) rather than as a means to model indi-
vidual flooding events. 

1.5 Disposition of this thesis  

After this introduction, the theoretical  
background for the included papers will be 
presented (Chapter 2). This chapter includes 
descriptions of the dominant factors of 
streamflow as well as the basis behind  
hydrological modelling. The next section 
(Chapter 3) describes the study catchment 
(Rönneå Catchment) as well as the  
methodology used in this study. Afterwards, 
the results and discussions (Chapter 4) of 
the performed work will be presented.  
Finally, conclusions (Chapter 5) and further 
research questions are formulated  
(Chapter 6) will be discussed. 

In the appendix, the two appended papers 
are attached. Here follows a short  
description of the two appended papers and 
their relation: 

In Paper I, the average travel time for a 
“water particle” through the stream network 
was determined with a distributed hydraulic 
network model that accounted for stage 
dependency, backwater effects and network 
effects. The travel time was determined as a 
function of catchment outlet discharges on a 
daily basis. The travel time distribution was 
then used as a means to parameterise the 
streamflow component of a compartmental 
hydrological model. The stream network was 
represented by one compartment using a 
linear response function where the rate 
coefficient equals the inverse of the average 
advective travel time. The fact that the travel 
time distribution varies with discharge 
(stage) implies that the combined response 
of the stream network is non-linear when 
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using this methodology. When this non-
linear, physically based response coefficient 
was compared with a conventional response 
function (using a constant response  
coefficient), the new procedure led to better 
streamflow predictions, especially for peak 
flows. 

The procedure used in Paper I was first 
presented in Paper II, where a generic  
description of how to incorporate network 
specific parameters into the response func-
tions of compartmental hydrological models 
was presented. Paper II outlines how the 
topology, topography, length of river-
reaches, cross-sectional geometry and  
resistance properties of a stream network 
can be used to derive a physically based 
response function that better describes the 
non-linear response of a stream network as a 
function of discharge. The response  
function in this modelling demonstration 
has its theoretical base in the Manning equa-
tion for open channel flow (Section 2.1.2). 

2  BACKGROUND  

The initial source of all streamflow is  
precipitation, which is distributed unevenly 
in time and space over the landscape.  
However, the relationship between precipi-
tation and runoff can be distorted over time 
by retention processes including rivers, 
lakes, reservoirs, wetlands, subsurface zone, 
snowpack and ice. The timescales of these 
different retention processes are of varying 
length, and the complexity of predicting the 
distortion increase further when  
incorporating the non-linearities that arise 
from factors such as landscape change and 
climate change. 

The work presented in this thesis is focused 
on streamflow predictions, in other words 
how to quantitatively compute the discharge 
at a particular point in a stream. 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 derivation of 
streamflow predictions at a point along a 
river requires two principal modelling tasks. 
First, the runoff in a catchment as a  

consequence of input precipitation and the 
retention mechanisms in the upstream  
landscape must be determined (hydrologic 
modelling). Secondly, the runoff must be 
routed through the stream network, thus 
allowing a specific travel time for the water 
from the point where it enters the stream to 
the point of interest (hydraulic modelling). 

In this chapter, a short summary of the 
scientific development of the theory of 
hydraulic modelling will be presented along 
with some information about how to apply 
these theoretical concepts to natural  
systems. The following section will describe 
hydrologic modelling on the catchment scale 
as well as provide some examples of  
hydrological models currently in use in Swe-
den and in other countries. After a section 
about commonly encountered difficulties in 
hydrological modelling, Chapter 2 will end 
with a passage about how distributed models 
(for example distributed hydraulic models of 
stream networks) can be successfully used as 
a means to parameterise the streamflow 
portion of a compartmental hydrologic 
model. 

2.1 Hydraulic modelling 

Hydraulics is an applied science based on 
fluid mechanics that deals with the  
engineering applications of fluid flows,  
including determining forces, moments, 
mass flow rates, velocities and frictional 
losses. Fluid mechanical principles are based 
on the conservation equations of mass, 
energy and momentum, as well as a large 
collection of empirical and semi-empirical 
equations. Water flow velocity and water 
level (and discharge) can show large  
variations in space as well as in time along a 
channel (or stream) network. Commonly, 
the task of the hydraulic modeller involves 
determining the velocity (or discharge) at a 
certain point along a stream channel.  

2.1.1 Historic outlook 

Historically, the science of hydraulics has 
played an important role in the development 
of mankind. Early examples of fluid  
infrastructure include the irrigation systems 
in Mesopotamia and in ancient Egypt. Other 
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examples of early hydraulic development 
have been found in ancient Greece and 
China. In ancient Rome, hydraulic  
infrastructure was developed further,  
including structures such as aqueducts,  
watermills (hydropower) and plumbing 
systems within the cities dating back more 
than 2000 years from today. During the last 
century, the applications for hydraulic  
engineering (e.g. for irrigation, transport, 
hydropower, plumbing systems, etc.) have 
increased substantially along with increases 
in global development and water consump-
tion (Jackson et al 2001). For example, there 
are currently 40 000 large dams (>15 m 
high) worldwide, and even more small dams 
(Jackson et al, 2001), most of which were 
built during the latter half of the twentieth 
century. Globally, reservoirs are able to hold 
an estimated 6600 km3/yr (Jackson et al, 
2001), which is roughly one sixth of total 
global annual runoff.  

2.1.2 Basic concepts and principles 

In a river, the discharge (and hence  
velocities) vary in all three dimensions: along 
the river, across the river and from the water 
surface to the river bed. However, for  
practical reasons the problem is often  
simplified to two-dimensional or even more 
commonly one- dimensional (along the 
direction of streamflow). 

Classifications of flows 

Flows can be distinguished as steady or non-
steady (the discharge varies with time), and 
uniform or non-uniform (the water level varies 
along the stream reach). Provided that the 
boundary roughness and the cross-sectional 
geometry of the channel are constant, the 
following definitions are valid. The simplest 
assumption is steady uniform flow. This  
assumption implies that the friction slope is 
parallel to the channel bed slope and that the 
velocity is the same throughout the studied 
channel reach. If the flow is classified as 
steady and non-uniform, the velocity varies 
along the channel reach so that friction 
losses are balanced with variations in  
velocity between the edges of the control 
volume. Unsteady, non-uniform flow  
incorporates discharge (and hence, velocities 

and water levels), which varies over time. 
Because velocities and water levels (per the 
definitions) can vary temporally and spatially 
in unsteady, uniform flow, no stable state 
can exist. 

Conservation equations 

Mass continuity is one of the fundamentals 
of hydrologic modelling. Over an increment 
in a stream channel, the one-dimensional 
(1D) form of the equation can be  
formulated as: 

x

Q

t

A









    (1) 

where A is the cross-sectional area of the 
stream channel (m2), t is time (s), Q is the 
discharge (m3/s) and x is the distance along 
the stream (m). For steady conditions, this 
equation reduces to dQ/dx=0 implying that 
the discharge does not vary over time. As a 
consequence of mass continuity, discharge 
(Q, m3/s) is the product of water velocity  
(v, m/s) and cross-sectional area (A, m2) of 
the stream channel as measured normal to 
the direction of flow. In a channel, the 
cross-sectional geometry (such as area,  
hydraulic radius and wetted perimeter) is 
always a function of the water level in the 
channel, which in turn depends on cross-
sectional geometry and discharge. Overall, 
this implies that there is often a non-linear 
relationship between discharge and water 
level within a stream reach. 

The energy conservation equation is used to 
establish the relationship between potential 
energy and kinematic energy as well as the 
frictional losses between two points along a 
channel. The energy equation in one  
dimension applied to a control volume  
between two locations (denoted as 1 and 2) 
along a channel can be written as (Chow et al 
1988): 
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where z is the river bed elevation (m), y is 
the water level (m), g is the acceleration due 
to gravity (m/s2) and hf is the head loss (m) 
(i.e., the energy lost to friction effects)  
between the two sections. Potential energy is 
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defined as the sum of the elevation of the 
channel bottom and the water level. 

The Manning equation 

The Manning equation (first presented in the 
late 1800‟s) is an empirical formula for open 
channel flow, i.e., free-surface flow driven by 
gravity. The equation is commonly used to 
estimate flow (or velocity) in open channels 
where (more precise) measurements are not 
available (Chow et al 1988). The Manning 
equation is written as follows: 

21321
fSRA

n
Q     (3) 

where Q is discharge (m3/s), n is the  
Manning friction coefficient  (-), A is the 
cross-sectional area (m2) of the water in the 
channel, R is the hydraulic radius (m) and  
Sf is the friction slope over the studied  
increment (-), i.e., the head loss (hf) over the 
length of the channel reach (∆x). The  
hydraulic radius is incorporated as a measure 
of channel flow efficiency since the frictional 
losses along a channel predominantly occurs 
along the boundary (in other words, the 
perimeter) of the channel. The hydraulic 
radius is defined as the ratio of the cross-
sectional area to the wetted perimeter. The 
Manning equation is valid for fully turbulent 
flow and is often used for streamflow  
applications in natural waters. 

 The largest uncertainty when applying the 
Manning equation is often related to the 
estimation of the friction coefficient (n), an 
empirically derived measure of the  
resistance. Frictional losses in the energy 
equation can be calculated from the  
Manning equation or can be determined in 
numerous alternative ways. In simpler  
analyses, the only source of energy loss is 
due to friction between the flow and the 
channel wall. Energy can also be lost  
because of factors such as wind shear on the 
surface and eddy motion arising from abrupt 
changes in channel geometry. In natural 
waters, the friction coefficient can vary 
substantially along the river as well as within 
a cross-section. The coefficient can vary 
with stage and also be affected by factors 
such as vegetation, heterogeneous river beds 
and the possible occurrence of ice. 

The Saint-Venant equations 

To estimate the flow rate or water level at 
particular locations in the stream network as 
functions of space and time, a distributed 
model of channel flow must be used. These 
models are commonly based on the Saint-
Venant momentum equation for one-
dimensional unsteady open channel flow, 
which was developed in 1871 (Dooge et al 
1982, Chow et al 1988): 

0
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where A is the cross-sectional area of the 
stream, Q is the discharge (m3/s), t is the 
time (s), x is the distance along the flow path 
(m), g is the gravitational acceleration (m/s2), 
y is the water level (m), S0 (-) is the bed slope 
and Sf is the friction slope (-). The Manning 
equation (Eq. 3) constitutes a special case of 
the Saint-Venant equation (Eq. 4). 

The Saint-Venant equations can be used in 
different simplified forms. Each equation 
defines a one-dimensional distributed 
routing model. The momentum equation 
includes several different terms to account 
for the physical processes of flow  
momentum, including (from left to right in 
Eq. 4): 

 The local acceleration term (which 
;describes the change in momentum as a 
result of the change in velocity over 
time) 

 The convective acceleration term (which 
is needed because of changes in velocity 
along the channel)  

 The pressure force term (which is pro-
portional to the change in the water 
depth along the channel) 

 The gravity force term (which is propor-
tional to the bed slope)  

 The friction force term (which is pro-
portional to the friction force)  

The local and convective acceleration terms 
represent the effect of inertial forces on the 
flow. The dynamic wave model incorporates all 
the terms mentioned above, whereas the 
diffusion wave model neglects the local and 
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convective acceleration terms, and the  
kinematic wave model neglects the local  
acceleration, the convective acceleration and 
the pressure terms. The momentum  
equation can also be written in a form that 
takes into account whether the flow is steady 
or unsteady, as well as whether the flow is 
uniform or non-uniform. 

No analytical solution is available for the 
Saint-Venant equations of momentum, and 
the problem must be solved either through 
simplification of the equations or by some 
method of numerical approximation (Dooge 
et al 1982). Usually these simplifications 
include the assumption that the  
hydrodynamic equation of motion along a 
reach is a linear process. As such, the  
equation can be lumped over an increment 
(Dooge et al 1982). The alternative to using a 
distributed flow routing model is to use a 
compartmental model to calculate the flow 
rate at the desired location and then assume 
steady non-uniform flow along the channel 
at the site to compute the corresponding 
water level. Because a distributed model 
calculates the flow rate and water level  
simultaneously, the model more closely 
approximates the actual unsteady non-
uniform nature of flow propagation in a 
channel (Chow et al 1988).  

2.2 Transport in natural stream networks  

During the last few decades, much effort has 
been devoted to effectively describing the 
processes and characteristics governing the 
streamflow response of natural stream net-
works as a function of stream network  
structure (geomorphology) and channel 
hydraulics. Early attempts at characterising 
stream network properties were made by 
Horton (1945) and Strahler (1964) who 
introduced hierarchical orderings of stream 
networks and presented descriptive  
parameters for their physical properties. 
Rodríguez-Iturbe and Valdés (1979)  
proposed their concept of the geomorpho-
logic instantaneous unit hydrograph 
(GIUH), thereby linking hydrological  
responses to catchment characteristics  
within a probabilistic framework (giving 
statistical distribution of catchment  

properties rather than a complete spatial 
description). This work was followed by 
numerous studies and several key  
publications (Gupta et al 1980, Rinaldo et al 
1991, Rodríguez-Iturbe & Rinaldo 1996). To 
explicitly account for the effects of  
morphology and hydraulics, the travel time 
distribution has proved to be a useful tool 
(Robinson et al 1995, Rodríguez-Iturbe & 
Rinaldo 1996, McDonnell et al 2010).  

The hydraulic stream network response 
depends on different dispersion mechanisms 
that have been frequently studied during the 
last few years. Geomorphological dispersion  
addresses how stream network properties, 
such as lengths and the distribution of  
tributaries, influence the hydrological  
response (Rodríguez-Iturbe & Valdés 1979, 
Gupta & Mesa 1988, Rinaldo et al 1991, 
Snell & Sivapalan 1994, Moussa 1997, 
Moussa 2008). The use of Hortonian order 
ratios and/or Strahler ordering schemes to 
determine geomorphological properties has 
been shown to be convenient but also 
somewhat debatable because it does not 
specifically include the topology of a stream 
network. The impact of the topology of a 
stream network and the possible variations 
of water flow velocities within a certain 
Strahler order have been shown to have a 
pronounced influence on the appearance of 
the hydrological response (Snell & Sivapalan 
1994, Peña et al 1999). Hydrodynamic dispersion 
addresses how the hydraulics within a reach 
vary with discharge, thus implying that water 
flow velocities at a station vary with stage, 
for example, as a consequence of flooded 
cross-sections (Wong & Laurenson 1984). 
Kinematic dispersion as defined by Saco and 
Kumar (2002) accounts for the variation of 
stream advective velocities along a stream 
network. Together, hydrodynamic  
dispersion and kinematic dispersion 
represent hydraulic effects on the response 
function. In cases where hydraulic mechan-
isms have not been explicitly studied, the 
distribution of the residence times within the 
channels is often assumed to follow the 
patterns of predefined distributions.  
Alternatively, the residence times within the 
channels have been represented by the  
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advection-dispersion equation (Rinaldo et al 
1991, Snell et al 2004) or by usage of the 
diffusion wave equation with parameters 
based in catchment characteristics (Moussa 
1997). The simplification of uniform  
velocities (in space and regardless of stage) is 
another often used a priori assumption. 

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). Also, the importance 
of channel processes (as opposed to 
hillslope processes) has been shown to  
increase with catchment scale (Robinson et al 
1995, D'Odorico & Rigon 2003). Saco and 
Kumar (2002) introduced the concept of 
kinematic dispersion and concluded that this 
mechanism could be of the same order or 
even more important than geomorphologi-
cal dispersion, as also concluded by Snell  
et al (2004). With some exceptions (Saco & 
Kumar 2002, Snell et al 2004), theoretical 
demonstrations of the dispersion processes 
mentioned above have frequently been 
explored with a focus on either the  
geomorphological or the hydraulic  
contributions to dispersion mechanisms. 

2.3 Hydrologic predictions on the 
catchment scale 

The spatial and/or temporal heterogeneities 
of catchment characteristics, the  
innumerable processes of the hydrologic 
cycle and the limited representation of  
available driving input data (often  
precipitation and temperature) creates a 
complex non-linear relationship between 
rainfall and runoff. Additionally, seasonal 
variations (Lindström & Bergström 2004), 
landscape modification (Wörman et al 2010) 
and climate change (Jackson et al 2001) give 
rise to changes in the processes governing 
the streamflow response. The dynamics of 
rainfall-runoff processes are commonly 
approached by applying a system‟s  
perspective on the scale of interest, which is 
typically a catchment of any size. 

2.3.1 Basic concepts and principles 

The quantities and fluxes of the hydrologic 
cycle are generally determined through  
calculations (modelling) of the fluxes and 
state variables within a delimited hydrological 
system. The formulation of the water balance 
equation depends on the question that needs 
to be answered. For surface water predic-
tions, a common (but rarely verified)  
assumption is that no groundwater crosses 
the boundaries of the system. The water 
balance (resulting from continuity of mass) 
formulated for a river reach was presented in 
Eq. 1, a similar example of a water balance 
equation for a catchment could be: 

 
dt

dS
tEtPAtQ  )()()(   (5) 

where Q is the runoff (m3/s) , A is the  
catchment area (m2), P is the precipitation 
(mm/d), E is the evapotranspiration 
(mm/d) and dS/dt is the time rate of change 
of the water stored in the system (m3/d). 
The concept of mass balance implies that 
water that enters the system either  
accumulates within the system or passes the 
system boundaries. As such, the water never 
“disappears”. By establishing relationships 
between the variables involved in the mass 
balance formulation, the rainfall-runoff 
dynamics can be simulated.  

Inflow, storage and outflow are related to 
each other through Eq. 5. Commonly, the 
input to a system is known (e.g.  
precipitation) and the task is to determine 
the outflow (e.g. discharge). The outflow is 
usually computed as a function of the inflow 
and the storage using a so-called response 
function, also known as a transfer function 
(Chow et al 1988). The simplest response 
function is perhaps the concept of a linear 
reservoir, assuming that the outflow from a 
system (Q) is related to its storage (S) by:  

SkQ       (6) 

where Q is the runoff (m3/s), k is a constant 
with the dimensions of time (s-1) and S is the 
storativity (m3). If the rate coefficient k in 
Eq. 6 is a constant, Eq. 6 describes a linear 
system, whereas if k is a function of the input 
or the output, it describes a non-linear system 
(Chow et al 1988). A non-linear system is in 
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general much more difficult to solve than a 
linear system, however, most hydrological 
processes in nature cannot be described 
satisfactory with assumptions of linearity. 

2.3.2 Distributed and lumped (compartmen-
tal) models  

Generally, there are two different types of 
hydrological models: distributed and lumped 
(compartmental) models, depending on the 
spatial resolution of the model setup.  
Distributed models are based on partial 
differential equations (where properties and 
states can vary continuously in time and 
space) whereas lumped models are com-
prised of ordinary differential equations that 
are only continuous in time (Chow et al 
1988). In a lumped model, the system is 
spatially averaged or regarded as a single 
point in space without dimensions.  
However, in a distributed model, the  
hydrologic/hydraulic processes are variable 
in space and all model variables are defined 
as functions of the space dimensions 
(Krysanova et al 1999). 

The boundary between the two types of 
models is not clear. Along the sliding scale 
between fully lumped (i.e., the system being 
represented as one compartment) to a fully 
distributed model, the models are sometimes 
referred to as semi-lumped or semi-
distributed (Das et al 2008). The only  
distinction between these intermediates is 
the resolution/size of the compartments. 
The compartments of a semi-lumped model 
are somewhat larger than the compartments 
of a semi-distributed.  

For streamflow modelling, distributed flow 
models exhibit an advantage over lumped 
flow models when accounting for backwater 
effects (that the effects of a change of water 
level in a subcritical reach will propagate 
back upstream from a certain section). 

2.3.3 Physically based and statistically based 
models  

Regardless of whether the model is lumped 
or distributed, the equations describing the 
hydrologic processes of the system have to 
be formulated and parameterised. The  
parameterisation is generally done by one of 
two strategies: using physical properties of 

the modelled system directly or using  
statistical procedures to derive the  
parameters giving the „best-fit‟ between the 
model output and the comparable measured 
flux. The parameterisation could also be 
achieved with an intermediate of these two 
strategies.  

Physically based models are based in  
physical process descriptions and/or  
empirical equations (for every included sub-
process), often based in the laws of continui-
ty of mass, energy and momentum (for 
example the Saint-Venant equations, Section 
2.1.2). In principal, no calibration is needed 
because all essential input data (measured or 
approximated) is provided for every model 
and for every spatial entity. Furthermore, all 
model parameters are defined so that they 
have a physical meaning. A disadvantage for 
this type of model is that it is rarely possible 
to describe all ongoing processes with  
adequate accuracy. Moreover, even complete 
accuracy was possible; the parameterisation 
procedure would need to accurately account 
for all heterogeneities related to the physical 
properties of the catchment that is being 
modelled. Therefore, the physically based 
model requires effective measurements at 
the scale of the modelled element (Beven 
2003). As effective and reliable  
measurements of all heterogeneities is  
generally quite impossible, the parameters 
are often said to represent the average  
properties of the modelled system. Another 
solution often used is to use statistical  
distributions of parameter values, as a means 
to account for some of the heterogeneity 
within the modelled system. This is an  
intermediate between describing the total 
heterogeneity and assuming total  
homogeneity of the parameters within the 
system. These physically based models are 
expected to be of great importance for  
future applications to non-stationary  
conditions (for example climate change) as 
well as for design studies where the model is 
stretched to applications outside the range 
of its calibrated parameters (Lindström et al 
1997, Seibert 2003, Wagener et al 2010).  

As an alternative to physically based models, 
the hydrological model can be set up using a 
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few governing equations that are said to 
represent all relevant processes in question, 
even though the exact physical formulation 
of the processes is not known. These types 
of models are also known as black box models 
or sometimes as conceptual models (Krysanova 
et al 1999, Rodríguez-Iturbe & Rinaldo 
2001). Commonly, the parameters of these 
models are calibrated in the sense that model 
prediction is optimised with respect to ob-
servations of water quality, discharge or 
other variables. The method for calibrating 
these model parameters implies that these 
parameters can be weakly linked to  
catchment properties and the physical 
processes that the parameters are being used 
to explain. 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 somewhat 
limited connection between the model  
parameters and the physical properties of a 
catchment leads to difficulties when trans-
ferring parameters between catchments, 
applying parameters under varying climatic 
conditions, modelling a changing landscape 
or modelling a catchment under extreme 
conditions. However, these models provide 
a schematically attractive representation of 
any catchment (Bergström & Graham 1998, 
Lidén & Harlin 2000). Another advantage is 
that these models do not require much input 
data apart from meteorological data and a 
series of discharge observations for  
calibration/validation of the model 
(Lindström et al 1997).  

2.4 Examples of hydrological models  

In this section, short descriptions of a few 
commonly encountered hydrological models 
are presented as a background to the  
research presented in this thesis. These 
models are generally presented in an order 
ranging from more lumped to more  
distributed models. 

2.4.1 HBV  

The most well-established and applied  
hydrological model in Sweden is the HBV 

model (Bergström & Forsman 1973), with 
its first application being developed at the 
Swedish meteorological and hydrological 
institute (SMHI) during the early 1970‟s. It is 
generally characterised to be a semi-
distributed model based on hydrological 
mass-balance on the catchment scale with a 
parameterisation scheme based in numerical 
calibration.  This model and its subsequent 
versions (most notably the HBV-96, 
Lindström et al 1997) are in extensive use for 
hydrological predictions especially for  
hydropower management in Northern Eu-
rope. For example, it is the standard tool for 
spillway design flood studies in Sweden 
(Bergström et al 1992, Svenska Kraftnät 
2007). The model is generally operated on 
daily timesteps.  

The streamflow response is modelled using 
two corresponding compartments (an upper 
and a lower soil compartment) connected in 
parallel. The lower compartment represents 
base flow using a linear reservoir, whereas 
the upper compartment represents storm 
flow (the landscape‟s response to high  
precipitation input). The stream network 
structure is incorporated into the soil  
compartments, so that the topology of the 
stream network will be accurately 
represented if the resolution of sub-
catchment size is high enough (so that every 
single river reach forms a sub-catchment of 
its own). The effects of stage dependency 
are somewhat represented explicitly as the 
storativity in the soil compartments are 
related to the water level in the stream  
network. The routing between different sub-
catchments can be described by the  
Muskingum method or by the use of simple 
time lags (being the same for a sub-
catchment regardless of discharge magni-
tude).  

2.4.2 SWAT  

The SWAT model (Soil and Water  
Assessmet Tool) (Arnold et al 1998) is a 
semi-distributed hydrological model, devel-
oped to assess the impact of management 
on water resources (quantity and quality) on 
an operational level. The model is intended 
as a long-term yield model which is not 
capable of detailed, single-event flood 
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routing. The model is based on spatially 
distributed input data (e.g. landuse, geology 
etc) and does not require any calibration, 
thus it is often presented as a suitable model 
to use in ungauged catchments (Arnold et al 
1998). Basins are subdivided into grid cells 
or sub-catchments, which can be further 
subdivided to reflect differences due to land 
use and soils etc.  

The input variables for the stream network 
include reach length bankfull width, bankfull 
depth, channel slope, flood plain slope as 
well as Manning‟s n for the main channel as 
well as the floodplains. In later versions of 
the model (e.g. SWAT2000), Muskingum 
channel routing has become an alternative to 
the variable storage coefficient method for 
the flood routing calculations. The model 
does not include backwater effects which 
might arise through the stream network. 
Depending on the spatial subdivision of the 
catchment, parts of the stream network 
structure might be incorporated implicitly  
(if every single reach give rise to a sub-
catchment).  

2.4.3 HYPE  

During the 2000s, the HYPE (Hydrologic 
predictions for the environment) model was 
developed at the SMHI as a complement to 
the HBV model (Section 2.4.1). The model 
comprises routines for water and solute 
(primarily nitrogen and phosphorous)  
transport on the catchment scale (Lindström 
et al 2010). The landscape is divided into 
classes (compartments) in the horizontal 
plane according to soil type, land use and 
altitude. Further, the soil compartments are 
subdivided into up to three vertical layers 
(compartments). Model parameters are 
global, or can be coupled to soil type and/or 
land use. The model is run using daily time-
steps, and the main driving data is  
precipitation and temperature. As the HYPE 
model has been used for the comparison in 
Paper I, its streamflow component is  
described in further detail in Section 3.2.3.  

2.4.4 SHE  

The SHE model (Système Hydrologique 
Européen – European Hydrological System) 
is a distributed model for hydrological  

predictions on the catchment scale. It is 
physically based in the sense that the  
hydrological processes of water movement 
are determined either through the partial 
differential equations of conservation (of 
mass, energy and momentum) or by  
empirical equations derived from  
independent experimental research (Abbott 
et al 1986a, Abbott et al 1986b). The spatial 
properties of the catchment (as well as  
rainfall input and hydrological response) are 
distributed in a three-dimensional grid  
network to represent the catchment charac-
teristics (Abbott et al 1986b).  

The channel flow component uses topo-
graphic, channel shape and flow resistance 
parameters to route the surface water 
through the stream network. The  
one-dimensional Saint-Venant equations of 
continuity and momentum (see Eq. 4) are 
used for channel flow, using the Manning 
resistance law (see Eq. 3) as an  
approximation of the friction slope. The 
input data required are the roughness  
coefficients, the topography (for example 
channel cross-sections), specified flows or 
water levels at the system‟s boundaries and 
coefficients of discharge for weir formulae 
(Abbott et al 1986b).  

2.4.5 Other distributed streamflow models  

In addition to distributed hydrological  
models, there are a range of distributed 
hydraulical models. A thorough account of 
these models is not included in this thesis; 
however a few examples and references are 
mentioned. 

Commonly used models are the MIKE 
models developed by DHI Water &  
Environment. The models are built around 
solving the time-dependent non-linear  
equations of continuity and conservation of 
momentum by implicit finite difference 
techniques, within a distributed grid network 
(in one, two or three dimensions). Another 
commonly used model for distributed 
streamflow is the HEC-RAS model,  
developed by the US Army Corps of  
Engineers. The model is one-dimensional 
and can be used for steady flow (solving the 
one-dimensional energy equation) as well as 
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for unsteady flow (solving the full, dynamic 
Saint-Venant equation, see Section 2.1.2). 

The main field of application of these model 
types is when a more detailed prediction of 
flow field (often made in two or three  
dimensions) is required. This could for  
example be flood mapping, investigation of 
the effects of man-made alterations to a 
river, for contaminant or sediment transport 
or in the case of infrastructure development 
(hydraulic design). Commonly, these  
hydraulical models require topographic 
information of a high resolution, detailed 
knowledge about the flow resistance  
parameters and well defined boundary  
conditions, for example measurements of 
discharge and/or water levels.  

2.5 Difficulties in hydrological modelling 

The concept of hydrological modelling of a 
catchment using the water balance equation 
(Eq. 5) is intuitive - the main operational 
problems are associated with determining 
the equations and parameters to use (Chow 
et al 1988).   

2.5.1 Choosing an appropriate model and 
model structure 

All models are approximate descriptions of 
the reality and have their limitations. Model 
choice thus depends on the stated problem, 
available data, available computational  
power and economic scope. Most models 
have some inherent problems (model  
structural errors) that simply lead to the 
model performing badly during certain  
conditions. As an example, low accuracy 
during wetting up periods of catchments is 
quite frequently encountered (Lidén &  
Harlin 2000, Beven 2010).  

The delimitation of the system to be  
modelled is another important issue.  
Delimitation depends on the proposed  
research question and the system size, which 
could range from large (e.g., planet Earth) to 
small (e.g., a small pond or the leaf of a 
plant). Defining the system should be  
performed so that all vital fluxes (according 
to the proposed problem) are included and 
so that the uncertainties related to unknown 
fluxes are minimised. For example, a  

common delimitation for a surface water 
hydrologist is to assume that the ground-
water divides coincide with the surface water 
divides.  

Yet another important issue is how to  
discretise your system, i.e., the number (and 
thus size) of compartments (or land classes, 
or elevation zones, or stream reaches etc.) 
chosen by the modeller. Several studies have 
shown that the same model can give  
substantially different outcomes based on 
how the partitioning into sub-units is  
accomplished (Lindström et al 1997,  
Uhlenbrook et al 1999).  

2.5.2 Parameter uncertainty  

Hydrological modelling on large scales (in 
space and time) exhibit large degrees of 
system‟s complexity, arising from nonlinear, 
heterogeneous and highly dynamical 
processes (Wagener et al 2010). A central 
difficulty when using hydrological models is 
related to the parameter uncertainties. These 
problems are encountered in several ways, 
for example: 

 The incommensurability issue - the model 
parameters are not explicitly linked to 
the physical properties that they are said 
to represent (Uhlenbrook et al 1999, 
Bergström & Graham 1998). 

 The heterogeneity issue - the physical prop-
erties of the system (catchment, river 
reach etc.) are likely to vary in all three 
dimensions in space and also temporally. 
The available data is often point data 
and does not necessarily represent the 
entire system accurately. The parameter 
variability needs to be represented in a 
reliable way in the model (Uhlenbrook  
et al 1999). 

 The scaling issue - parameters values 
might vary with the spatial scale of the 
investigation (Bergström & Graham 
1998, Beven 2008). 

 The equifinality issue - as a result of cali-
bration and the modelling setup several 
„optimal parameter sets‟ are found dur-
ing the calibration, which may describe 
completely different values for the  
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internal state variables (Seibert 1997, 
Uhlenbrook et al 1999). 

 The issue of extrapolation - the conditions 
during the period of calibration are not 
representative of the conditions at the 
time (or place) of prediction. An evident 
example is a period of climate change, 
but similar problem can arise when 
extrapolating previously encountered 
knowledge into extreme intervals (for 
example, peak flow predictions) (Seibert 
1997, Uhlenbrook et al 1999). 

Heterogeneity and scaling issues 

Principal sources of heterogeneities that 
govern the hydrologic response are  
variations in topography, climate, soil and 
geology over the catchment (Arnold et al 
1998). In hydrological modelling, the issue 
of heterogeneity is clearly linked to the  
scaling issue, because most hydrological 
modelling is based on the assumption that 
there is a scale (of a sub-catchment, grid cell 
or river reach) in which the conditions ruling 
the hydrological process can be homogen-
ous (Arnold et al 1998, Svenska Kraftnät 
2007).  

Most hydrological models consist of a  
general model structure and more or less 
empirical parameters (derived from  
measurements, numerical calibration or pure 
assumptions). Therefor, the model structure 
is often generic, whereas the parameters are 
variable. When shifting scales or climatic 
region, a change in parameter values might 
often be necessary. In a purely physically 
based model, the parameters should (at least 
theoretically) be independent of scale.  

Calibration and validation 

In a traditional calibration procedure for a 
hydrologic compartmental model, the model 
parameters are varied (manually or  
automatically) until a “best-fit” is obtained. 
The problem is that one model setup can 
lead to a good agreement between modelled 
discharge and historically observed  
discharge, even though the modelled sub-
processes are not correctly described. For 
increased certainty that the model is making 
good predictions for the right reasons,  
additional data (for example, concentrations 

of dissolved substances or snow cover data) 
can be used in the validation procedure. 
Additional data will allow the user to reject 
parameter sets that simulate discharge of 
reasonable magnitude, but have other flaws 
displayed as inconsistencies in internal  
variables (Seibert 1997, Uhlenbrook et al 
1999, McDonnell et al 2010).  

In model calibration, usually, a split-sample 
test is performed. In this test, about half of 
the accessible data period is used to calibrate 
the model, and the remainder is used for 
validation.  

This data use implies the assumption that 
the conditions (for example climate) are 
constant during the calibration and  
validation periods (Seibert 2003). In manual 
calibration, the user will usually start from 
parameter values that have been shown to 
perform well in a similar catchment and only 
modify these values slightly, thereby  
inserting subjectivity from the modeller 
(Seibert 1997). 

Further difficulties are associated with the 
issue of model validation. Sometimes, model 
parameters of conceptual models have a 
physical basis. However, these parameters 
often represent effective values on the scale 
of the compartment (or grid or reach), 
which makes them impossible to  
measure/validate in the field (Beven 1993, 
Uhlenbrook et al 1999, Lidén & Harlin 2000, 
Beven 2003). Another example of validation 
difficulty is related to extreme conditions. 
Because the “observations” of discharges at 
hydrological extremes often are associated 
with very large errors (Lindström & 
Bergström 2004), it is often impossible to 
validate a hydrological model for extreme 
flows.  

Equifinality 

Experience from calibration of conceptual 
compartmental models shows that it is 
usually impossible to find a single, unique 
parameter set that provides a “best fit” 
(Seibert 1997, Uhlenbrook et al 1999, Lidén 
& Harlin 2000). This problematic issue is 
often referred to as the equifinality issue. 
However, these “equally good” parameter 
sets might give very different predictions for 
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individual events. For example, in a German 
catchment, Uhlenbrook et al (1999) found 
that predicted peak discharges of a 100-year 
flood varied from 40 to almost 60 mm/d, as 
a result of parameter uncertainty. The  
problem of finding one unique optimal set 
of parameters can be a result of errors in 
model structure, interactions between model 
parameters or erroneous input data (Seibert 
1997, Lidén & Harlin 2000). Also, it has 
been shown that even when using the same 
model setup, the degree of equifinality can 
vary substantially between catchments in 
different climatic zones (Lidén & Harlin 
2000). 

Extrapolations 

Using compartmental hydrological models 
outside the conditions (geographical,  
temporal or physical) that are observed 
during the calibration period should always 
be interpreted with great care. This includes 
transferring parameter sets to ungauged 
catchments (Lidén & Harlin 2000), simulat-
ing runoff in a future climate (Bergström  
et al 2001) or the prediction of extreme 
events such as design flood estimations for 
infrastructure like dams and spillways 
(Harlin 1992, Seibert 2003).  

The problems of parameter uncertainty and 
equifinality are most markedly exhibited in 
the extreme ranges of discharge predictions, 
where data for calibration is sparse and the 
model has to be stretched to conditions far 
beyond those used for model development 
and calibration. Previous studies show that 
the modelling uncertainty for the design 
floods used for hydropower infrastructure in 
Sweden might be as large as +/- 20% on 
average (Harlin 1992). These large potential 
errors in design flows provide strong  
incentives for developing methodologies for 
improved predictions of peak flows. 

Because the uncertainties in hydrologic 
modelling (and their sources) are non-
stationary (in time and space), one has to be 
cautious when using the past to predict the 
future (Harlin 1992, Loaiciga et al 1996, 
Wagener et al 2010).  

2.5.3 Quality of  input data 

The success of all hydrological modelling is 
highly dependent on the quality of the data 
used to calibrate the model. For hydrological 
modelling, the primary input data often 
includes 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). 
Also, the spatial resolution of measurements 
with rain gauges is often not very high,  
implying that the point measurements of 
precipitation (as well as other additional 
data) are measured on a scale much smaller 
than the model scale. Therefore, all input 
data requires some kind of upscaling or 
downscaling before it can be used for  
modelling purposes - a process that may 
introduce new sources of errors and  
uncertainties (Uhlenbrook et al 1999). 
Another example of scaling problems related 
to input data is temporal resolution of water 
quality measurements in natural waters. 
Commonly, water quality data in natural 
surface waters is, at best, measured a few 
times per month, making comparisons with 
continuous modelling difficult (Lindström  
et al 2010). 

Using historical data for calibration and 
validation of models, can lead to additional 
problems. Part of the problem has to do 
with temporal non-stationarity. In other 
words; that boundary conditions might 
change over time. Also, the changes in  
measurement techniques over time as well as 
changes in data registration practises imply 
that the uncertainties of data in a time series 
may vary substantially (Lindström & 
Bergström 2004). As an example, in old 
Swedish discharge data, readings were made 
less frequently than today, implying that 
peak flows sometimes were missed, which 
lead to underestimation of flood peaks 
(Lindström & Bergström 2004).  

Other problems related to discharge data 
measurements can be related to ice jamming, 
river cross-sectional geometries changing 
over time and peak discharges being  
conceived from extrapolations of rating 
curves beyond the range supported by  



Hydraulic- hydromorphologic analysis as an aid for improving peak flow predictions 

 

17 

measurements (Harlin 1992, Lindström & 
Bergström 2004). 

2.6 Using distributed and lumped 
models in symbiosis 

The main goal of this thesis is to shed light 
on how the streamflow algorithms of  
compartmental hydrological models can be 
adapted to a wide range of discharges,  
thereby yielding better predictions, especially 
for extreme flows. By linking information 
from physically based, distributed models 
with parameters of lumped hydrological 
models, the use of such models outside their 
range of calibration can be facilitated.  
Examples of useful outcomes include  
making predictions for the future without 
relying on how catchments have responded 
in the past (Harlin 1992, Bergström et al 
2001, Wagener et al 2010), as well as making 
predictions of extreme discharges, such as 
design floods for the dimensioning of  
hydropower infrastructure. 

Practically, this can be conceived by using a 
lumped model structure with a physically 
based (distributed) model as a means of 
parameterisation (as in the work presented 
in this thesis). Physically based models can 
also be used as an aid in choosing among 
different optimal parameter sets (i.e. as a 
means to solve problems of equifinality), to 
exclude the ones that do not seem to be 
physically realistic. An early example of 
hydrological modelling using lumped and 
distributed models in symbiosis was  
accomplished by Dooge et al (1982). They 
matched the moments of lumped models 
with the moments of the linearised Saint-
Venant equations, thus leading to the 
lumped parameters of the Muskingum 
routing model. Several recent studies have 
focused on systematic ways of using easily 
available information of physical catchment 
properties to parameterise the response 
functions of lumped hydrological models or 
at least, as a means to constrain the possible 
parameter space. Using sub-catchment  
specific properties as a means to paramete-
rise the response functions (thus better 
accounting for heterogeneity by identifying 
individual response functions for each sub-

catchment) has been shown to be an  
effective tool for parametrisation (Moussa 
1997; Krysanova et al 1999, Moussa 2003, 
Snell et al 2004). Contrary to conventional 
compartmental models, these procedures do 
not rely on assumptions of non-linearity and 
uniformity of the streamflow responses. By 
using different types of models in  
combination, the key advantages of both 
model types can be combined (Butts et al 
2004, Blöschl et al 2008, Das et al 2008). 

3  METHODS  

In the following section, the methodology 
used within this research project is  
presented. For further details, see the  
appended papers. 

3.1 Case study – the Rönneå Catchment  

The Rönneå Catchment is located in south-
western Sweden (Fig. 3) and drains an area 
of about 1900 km2 into the bay of Skälder-
viken on the west coast of Sweden. The 
catchments are situated between ~55-57 °N 
and ~12-14 ° E. The average annual precipi-
tation in this area is about 850 mm, of which 
about 400 mm contributes to runoff 
(Larsson et al 2005). No major lakes are 
present in either of the studied sub-
catchments, and neither of the rivers are 
regulated. Discharge gauging data were 
available for the outlets of the three studied 
sub-catchments.  

In Paper I, the hydromorphologic characte-
ristics were analysed for two sub-catchments 
located within the headwaters of the Rönneå 
Catchment (Heåkra and Ärrarp). The main 
differences between the two stream  
networks are attributed to their geomorpho-
logical properties, including topology, reach 
lengths and slopes. The downstream energy 
level at the outlets of both catchments was 
defined as constant head in the model. For 
the study performed in Paper II, the  
Klippan sub-catchment was modelled.  

3.2 Parameterisation using a distributed 
routing model (Paper I) 

In Paper I, the parameterisation of a  
compartmental model was made using  
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findings from a distributed routing model 
and a particle tracking routine.  

3.2.1 Data for the distributed routing model 

The bottom elevation at the beginning of 
every reach (and hence the stream slopes) 
was determined throughout the network by 
the use of a raster format digital elevation 
model (DEM) with a resolution of 50x50 m 
and a four point approximation routine. 

Because the main purpose of this study was 
to investigate the more general properties of 
the two catchments (e.g., slopes, network 
topology, and stage dependency), two  
template geometries for the catchments were 
derived (which were based on 170 measured 
cross-sections in the Heåkra Sub-
catchment). One template had trapezoidal 
main channels flanked by floodplains and 
the other one had trapezoidal main channels 
flanked by vertical walls (not allowing for 
any sidewise flooding). From this point on, 
these two geometry types will be referred to 
as the floodplain case and the bounded case,  
respectively. These two geometries represent 
two extremes, and the actual geometries in 
the catchments are expected to be  
somewhere in between these two cases. The 
default value of Manning‟s n (the friction 
coefficient) was set as 0.05 for both catch-
ments based on literature values (Chow et al 
1988, French 2007) and general observations 
of the catchment streams. 

3.2.2 Routing model and particle-tracking 

To determine the velocity along a stream 
network as a function of stage for defined 
topology and geometry, a one-dimensional, 
distributed, non-uniform routing model was 
constructed. The routing model was based 
on the one-dimensional Saint-Venant  
equations for open channel flows (Chow  
et al 1988, Section 2.1.2). A basic simplifica-
tion applied here was to neglect the time 
derivatives, i.e., assuming quasi-stationarity. 
The friction head loss in the reaches was 
calculated according the Manning‟s friction 
loss formula (Eq. 3), using geometrical 
properties of the channel and friction  
coefficients. For all increments of all reach-
es, the flow regime (subcritical or super-
critical) was determined for every discharge 
as a result of stage and eventual damming 
that originated in downstream increments.  

“Water particles” representing the input of 
precipitation were uniformly distributed 
over the catchment area. From their impact 
point, every particle moved to the closest 
(based on Euclidian distance) reach of the 
stream network where the particle started its 
transport within the stream network towards 
the basin outlet. The lateral inflow volume 
to the stream network (determined by the 
HYPE model) was distributed over the 
stream reaches in proportion to the traced 
“particles” and the precipitation (i.e., the 
outflow hydrograph from the hillslopes). 
The outlet discharge of a reach is the sum of 

Figure 3 Maps 
showing Rönneå 
Catchment in 
southwestern 
Sweden. The two 
subcatchments 
Heåkra and 
Ärrarp are  
studied in Paper I 
whereas the  
Klippan sub-
catchment is used 
for the modelling 
demonstration in 
Paper II.  
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the outflow from the upstream reach and 
the lateral inflow into the reach in question. 
In this manner, not only the lengths of the 
tributaries but also their topology influence 
the magnitude of the discharge in every 
reach. Where two tributaries join, the flow in 
the downstream reach is the sum of the flow 
in the two upstream reaches.  

The assumed quasi-stationary implies that 
during the time of transport throughout the 
catchment, the discharge does not vary 
temporally, albeit spatially. Runs for the 
routing and the particle tracking models 
were made for steady conditions by using 
discrete values of the catchment outlet  
discharges. The outlet discharges 
represented by the percentiles 30, 40, 50, 60, 
70, 80, 90, 95, 97, 98, 99, 99.5 and 99.9 for 
the discharges extracted from the discharge 
data set for the two catchments in this study. 
The discharge series duration was 33 and 24 
years for the Heåkra and Ärrarp catchments, 
respectively. The higher percentiles were 
more densely sampled than the lower ones 
because the main focus of this study was on 
the larger discharges. 

The travel time of a “water particle” from its 
impact point on the land surface to the 
stream network (i.e. the hillslope response 
time) was obtained by using the newly de-
veloped hydrologic model HYPE 
(Lindström et al 2010) and using a time 
discretisation of 24 h. The travel time of 
each particle from the point where it entered 
the stream through the stream network 
towards the catchment outlet was obtained 
using the advective velocities (assuming that 
the flow was stationary during the time of 
travel), which were derived from the routing 
model at the prevailing discharge as: 

  i iip uLt    (7) 

where tp represents the total travelling time 
of a particle within the stream network (s),  
i is the reaches through which the particle 
travelled (-), L is the length of each reach 
(m) and u is the advective velocity in each 
reach (m/s) – a property varying according 
to stream discharge. 

3.2.3 The streamflow component of  the 
HYPE model 

In the HYPE model (briefly presented in 
Section 2.4.3), the stream network is  
described as two surface water  
compartments in series: a local stream  
compartment (for the runoff generated 
within the sub-catchment) and a main 
stream compartment (for the locally  
generated runoff as well as the stream dis-
charge from upstream sub-catchments). In 
each of the two compartments, the stream-
flow routing is conducted through two sub-
processes, the first one postponing the peak 
(using simple time lags) and the second one 
dampening the flow. The total delay time of 
a discharge event is the sum of these the two 
delays. The HYPE model equation for flood 
peak dampening uses the concept of a linear 
reservoir, i.e., a first order transfer  
relationship. The discretisation time step of 
the HYPE model is 24 h, over which the 
time rate of change of the water volume 
within each compartment is calculated from 
the averages of the fluxes over the timestep 
according to the following equation:  

      AqAqQQ
dt

dV
iiioutiin

i
1,, 1

     (8) 

where Vi (m
3) represents the water volume 

in the stream compartment, Qin is the flow 
into the stream compartment from an  
upstream catchment (m3/s), Qout represents 
the discharge out of the stream compart-
ment (m3/s), q is the runoff of the catch-
ment (m/s), A is the catchment area (m2),  
ε represents the integer part of the lagtime of 
the catchment (-) and φ equals the decimal 
portion of the lagtime (-). 

The HYPE model equation for flood peak 
dampening uses the concept of a linear 
reservoir, i.e., a first order transfer relation-
ship:  

iiout VQ  ,      (9) 

where Qout represents the discharge out of 
the stream compartment (m3/s), α is a  
catchment-specific constant (s-1) and V is 
the water volume in the stream compart-
ment (m3). 



Anna Åkesson  TRITA-LWR.LIC 2051 

 

20 

The catchment-specific parameters ε, φ and 
α in Eq. 8 and Eq. 9 are based on the total 
length of the tributaries and a calibrated, 
catchment-specific parameter, implying that 
the topology of the stream network do not 
influence the response function. Also, these 
parameters are independent of hydraulic 
conditions (such as stage and backwater 
effects) and thus remain constant over the 
entire interval of possible discharges. In the 
operational usage of HYPE at the SMHI, 
the issue of network effects is partially  
compensated for by reducing the size of the 
sub-catchments so that each tributary  
essentially forms a sub-catchment on its 
own.  

3.2.4 Translating stream network properties 
into the response function of  the  
hydrological model HYPE 

To investigate the effect of using a response 
function (see Section 2.3.1) that includes the 
effects of geomorphological, hydrodynamic 
and kinematic dispersions (as opposed to 
using constant parameter values), the find-
ings from the routing procedure combined 
with the particle tracking routine were  
evaluated in the context of a response func-
tion. The response function used to  
incorporate the results from the routing 
model into the form of a compartmental 
model was a linear response where the rate 
coefficient was set to be the inverse of the 
average travel time through the stream net-
work. The average travel time was  
numerically determined for every time step 
as a function of the discharge entering the 
combined surface water compartment (as 
described in Section 3.2.2): 

V
Qt

Q
in

out 
)(

1
   (10) 

where Qout is the discharge out of the river 
compartment (m3/s), V represents the water 
volume in the river compartment (m3) and 
<t> equals the average travel time (s) within 
the stream network for all of the traced 
particles as a function of Qin, which is the 
inflow to the river compartment (m3/s).  

The response function using the travel time 
distributions (Eq. 10) derived from the 
routing model (see Section 3.2.2) was then 

compared to the streamflow component of a 
more conventional type of compartmental 
model using traditional methods of  
calibration for parametrisation, namely the 
HYPE model (Lindström et al 2010 as well 
as Sections 2.4.3 and 3.2.3). The only  
algorithm of the compartmental model 
HYPE that was replaced in this comparative 
study was the one representing streamflow. 
The two different model setups compared in 
Paper I were as follows: 

 The constant response parameter α of 
the HYPE model (Eq. 9), using two  
surface water compartments to represent 
the stream network 

 The dynamic response parameter 
<t>(Q) that reflected the average  
residence time as a function of stage 
within the stream network (Eq. 10),  
using only one surface water  
compartment to represent the stream 
network  

The HYPE model used for the comparative 
analysis used generic model parameters 
previously derived by SMHI staff to give the 
best performance when modelling sub-
catchments all over Sweden (Lindström et al 
2010). When comparing the effects of the 
two different response functions (the  
original one and the one derived from the 
distributed routing), the same inflow  
hydrographs (i.e., the outflow hydrograph 
from the hillslopes) were used. The same 
temporal discretisation with time steps of  
24 h was used in both model setups. 

3.2.5 Evaluating the improvement of  peak 
flow predictions by the use of  a stage-
dependent response function 

The comparison of the two model setups 
(described in 0) representing a conventional 
compartmental model with a constant  
response parameter as well as a dynamical 
response function was made in several  
different ways. The hydrographs for the two 
studied sub-catchments are displayed  
graphically (Fig. 6) showing time periods of 
two years during which peak flows were 
observed. As a second way of evaluating the 
modelling results, the Nash-Sutcliffe model 
efficiency coefficient R2 (Nash & Sutcliffe 



Hydraulic- hydromorphologic analysis as an aid for improving peak flow predictions 

 

21 

1970) was determined for the different 
model setups (the conventional model as 
well as and the model using the stage-
dependent response function). A third way 
of evaluating the performance of the two 
model types is displayed in Fig. 7, where the 
averaged error (i.e., the observed discharge 
minus modelled discharge) is shown as a 
function of discharge. In this figure, also the 
linear regression is plotted, and the equation 
of the regression line is displayed. 

3.3 Parameterisation of a compartmental 
model using the Manning equation  
(Paper II) 

In Paper II, an approach of linking  
response functions representing the stream 
network geometry as well as flooded stream 
cross sections with traditional compartmen-
tal hydrological models (such as the HBV 
and HYPE models) was formulated. Focus 
was put on how to derive response  
functions that include more detailed  
information regarding the river network 
geometry and the morphology of the  
channel cross-sections, thus incorporating 
the effects of stage dependency into the 
response functions. . In other words, the 
model acknowledges the fact that a stream 
network behaves differently during low and 
high flows. 

The model setup in Paper II is very coarse 
and approximates a catchment response 
dominated by streamflow processes, without 
taking any retention processes in the land-
scape into account. The main purpose of 
this study was not to make a realistic  
hydrologic model for a catchment, but  
rather to theoretically show that improved 
descriptions of stream network properties 
(and consequently non-linear response  
functions of streamflow) have important 
implications for peak flow predictions. 

The discharge series used for this study was 
a series of daily discharge values from a 
measuring station at the outlet of the  
Klippan sub-catchment during the period 
between March 19 and December 1, 1961, 
which was a snow-free period. The  
compartmental model structure is based in 
the water balance (see Section 2.3.1) of the 

catchment. The inputs are inflow from up-
stream sub-catchment(s) as well as effective 
precipitation over the catchment, which was 
determined using a runoff coefficient  
compensating for evapotranspiration and 
other losses. The sole output is the discharge 
to a downstream sub-catchment. It was 
assumed that all generated runoff was  
transported through the surface waters of 
the sub-catchment momentarily after  
rainfall. The discharge response from one 
sub-catchment to another sub-catchment 
used the formulation of a linear reservoir 
(Eq. 6). 

The flux specific discharge coefficient was 
based on the characteristics of the giving 
and receiving sub-catchments as well as their 
respective water table levels (storativities) 
and threshold levels. To determine the  
discharge coefficient for each flux and time 
step, Manning‟s empirical equation for open 
channel flow (Eq. 3) was used, by assuming 
one-dimensional, quasi-steady, uniform 
flow.  

Most parameters of the Manning  
equation are lumped together into a sub-
catchment specific constant. The water level, 
which is raised to the power of an exponent 
β is the only remaining parameters so that 
the total response function of the modelled 
system in Paper II is reduced to: 

AhkQ       (11) 

where Q is the outlet discharge (m3/s) from 
the sub-catchment, k is a sub-catchment 
specific constant derived through calibration 
(s-1), h is the catchment averaged water level 
(m) above the discharge threshold, β (-) is an 
empirical catchment specific coefficient 
representing the groundwater response and 
A is the area of the sub-catchment (m2). The 
coefficient β was derived through calibration 
and was inserted to account for the non-
linearities related to the stage-dependent 
response of surface waters, which in the 
Manning equation (Eq. 3) is most articulated 
through the exponent of 2/3 associated with 
the hydraulic radius. This system was then 
solved numerically through an implicit finite 
difference approximation scheme. The  
inputs were the time series of precipitation, 
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the initial water levels in the sub-catchments, 
the system matrix (describing the topology 
of the sub-catchments) and the threshold 
levels for all sub-catchments.  

The major limitation in this study was that 
the water levels considered were actually the 
water levels over the entire catchment  
(including soil moisture, groundwater and 
lakes), and the levels were not the specific 
levels for the actual watercourses. Therefore, 
the entire catchment response was explained 
through the Manning equation, an  
assumption that is expected to become more 
valid with increasing discharge as the 
streamflow processes then become relatively 
more important for the catchment response 
(Robinson et al 1995, D'Odorico & Rigon 
2003). 

4  RESULTS AND DISCUSSION 

The most important results and discussion 
from the conducted studies are presented in 
this section of the thesis. Two different 
parameterisation schemes of the  
compartmental hydrological models were 
used. In Paper I, the response function was 
determined from distributed hydraulic 

routing in the stream network. In Paper II, 
the response function was determined  
theoretically from the Manning equation 
(Eq. 3). Further details are found in the 
attached papers.  

4.1 Implications of stage dependency 

The results from the distributed routing 
performed in Paper I gave information 
about the streamflow response  
characteristics in the two study catchments. 
The network-averaged values of velocity (as 
a function of catchment outlet discharge) in 
the Heåkra and Ärrarp catchments were 
derived from the distributed network 
routing (Fig. 4). The results also demonstrate 
how these variables vary according to choice 
of cross-sectional geometry, i.e., if the stream 
network is flanked by floodplains or by high 
walls that preclude flooding. The network-
averaged water velocity was shown to  
increase with discharge (Fig. 4). The velocity 
generally increases with increasing discharge, 
because v=Q/A. This finding is also  
consistent with the Manning equation for 
uniform flow (Eq. 3). Similar results of water 
flow velocities varying with discharge have 

Figure 4 Results from 
routing simulations 
in the Heåkra and 
Ärrarp catchments, 
showing that network 
averaged water  
velocities vary with 
discharge and also 
how these results 
depend on the choice 
of generic cross-
sectional geometry 
(with or without 
flood-plains). 
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been reported in earlier studies (Beven 
1979).  

The main outcome of the network routing 
in Paper I was the response functions that 
we intended to use for the parameterisation 
of a compartmental model (see Section 
3.2.4) reflecting average travel time in the 
stream network as a function of discharge 
and cross-sectional geometry, i.e., the stage. 
A comparison of the average travel times 
within the two stream networks using a 
value of 0.05 for Manning‟s n is shown in 
Fig. 5. The decrease in average travel time 
with increasing discharge was found to be 
notably non-linear, as previously shown 
(Beven 1979). 

4.2 Implications of geomorphology  

The investigation of Paper I showed that 
the average water flow velocities were lower 
and increased less in total over the range of 
discharges in the floodplain case than in the 
bounded case. This difference was attributed 
to the larger friction losses caused by the 
lower hydraulic radius (larger wetted  
perimeter) of the floodplain flow. The 
change of water velocity with stage was 
consistent with Manning‟s equation (Eq. 3), 
because the velocity is proportional to the 

hydraulic radius raised to the power of 2/3. 
In the floodplain case, the wetted perimeter 
increased faster than in the bounded case, 
consequently implying that the hydraulic 
radius was smaller in the floodplain case 
than in the bounded case for the same dis-
charge. It was also shown that the average 
travel time through the stream network 
decreased with discharge for both types of 
geometries (the floodplain case as well as the 
bounded case) and for both study  
catchments. The effect of flooded cross-
sections on the average travel time was 
similar in both catchments: travel times were 
prolonged as a consequence of the lower 
velocities associated with this type of geo-
metry, which was previously shown (Fig. 5). 
In total, the floodplain case displayed a 
higher degree of non-linearity than the 
bounded case.  

A comparison of the graphs describing 
average travel time as a function of catch-
ment outlet discharge (Fig. 5) showed that 
the general shape of the curves were similar, 
even though the curves have with different 
magnitudes and curvatures, which represent 
the different geomorphological properties 
and the topology of the networks 
(McDonnell et al 2010). The travel times in 

Figure 5 Network averaged travel time through the stream networks as a function of stage and 
cross-sectional geometry (i.e., floodplain and bounded case). 
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the Ärrarp Catchment were consistently 
longer than those in the Heåkra catchment, 
which could be attributed to the slightly 
longer travel distances in the Ärrarp  
Catchment (Fig. 3). Also, it was shown that 
the network-averaged water level was  
generally higher in the Ärrarp Catchment 
than in the Heåkra Catchment. This result 
was likely a consequence of the higher flows 
in the Ärrarp Catchment because of its 
larger size and runoff. The Ärrarp  
Catchment has a higher network-averaged 
slope than the Heåkra Catchment which 
would theoretically lead to higher average 
velocities (Fig. 4), especially so for the 
floodplain case. This result is consistent with 
previous studies (White et al 2004).  

A hypothetical analysis was performed in 
Paper I to demonstrate how the importance 
of correct streamflow responses might vary 
with scale. The travel time distributions of 
several identical (Heåkra) sub-catchments 
were aggregated into augmented catchments 
of different magnitudes. The simulation 
indicated that the distortion of the outflow 
hydrograph (compared to the inflow  
hydrograph) increases with scale. Hence, the 
distortion was shown to be increasingly 
controlled by processes of the stream  
network relative to the hillslope processes as 
catchment size increased. Although the 
larger catchments were purely hypothetical, 
these results stressed that correct descrip-
tions of the stream network response  
becomes more important as catchment scale 
increases, which is in line with previous 
studies (Robinson et al 1995, D'Odorico & 
Rigon 2003, Beven 2003). 

4.3 Evaluating the importance of stage-
dependent network response functions 

The outcomes of both appended papers, 
describing the response of stream networks 
as a function of stage, were in both cases 
evaluated by using a conventional hydrologic 
model of compartmental type. 

4.3.1 Parameterisation by Manning’s  
equation 

In Paper II, a response function for a  
catchment was derived from Manning‟s 

equation, to highlight the non-linear  
behaviour of streamflow response as a  
function of stage. The parameter that was 
considered to be most important in this 
response function (Eq. 11) was the  
catchment-averaged water level h, which was 
raised to the power of an exponent, β. The 
other parameters of the Manning equation 
(Eq. 3) (i.e., the dimensions of the surface 
waters, a roughness parameter and a topo-
graphical property) were incorporated into a 
sub-catchment specific coefficient k. The 
main outcome of this parameterisation 
demonstration was to show that the  
expression presented in Eq. 11 had a  
significant influence on the model behaviour 
of a hydrological model. In other words, the 
non-linearities related to stage dependency 
can have substantial influence on the 
streamflow response. This effect is most 
pronounced during the higher flow ranges, 
which implies that a response function based 
in the hydrodynamics of the stream network 
might have a substantial influence on the 
accuracy of peak flow predictions.  

4.3.2 Parameterisation by use of  a distributed 
routing model 

In Paper I, a response function derived 
from distributed routing was used to  
parameterise a conventional compartmental 
model for two catchments. This  
parameterisation was compared to a  
conventional compartmental model (the 
HYPE model). The physically based rate 
coefficient in Eq. 10 decreases non-linearly 
with discharge (Fig. 5), whereas the  
corresponding coefficient for the  
conventional compartmental model is a 
constant catchment-specific (but not stage-
dependent) rate coefficient, based on the 
length of the tributaries and a numerically 
calibrated parameter.  

Fig. 6 shows the results of using the  
physically based network response function 
alongside results of the conventional  
compartmental model (based on the HYPE 
model) with a constant coefficient α to  
simulate river discharge for the two studied 
catchments during two time periods where 
peak flows were recorded. In the  
demon-stration, the same runoff signal from 
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HYPE was used for both the original  
response function in HYPE and the  
response function derived from this study.  

For the discharge series shown in Fig. 6, the 
R2 values (according to Nash & Sutcliffe 
1970) using the conventional model were 
0.66 and 0.58 for the Heåkra and Ärrarp 
catchments, respectively, whereas the new 
parameterisations with the bounded  
geometry case were 0.69 and 0.62,  
respectively. When the cross-sectional  
geometries including floodplains were used 
for the physically based response functions, 
the R2 values were 0.68 for Heåkra and 0.63 
for Ärrarp respectively. The response  
function derived in this study thus provided 
a better description of streamflow processes 
than the constant α-coefficient of the HYPE 
model (see Eq. 9). 

Specifically, the new parameterisation  
provided better predictions of peak flows, 
although it was still not with the same  
magnitude as the observed discharge. The 
improvement was ultimately limited by the 
quality of the inflow hydrograph derived 
from HYPE, representing hillslope 

processes, which were beyond the scope of 
this study. Because the new parameterisation 
presented here solely focuses on the stream-
flow component of the hydrological model, 
further improvements of total model output 
might be accomplished by improving the 
other sub-functions of the HYPE model.  

It should also be mentioned that the two 
surface water compartments in the original 
model were replaced by only one  
compartment for the parameterisation test, a 
change that was expected to decrease the 
prediction quality. Hence, even though the 
new model was impaired by reducing the 
number of compartments representing the 
surface water, the beneficial effects of the 
new parameterisation method were still 
considerable.  

The average discrepancy between the  
observed and the modelled discharge was 
plotted as a function of observed discharge 
for the Heåkra sub-catchment (Fig. 7). For 
both model versions (the conventional 
model and the model with the stage  
dependant response function), the absolute 
error increases with discharge.  

Figure 6 Implications of using response functions that are dependent on stage and network 
compared to a conventional compartmental model using constant response functions, 
showing better peak-flow predictions when using the physically based response function. 
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However, when using the new  
parameterisation (based in the hydraulics of 
the stream network), the absolute error for 
the peak flows was shown to be substantially 
lower and the slope of the regression line 
was smaller than for the conventional  
model. 

 

 
Figure 7 Discrepancy between observed 
and modelled discharge (i.e. the error) as 
a function of discharge for the Heåkra 
sub-catchment, along with a linear  
regression line of the error. The left 
graph shows the results for the  
conventional compartmental hydrologic 
model (using a constant response  
parameter) whereas the right graph 
shows the results for the new parame-
terization scheme (using a stage-
dependent response function). 
 

 

The relative error at a discharge of 16m3/s 
decreased from 93% to 83% and this im-

provement was primarily limited by errors in 
the modelling of subsurface processes, here 
represented as the water flux into the stream 
network. Similar results were shown for the 
Ärrarp sub-catchment (where the relative 
error at the maximal encountered discharge 
decreased from 88% to 78%). These results 
emphasize that the new parameterisation 
scheme gives better discharge predictions, 
and especially so for peak flows. 

Overall, the performance of the hydrological 
compartmental model was improved by 
using physically based response functions to 
represent streamflow processes. The  
improvement was observed despite using 
rough templates for the cross-sectional 
geometries of the two studied stream net-
works and the fact that uncertainties existed 
in the parameters (such as the Manning‟s 
friction number). Hence, it is suggested that 
a distributed routing scheme might be a 
valuable tool for parameterisation despite 
some uncertainties in the data. 

The central result from the attached papers 
is that the hdyromorphology of the stream 
network have a substantial influence on the 
characteristics of streamflow response,  
especially during high flows. By translating 
these physical stream network properties 
into model parameters compartmental  
hydrologic models will be better equipped 
for future water-related challenges. 

5  CONCLUSIONS  

Parametrisation schemes were derived by 
using a distributed routing model coupled 
with particle tracking (Paper I, Sections 
3.2.2-4) as well as from the Manning  
equation (Paper II, Section 3.3). Both stu-
dies show, despite their different modes of 
procedure, that the response function of a 
stream (network) is a highly non-linear 
process, which varies substantially with 
stream discharge. However, the convention-
al streamflow parametrisation procedure of 
many compartmental hydrological models 
does not incorporate this effect explicitly. 
On the contrary, the response of the stream 
network is often assumed to be independent 
of flow magnitude.  
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The stage-dependent response functions 
derived in Paper I (Eq. 10, Section 3.2.4), 
were shown to vary with properties such as 
cross-sectional geometries of the stream 
network, resistance and friction effects, 
stream network morphology and topology as 
well as topography. This variation of catch-
ment properties implies that stream network 
properties should be incorporated into the 
response function formulations of hydrolog-
ical models to better describe the factors 
ruling streamflow response. 

The results presented in this thesis show 
that physical descriptions of stream network 
properties can be used as a basis for  
improving the parameterisation of the  
surface water component of compartmental 
hydrological models. An increased accuracy 
of peak flow predictions was demonstrated, 
without severe impairments of predictions 
of lower flows. This improvement was  
manifested through substantial increases in 
R2-values between modelled and measured 
discharge. This improvement of the peaks 
could mainly be attributed to the stage-
dependent response function that allowed 
the peaks to rise quicker and higher because 
of the fast responses (i.e., the high velocities 
and short travel times during higher flows). 
Results from this study indicate that accurate 
descriptions of surface water flows in stream 
networks are essential, particularly for  
predicting high flows, where rapid flow is 
the main contributor to the outflow hydro-
graph. A theoretical investigation presented 
in Paper I showed that streamflow 
processes becomes increasingly dominant 
over hillslope processes with increasing  
catchment scale, thereby suggesting that the 
findings from this research may increase in 
importance with catchment area (Robinson 
et al 1995, D'Odorico & Rigon 2003). 

Conventional parametrisation, conceived by 
numerical calibration of model parameters 
looking for a best-fit with historical  
discharge series (without direct support in 
the physical properties of the actual stream 
network), makes extrapolations of peak 
flows, predictions in ungauged catchments 
or predictions of stream response in a future 
climate very uncertain. The results presented 

in this thesis demonstrate that despite the 
uncertainties in hydraulic parameters and 
other simplifications in the systems‟  
description, even a relatively simple, quasi-
stationary and one-dimensional routing 
model (as demonstrated in Paper I) could 
substantially improve the parameterisation 
of compartmental runoff models. This  
parameterisation strategy is a tool for  
increasing the effective use of readily  
available information such as DEMs and 
maps. By using the strategies presented in 
this thesis as a means to conceive physically 
based response functions, future  
hydrological predictions are believed to 
become more reliable. 

6  SUGGESTIONS FOR FUTURE 

RESEARCH  

As previously mentioned, there are several 
simplifications and assumptions in this  
methodology, which provides many  
opportunities for future research. To con-
tinue this work, the following topics could 
be investigated: 

 To develop generic methods of deriving 
the catchment and stage dependent  
response coefficient of Eq. 10, (derived 
for two catchments in Paper I) directly 
from catchment properties (such as  
topography, stream network lengths,  
topology etc.) 

 To investigate the influence of  
anthropogenic modification of stream 
networks on response times in Swedish 
catchments 

 To use applications of the distributed 
routing model (presented in Paper I) 
as a parameterisation tool for  
catchments on other scales 

 To study the impacts of hydro-
morphology on individual flow peaks  
i.e. on a shorter temporal scale than  
investigated in this study 

 To use two-dimensional (or three-
dimensional) modelling to better  
describe how friction losses vary with 
discharge and how these insights can be 
translated to one-dimensional models  
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