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Abstract

Predictive understanding of pollutant spreading in natural waters is necessary for suc-
cessful management of the water resources within and downstream of hydrological catch-
ments. The research presented in this thesis develops a scenario analysis approach, based 
on advective solute travel time quantification of hydrological transport. The approach is 
applied at the catchment scale for the estimation and mapping of pollutant spreading in 
water and the associated uncertainty and risk of pollution. 

The basic first step in the developed approach is the quantification and mapping of 
statistical and geographical distributions of purely physical advective solute travel times 
from pollutant input locations to downstream recipients. In the second step the travel time 
distributions are used to quantify and map (1) the hydrological mass transport of specific 
pollutants (in terms of the mass delivery from source to recipient and the concentration at 
different control locations along transport pathways) and (2) the water pollution risk asso-
ciated with that pollutant transport (in terms of the likelihood or possibility of exceeding 
given water quality standards). In both steps, random variability of transport properties 
and processes is accounted for within a probabilistic framework, while different scenari-
os are used to account for statistically unquantifiable uncertainty about system character-
istics, processes and future developments. This scenario approach enables a transparent 
analysis of uncertainty effects that is relatively easy to interpret and communicate to 
different stakeholders. It also helps identify conservative assumptions and pollutant situ-
ations for which further investigations are most needed in order to reduce the uncertainty. 
The results for different investigated scenarios can further be used to assess the total risk 
to exceed given water quality standards downstream of pollutant sources.

Specific thesis results show that solute travel time distributions at the catchment scale 
may be largely governed by heterogeneity and variability in hydraulic conductivity and 
gradient, as well as by the variability of transport pathway lengths. Neglect or underesti-
mation of these different types of variability, and in particular of those transport pathways 
with much shorter than average solute travel times, may lead to substantial underestima-
tion of pollutant loading. By contrast, variations in the pollutant attenuation rate, due to 
biogeochemical variability along transport pathways, generally reduce downstream load-
ing relative to that associated with constant attenuation conditions. A scenario of constant 
attenuation rate and high travel time variability, with a large fraction of relatively short 
travel times, therefore appears to be a reasonable conservative scenario to use when field 
data and information are lacking for more precise determination of actual transport and 
attenuation conditions.





Svensk sammanfattning:

Uppskattning av föroreningsspridning och risk i avrin-
ningsområden: utveckling av en metod

I Sverige och runt om i världen fortsätter mänsklig verksamhet att leda till att stora mängder föroreningar 
släpps ut i vatten. Tillsammans med resterna från gamla utsläpp sprids dessa nytillkomna vattenförore-
ningar med strömmande grundvatten och ytvatten och hotar därigenom de resurser av rent vatten som 
upprätthåller livskraftiga ekosystem och utgör en förutsättning för människors hälsa och livskvalitet. 
Inom överskådlig tid är det knappast möjligt att bli av med alla vattenföroreningar i naturen. Därför är 
det viktigt att utveckla metoder för att göra någorlunda tillförlitliga uppskattningar av hur föroreningar 
sprids genom vattensystemen. Om man har tillgång till sådana uppskattningar i samhällsplanering kan 
man identifiera var det är absolut viktigast att vidta åtgärder för att begränsa den vattenförorening som 
redan finns och även minska risken för framtida föroreningsutsläpp som skulle få allvarliga miljökon-
sekvenser. 

I den här avhandlingen utvecklas en metod för beräkning och kartering av föroreningsspridning med 
vatten inom ett avrinningsområde samt av risken att överskrida givna gränsvärden för föroreningsnivåer. 
Syftet med metoden är att den ska kunna användas i övergripande vattenförvaltning och samhällspla-
nering. Vi undersöker och illustrerar dess användbarhet med beräkningsexempel från Forsmarks och 
Norrströms avrinningsområden.

Den föreslagna metoden utgörs av två beräkningssteg:
 
1. I Steg 1 beräknas och karteras transporttider och transporttidsfördelningar för strömmande vatten, 

och vattenburna icke-reaktiva ämnen som helt följer vattnets rörelse, från olika (kända och po-
tentiella) föroreningskällor till känsliga vattenmiljöer inom och nedströms ett avrinningsområde. 
Resultat från detta första ämnesoberoende steg kan användas för att identifiera de delarna av ett 
avrinningsområde varifrån föroreningar snabbast kan komma att spridas till en nedströms grund-
vatten- eller ytvattenrecipient och det därför finns minst tidsutrymme för föroreningsbegränsande 
åtgärder och nedbrytning och andra självrenande processer längs spridningsvägarna.

2. I Steg 2 används de uppskattade transporttidsfördelningarna för att beräkna och kartera spridning-
en av reaktiva föroreningar och medföljande föroreningsrisk. Spridningen från en föroreningskälla 
beräknas i termer av föroreningsmassan eller koncentrationen i vattnet som når en känslig vatten-
miljö nedströms källan. Risken till följd av spridningen uppskattas i termer av sannolikheten, eller 
möjligheten, att givna gränsvärden för vattenförorening överskrids.   

I båda beräkningsstegen hanteras slumpmässig parametervariation med statistiska metoder medan alter-
nativa scenarier beaktas för att ta hänsyn till sådana osäkerheter om förhållanden, processer och framtida 
utveckling som inte kan beräknas statistiskt. Scenarioanalysen möjliggör en uppskattning av osäkerhets-
effekter som är relativt lätt att tolka och kommunicera till beslutsfattare och andra intressenter. Konser-
vativa antaganden kan identifieras, liksom de föroreningsituationer där osäkerheterna har stor, respektive 
liten, praktisk betydelse för vattenförvaltning i ett avrinningsområde. Resultaten för olika undersökta 
scenarier kan också användas för att bedöma risken att överskrida givna gränsvärden för förorening av 
känsliga vattenmiljöer.

Resultat från exempelberäkningar för Forsmarks och Norrströms avrinningsområden visade att trans-
porttidsfördelningar för strömmande vatten på avrinningsområdesskala kan vara kraftigt beroende av 
variationer i hydraulisk konduktivitet och gradient såväl som av variationen i flödeslängd genom avrin-
ningsområdet. Om man bortser från eller underskattar skillnaden i transporttid till en recipient från olika 
platser i ett avrinningsområde kan detta leda till en betydande underskattning av föroreningsbelastningen 
på recipienten. Variationer i föroreningars nedbrytningshastighet, till följd av variationer i de biogeoke-
miska förhållandena längs olika flödesvägar, leder däremot i allmänhet till mer begränsad förorenings-
transport än vid konstant nedbrytningshastighet. Ett scenario med en stor andel relativt snabba flödesvä-



gar och en konstant nedbrytningshastighet kan därför antas vara ett konservativt scenario då information 
saknas för mer detaljerad uppskattning av fysiska och biogeokemiska transportförhållanden.

En populärvetenskaplig rapport på svenska med titeln ”Riskkvantifering vid föroreningsspridning 
genom avrinningsområden” finns tillgänglig elektroniskt på http://www.ink.su.se/pub/jsp/polopoly.
jsp?d=3922&a=86476. Rapporten beskriver den utvecklade metoden och sammanfattar en del av resulta-
ten som presenteras i den här avhandlingen.
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1. Introduction

The protection and improvement of the quality of 
our water resources is fundamental for the sus-
tainability of human societies. The sharp increase 
in human population, industrial production and 
resource use in the past half century has lead to 
an unprecedented decline in healthy marine and 
freshwater resources and increasingly common 
water shortages all over the world (Vitousek 1997, 
Bennett et al. 2001, Naiman et al. 2005, Hassan et 
al. 2005, Millennium Ecosystem Assessment 2005, 
Rockström et al. 2009). The total human freshwater 
use now amounts to more than one-third of the ac-
cessible global runoff (Schwarzenbach et al. 2006). 
As a result of water use and other human actions 
on the environment, vast amounts of polluting sub-
stances such as nutrients, persistent organic chemi-
cals, pesticides, radionuclides and heavy metals 
are released into natural waters. More than half of 
the world’s major rivers are now seriously depleted 
and polluted. Elevated agricultural, industrial and 
vehicle emissions of nitrogen and phosphorus in-
creasingly cause severe inland, coastal and marine 
eutrophication (UNEP 2002). 

Pollution can seriously impair or even annihi-
late the ability of our water resources to provide 
for human uses and ecological needs, and to offer 
spiritual, aesthetical and recreational values. It is 
therefore essential for water resource management 
to prevent or reduce water pollution in order to halt 
environmental degradation and increase, or at least 
stabilise, the amount of good quality water avail-
able for people and ecosystems. Successful water 
management measures must be proactive instead 
of just reactive, and wise use of limited resources 
for such measures requires predictive understand-
ing of pollutant and nutrient transport through the 
water systems.

1.1. General problem description: estimation 
of hydrological mass transport and water 
pollution risks in catchment areas
In recent years, there has been a growing consen-
sus, among scientists as well as policy makers, that 
water quality problems must be addressed in an 
integrated context where all the environmental, so-
cial and economic issues of natural waters are con-
sidered (Macleod et al. 2007). The appropriate geo-
graphical unit for such integrated water resource 
management is the hydrological catchment, which 
is confined by nature’s own boundaries for water 
flow. For instance, the EU Water Framework Di-
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rective (WFD; European Commission 2000) states 
that water management be carried out at the catch-
ment scale and that surface water and groundwa-
ter management within a catchment should not be 
separated from each other. 

In a catchment with industrial, agricultural 
and urban activities, a wide range of pollutants 
typically find their way to natural waters from a 
variety of sources, ranging from relatively small 
local sources (Fig. 1) to diffuse sources occurring 
over broad geographical scales (Fig. 2). Industrial 
effluents, mine tailing sites, municipal wastewater 
treatment plants, and waste deposits are examples 
of local sources. Diffuse pollution originates from, 
for instance, atmospheric deposition, runoff from 
farmland and urban areas, and unidentified point 
sources such as small rural sources. The pollutant 
input may show both spatial and temporal variabil-
ity in the magnitude of mass release and composi-
tional characteristics (Cvetkovic et al. 1992, Bare-
sel et al. 2006, Edwards and Withers 2008, Baresel 
and Destouni 2009, Bergknut et al. 2010). Some 
of the pollutants released may dissolve quickly in 
the water, whereas others may leak during a long 
period of time. From a pollutant input location at 
or below the land surface, dissolved pollutants may 
be transported by the groundwater into the near-
est surface water body, and then further through 
the surface water network towards some recipient 
downstream of the catchment (which in the exam-
ple catchment area of Forsmark shown in Figs. 1 
and 2 is a stretch of coastal waters).

In order to achieve and maintain good ecologi-
cal status in the waters of a catchment, it is neces-
sary to assess the total pollution risk resulting from 
the existing local and diffuse pollutant sources, 
as well as from conceivable future pollutant in-
puts (e.g. as a result of management changes, fires 
and accidents with dangerous goods). The risk for 
pollution of a water body is a combination of the 
possible adverse consequences of different levels 
of pollution for people and the environment, and 
the possibility or probability that these pollution 
levels will occur. In this thesis, we concentrate on 
the latter part of pollution risk analysis, in that we 
develop an approach to estimate the hydrological 
transport of pollutants in catchments and the result-
ing risk of exceeding predetermined water quality 
standards for pollution in waters downstream of 
pollutant input locations. The given water quality 
standards, expressed as the maximum allowable 
concentrations, mass flow rates or total cumulative 
mass, then reflect the acceptable risk of adverse 
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Figure 1. Illustration of a typi-
cal water pollution situation in 
a catchment area: there are 
several local pollutant sources 
from which contaminants are 
transported in the water systems 
towards sensitive recipients such 
as drinking water reserves, lakes, 
streams and coastal waters. In 
the illustrated example, hypot-
hetical sources at and below the 
land surface are marked as black 
fields in the Swedish coastal 
catchment area of Forsmark.

Figure 2. Illustration of a typi-
cal water pollution situation in a 
catchment area: there are se-
veral diffuse pollutant sources 
from which contaminants are 
transported in the water systems 
towards sensitive downstream 
water environments. In the illus-
trated example, hypothetical dif-
fuse pollutant inputs at and be-
low the land surface are marked 
as black fields in the Swedish 
coastal catchment area of Fors-
mark.
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consequences of pollution. This maximum pol-
lution level should be established by water qual-
ity regulation or management plans, based on an 
assessment of the ecosystem’s capacity to receive 
pollution without any significant perturbations or 
adverse effects on human health and water use.

Spatial and temporal variability in the physi-
cal and biochemical conditions for waterborne con-
taminant spreading leads to variability in the ve-
locity by which contaminants are transported and 
the rate by which they undergo natural attenuation, 
due to decay or immobilisation by physical, chemi-
cal or biological processes (Aksoy and Culver 2004, 
Cunningham and Fadel 2007). As a result, concen-
trations and mass flow rates of pollutants down-
stream of a source will also vary, which means 
that there can be a relatively large probability of 
exceeding given water quality standards for a sen-
sitive recipient at some point in space or time, even 
if the average amount of pollution that reaches the 
recipient is less than the pre-determined accept-
able limit (Andersson and Destouni 2001). In water 
quality management one should therefore not only 
establish relevant water quality standards, but also 
decide what is the acceptable likelihood that these 
standards will be exceeded. 

Natural variability is far from the only source 
of uncertainty in models of present and future 
hydrological pollutant transport. Model quantifi-
cations and predictions will also be subject to un-
certainty related to, for instance, the quality and 
quantity of the information available, incomplete 
understanding of the physical, chemical and bio-
logical processes involved, and future changes in 
boundary conditions and system characteristics 
(Beven 1989, 2001, 2006, 2010, Oreskes 1994, van 
Asselt and Rotmans 2002, O’Hagan and Oakley 
2004, Batty and Torrens 2005, Ganoulis 2009). 
In the scientific literature, uncertainties in pollu-
tion risk analysis have often been quantified using 
approaches based on probability theory (e.g. An-
dricevic and Cvetkovic 1996, Batchelor et al. 1998, 
Foster et al. 2000, Tartarovsky 2007, Bolster et al. 
2009), fuzzy set theory (e.g. Huang et al. 1999, Li et 
al. 2006, Qin et al. 2008) or a combination of both 
(Chen et al. 2003, Li et al. 2007). 

In this thesis, we develop an approach to quan-
tify hydrological mass transport and water pollu-
tion risk at the catchment scale. In this approach, 
random variability of physical and biochemical 
transport properties is accounted for within a 
probabilistic framework, while different scenarios 
are considered in order to account for statistically 
unquantifiable uncertainty. The word ‘scenario’ is 

often defined as a sequence of hypothetical events 
in the future. Here we use the word in a some-
what broader sense to refer to a given consistent 
and coherent set of assumptions about uncertain 
present as well as future conditions (e.g. pollutant 
input characteristics, the properties of the pollut-
ants released, and the properties of the water sys-
tems through which the pollutants are dispersed). 
In such a scenario analysis, the consequences of 
different possible processes, system characteristics 
and future developments can be explored in an ex-
plicit and transparent way. The scenario analysis 
approach thereby facilitates independent review 
of model assumptions and the treatment of uncer-
tainty in pollution risk management (Molénat and 
Gascuel-Odoux 2002, Arheimer et al. 2005, Jöborn 
et al. 2005, Refsgaard et al. 2006, 2007, Macleod et 
al. 2007, Darracq et al. 2008).

1.2. Hydrological mass transport modelling 
based on estimates of water travel time dis-
tributions
The advective solute travel time, or the travel time 
of water, along an individual solute transport path-
way from an input location to a downstream recipi-
ent boundary depends on the pathway length and 
the water velocity along that pathway (McDonnel 
et al. 2010). Due to the variability of transport ve-
locities and pathway lengths from different source 
locations to the recipient, advective travel times 
from source to recipient will generally vary. This 
solute-independent advective travel time variabil-
ity can be represented by a statistical travel time 
distribution, which expresses both deterministic 
and essentially random variability of transport 
pathway lengths and velocities in a compact and 
consistent way (Cvetkovic et al. 1992, Dagan et al. 
1992).

Quantification of the statistical distributions 
of advective solute travel times constitutes a ba-
sic first step in a widely used approach to model 
solute transport in soil and groundwater systems 
(Simmons 1982, Shapiro and Cvetkovic 1988, 
Destouni 1992, Destouni and Graham 1995, Cvet-
kovic et al. 1996, Graham et al. 1998, Yabusaki 
et al. 1998, Gupta et al. 1999, Kaluarachchi et al. 
2000, Destouni et al. 2001, Foussereau et al. 2001). 
Once the solute-independent probability density 
function (pdf) of advective solute travel times is 
computed, it can be coupled with relevant mod-
els of other transport, mass transfer and reaction 
processes (such as small-scale hydrodynamic dis-
persion, diffusive mass transfer between mobile 
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and immobile water zones, sorption–desorption, 
biodegradation, and decay) that may affect the 
spreading of water pollution (Cvetkovic and Dagan 
1994, Destouni and Graham 1997, Eriksson and 
Destouni 1997, Malmström et al. 2004, Jankovic et 
al. 2009). This coupling approach has been referred 
to as the Lagrangian stochastic advective–reactive 
(LaSAR) modelling approach. While it has mostly 
been used for the modelling of solute transport in 
soil and groundwater systems, it has recently been 
applied also for the quantification of solute trans-
port in the groundwater–surface water systems of 
entire catchments (Lindgren et al. 2004, Lindgren 
and Destouni 2004, Botter et al. 2005, 2006, 2010, 
Rinaldo et al. 2006).  

Advective solute travel time distributions for 
whole catchments cannot be readily determined 
experimentally (McGuire and McDonnell 2006, 
McDonnel et al. 2010). Their quantification must 
therefore typically rely on models, which can be 
only partially tested against observations. These 
models must generally be based primarily on me-
teorological data and on Geographic Information 
System (GIS) data of, for instance, land cover, soil 
type and topography. Field measurements of some 
parameters and variables may also be available for 
a limited number of discrete points in space and 
time. Typically, various alternative assumptions 
of transport pathways and key parameters can be 
inferred from the available data. The different pos-
sible transport scenarios can yield large differences 
in estimated advective travel time distributions.

 1.3. Objectives

The main objective of the thesis is to develop a 
scenario approach for the quantification of pollut-
ant spreading through catchment areas, based on 
advective solute travel time quantification of hydro-
logical transport. The advective solute travel time-
based approach has previously been developed and 
used primarily for field-scale subsurface transport 
problems. In this thesis, the aim is to investigate its 
applicability for the estimation and mapping of pol-
lutant spreading and of the associated uncertainty 
and risk of pollution at the catchment scale. More 
specifically we explore the following key approach 
components with particular focus on hydrological 
transport variability and uncertainty:

•	 The quantification and mapping of statisti-
cal and geographical solute travel time dis-
tributions in catchments.

•	 The quantification and mapping of pollut-
ant mass delivery from different sources in 
a catchment to downstream recipients.

•	 The assessment of water pollution risks in 
a catchment, with main focus here on the 
likelihood or possibility that given water 
quality standards for pollution will be ex-
ceeded.

2. Materials and methods

2.1. Case study areas
Forsmark. Forsmark is a sparsely populated, 29.5 
km2 catchment of a Baltic Sea coastal stretch, lo-
cated about 100 km north of Stockholm, Sweden 
(Fig. 3). The surface water outlets along this coastal 
stretch include various streams and wetlands. From 
about 10 % of the catchment area, there is mainly 
groundwater discharge to the sea. Since 2002, when 
the site was chosen as a potential site for the final 
repository of nuclear waste in Sweden, the hydro-
logical conditions in the area have been extensively 
investigated (e.g. Johansson et al. 2005, SKB 2005, 
Werner et al. 2007). Measured and modelled geo-
graphic and hydrological data are available at 10×10 
m resolution (Jarsjö et al. 2007, 2008, Destouni et 
al. 2008, 2010, Persson et al. 2008). 

The long-term mean annual precipitation over 
the catchment area is around 560 mm, of which 
about 25 – 30% falls in the form of snow (Johans-
son and Öhman 2008). The terrain is mildly undu-
lating. Elevations range from 0 to 50 m above sea 
level (Brydsten and Strömgren 2004). Quaternary 
deposits, predominantly till, cover the gneiss and 
granite bedrock in most of the area. The depth to 
the groundwater table is generally less than 1 m, 
and there is a strong correlation between small-
scale topography and groundwater level. The undu-
lating landscape appears to generate various small 
recharge areas of local groundwater flow systems 
(Werner et al. 2007). Most recharged groundwater 
can be expected to follow shallow flow paths in the 
quaternary deposits or in the relatively conductive 
quaternary deposits–bedrock interface, which nor-
mally is located at a depth of less than 5 m (Jo-
hansson et al. 2005). Infiltration excess overland 
flow may occur, but only over short distances (SKB 
2005).

The landscape is characterised by forest, some 
small agricultural areas and a large number of 
lakes and wetlands. None of the lakes and wetlands 
is larger than 0.5 km2, many are smaller than a hec-
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Figure 3. Maps showing the 
case study areas Forsmark 
and Norrström, their lakes and 
water courses, and their loca-
tions in Sweden.

tare, but altogether they constitute 19% of the total 
catchment area. Some of these lakes and wetlands 
are connected to each other and to the Baltic Sea 
by small streams, others do not have any outlet and 
thus no surface water connection to the sea. The 
streams are all dried up during dry periods of the 
year (Nilsson and Borgiel 2004). Measurements of 
stream discharge are available from four gauging 
stations, but the time series are too short to provide 
reliable information about the spatial variation of 
runoff in the area (Johansson and Öhman 2008).

Norrström. The 22 000 km2 Norrström drainage 
basin (Fig. 3), with more than 1.7 million inhabit-
ants, contains the third and the fourth largest lakes 
in Sweden: Lake Mälaren and Lake Hjälmaren. 
Around these lakes the mildly undulating land-
scape is dominated by agricultural and urban areas, 
while the hilly north-western part of the drainage 
basin is mostly covered by forests. Right in the 
historic centre of Stockholm the catchment has its 
outlet, Norrström, which connects Lake Mälaren 
with the Baltic Sea. The available geographic data 
and hydrologic model resolution in the Norrström 
drainage basin is 1×1 km. At this resolution, the 

catchment consists of 1.5% wetlands and 9.5% ma-
jor inland surface waters. The previous hydrologi-
cal model studies of the Norrström basin (Darracq 
and Destouni 2005, Darracq et al. 2005, Darracq 
and Destouni 2007, Destouni and Darracq 2006, 
Lindgren et al. 2007, Darracq et al. 2008) have es-
timated that about 25% of the total precipitation 
surplus runs off as surface water without passing 
through the groundwater system. Some of the run-
off in the 1×1 km model grid cells classified as land 
is then considered to go directly into small lakes 
and streams that form an unresolved surface water 
network within each model cell. As in Forsmark, 
infiltration excess overland flow is negligible com-
pared to groundwater runoff. The average depth to 
the groundwater table is about 1 m.

2.2. Estimation of water travel times and 
their statistical and geographic distribution
We quantified different possible distributions of 
travel times of water (advective solute travel times) 
from pollutant source to some downstream recipi-
ent (see the schematic illustrations in Figs. 1 and 
2). Travel time distributions were quantified site-
specifically for the Swedish catchment areas of 
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Forsmark and Norrström (Paper I, II and IV), and 
generically for different assumptions of the magni-
tude and correlation structure of the heterogeneity 
of hydraulic conductivity (Paper III). For the two 
example catchments, elevation data (1×1 km reso-
lution for Norrström, 10×10 m resolution for Fors-
mark) were used to generate raster maps of ground 
slope and flow direction (local drain direction 
network). Advective solute travel times from each 
model cell in the catchments, along the topographi-
cally derived flow and transport pathway, to the 
considered surface water recipient, were quanti-
fied for different scenarios regarding the variability 
in hydraulic conductivity (Forsmark), the relation 
between local ground slope and hydraulic gradi-
ent (Forsmark), and the distribution of flow paths 
between shallow (fast) and deep (slow) ground-
water subsystems (Norrström). Depending on the 
underlying assumptions of random variability, we 
estimated either a single advective travel time or a 
statistical travel time distribution for each model 
cell. The statistical distribution of travel times from 
a pollutant source to a downstream recipient is giv-
en by the entire population of travel times from all 
model cells within the source area. 

For the Norrström catchment, the advective 
travel time through the surface water network from 
each 1×1 km model cell to the coast was quantified 
from the total transport pathway length and an es-
timated effective surface water flow velocity along 
the pathway. The effective water flow velocity in 
streams was quantified by an empirical equation 
including the mean annual flow rate. The effective 
water flow velocity in lakes was quantified by an 
empirical equation including the mean annual flow 
rate and the lake area. For the Forsmark catchment, 
travel times through lakes, wetlands and streams 
were estimated based on the surface areas of lakes 
and wetlands, modelled water flow rates, and avail-
able measurements of mean lake/wetland depths, 
stream cross-section areas, water content in wet-
lands, and flow rate in streams. 

For each model cell classified as land in the 
Forsmark and Norrström models, the groundwater 
travel time to surface water was quantified from 
the transport pathway length and the water flow ve-
locity along the pathway. The shallow groundwater 
flow velocity in each model grid cell was calculated 
as the product of local hydraulic conductivity and 
gradient divided by local effective porosity. The 
deep groundwater flow velocity in Norrström was 
calculated following the PolFlow approach (de Wit 
et al. 2000) as a function of deep groundwater re-
charge, effective porosity and aquifer thickness. In 

the Forsmark model, transport pathways through 
deep groundwater were not considered. Vertical 
solute travel times in the unsaturated zone were, for 
simplicity, assumed negligible for both catchments, 
in which the groundwater table is generally located 
near the ground surface (typically at around 1 m 
depth). 

Because many surface water bodies do not ap-
pear at the 1 km scale, a characteristic groundwater 
flow length to the nearest surface water was cal-
culated as a function of runoff and land cover for 
each 1×1 km model grid cell classified as land in 
the Norrström model. In the Forsmark model, the 
horizontal pathway length from each 10×10 m mod-
el cell to the nearest surface water was quantified 
from the topographically derived local drain direc-
tion network. 

2.3. Estimation of mass transport and the 
probability of exceeding water quality stand-
ards of pollution
Based on estimated distributions of advective 
travel time from source to recipient, we quanti-
fied the mass transport to the recipient for differ-
ent attenuation cases, which were characterised by 
different products between the average first-order 
mass attenuation rate λ and some characteristic av-
erage travel time. For the example catchments of 
Forsmark and Norrström, we quantified in Paper I, 
II and IV the mass delivery fraction α from each 
model cell to a downstream surface water recipi-
ent assuming constant λ. In Paper IV, we also con-
sidered scenarios of spatial variability of λ (see the 
Paper IV for more detailed method description and 
mathematic formulations). 

In Paper III, we quantified the probability that 
a given target concentration CT will be exceeded by 
local concentrations at different distances down-
stream of a pollutant source zone. This exceedence 
probability PR is determined by the local concentra-
tion pdf f(C(t)), which was, for simplicity, exempli-
fied as lognormal in Paper III. Thereby, f(C(t)) is 
fully determined by the two most readily quantifia-
ble statistics of local concentration C: the expected 
value E[C(t)] and variance V[C(t)] (see Paper III for 
more detailed method description and mathematic 
formulations). In order to link the exceedence prob-
ability results in Paper III with the mass delivery 
results in Paper I, II and IV, the probability of ex-
ceeding a given target load α from different possi-
ble pollutant input locations in the Forsmark catch-
ment is also quantified and mapped in Section 6 of 
this thesis summary. The exceedence probability is 
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then estimated from an assumed lognormal pdf of 
α, given by the mean E[α] and the variance V[α]. 
These α statistics are in turn quantified in analogy 
to the quantification of the concentration statis-
tics E[C] and V[C] for continuous pollutant input, 
which is described in Paper III.

3. Approach to estimate hydrological 
mass transport and water pollution 
risks in catchment areas

In this thesis, we develop an approach for esti-
mating the catchment-scale hydrological pollutant 
transport and the associated risk of water pollution 
from present and conceivable future local and dif-
fuse sources. Paper I combines the methods and 
results of Paper II – IV, Darracq et al. (2010) and 
Destouni et al. (2010) in order to provide a general 
description of the approach and explore its appli-
cability. The approach is shortly summarised be-
low. Its possible areas of use will then be further 
investigated and clarified in the rest of this thesis 
summary.

The approach consists of two calculation steps:
 
1. Step 1: Calculation and mapping of travel 

times and travel time distributions for wa-
ter (and non-reactive substances that di-
rectly follow the water flow) from identi-
fied and potential sources of pollutants to 
sensitive recipients within or downstream 
from a catchment area (e.g. drinking water 
reservoirs and ecologically sensitive water 
environments).  

The results obtained from these initial, sub-
stance-independent calculations can be used to 
identify the critical parts of a catchment area 
where discharges of pollutants into the water 
systems are most likely to lead to contamination 
of sensitive downstream groundwater and sur-
face water environments. These critical parts 
of the catchment area will be the ones from 
which the estimated travel times of water and 
waterborne pollutants are the shortest, leaving 
the least time available for pollution abatement 
measures and for degradation and other natural 
attenuation processes to occur along the trans-
port pathways to the recipient. Furthermore, the 
quantification of water travel times is a crucial 
first step for the estimation of the lag time until 

adopted management measures in a catchment 
may start to have an effect on the water quality 
of downstream water bodies (Meals et al. 2010).

2. Step 2: Calculation and mapping of the 
transport of reactive pollutants with the 
water and of the related risks for contami-
nation. The substance-independent water 
travel times and their distribution, which 
were calculated in Step 1, are linked with 
suitable substance-specific process models 
for degradation and other relevant attenua-
tion and retardation processes (such as ra-
dioactive decay and permanent or temporal 
immobilisation of nutrients and metals). 

In the two calculation steps, apparent randomness 
in transport processes and system characteristics 
(e.g. subsurface permeability within a geological 
formation) is represented stochastically, while a 
scenario analysis is used to account for uncertainty 
about present or future conditions that cannot be 
quantified statistically (e.g. uncertainty about the 
characterisation of the sources of pollution, the wa-
ter flows and the transport of substances with the 
water). In this way, one can relatively easily assess 
how large the uncertainties are, and identify those 
cases of pollutant input, physical transport condi-
tions and substance-specific attenuation properties 
for which the uncertainties are of great practical 
significance for water management, as well as the 
remaining cases for which they are not of such sig-
nificance. In the latter cases, the scenario analyses 
provide a relatively robust basis on which to make 
decisions concerning environmental planning and 
management, despite the uncertainties. In the for-
mer cases where the uncertainties are of great prac-
tical significance, the scenario analyses provide a 
rational basis on which to decide if further inves-
tigations should be carried out in order to reduce 
the uncertainty range. If it is not possible to reduce 
the uncertainty, one should assess the risks for con-
tamination on a conservative basis, in accordance 
with the precautionary principle, and plan for the 
worst of all possible scenarios.
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4. Spatial and statistical distributions 
of water travel times in the catchment 
areas of Forsmark and Norrström

This section deals with the quantification and map-
ping of water travel time distributions that consti-
tute the basic first step in the presented approach 
to estimate water pollution risks in catchment ar-
eas. In Paper I, II and IV, we quantified geographi-
cal and statistical distributions of the water travel 
time (i.e. advective solute travel time) to a surface 
water recipient in the example catchment areas of 
Forsmark and Norrström. In this quantification, we 
used a scenario analysis approach to investigate the 
uncertainty associated with the existence of alter-
native model representations of the groundwater 
systems that are consistent with the available infor-
mation on water flow and hydraulic properties. The 
assumptions underlying the different scenarios are 
described below.

We considered in Paper II two alternative as-
sumptions for the relation between ground slope 
and hydraulic gradient in the Forsmark catchment 
area: (1) the hydraulic gradient equals the aver-
age local ground slope within each one of the sub-
catchments of the almost 9000 outlets to the stream 
network or directly to the sea, and (2) the hydraulic 
gradient equals the local ground slope (at the 10 m 
scale). The hydraulic gradient in Norrström (Paper 
I and II) was assumed to equal the local ground 
slope at the scale of 1 km (i.e. the model resolution). 
The estimated hydraulic gradient in Norrström and 
the two alternative estimates for Forsmark are il-
lustrated in Figure 4.

The Norrström modelling accounted for trans-
port in shallow (fast-moving) as well as deep (slow-
moving) groundwater subsystems. Alternative as-
sumptions of the contribution of pathways in deep, 
slow-moving groundwater to the total mass trans-
port were considered. In Paper IV we considered 
two alternative scenarios of how the local average 
hydraulic conductivity Kg varies along transport 
pathways in the Forsmark catchment: (1) constant 
Kg = 1.3 m/d over the entire catchment (as suggest-
ed by Johansson 2008) representing transport along 
preferential pathways through relatively high-K 
zones (e.g. the upper soil layer and the quaternary 
deposits–bedrock interface) and (2) variable Kg 
throughout the area, in accordance with geographi-
cal information on dominant soil types (Jarsjö et al. 
2008) and site-specific and generic data of typical  
values of hydraulic conductivity K for different soil 
types (Johansson 2008). The maps in Figure 5 show 

estimated Kg values of the soil cover in Norrström 
(corresponding to the shallow groundwater subsys-
tem) and Forsmark (corresponding to the variable 
Kg scenario). The appendix shows statistics of es-
timated groundwater flow lengths and hydraulic 
parameters in Forsmark and Norrström.

Figure 6 shows the average advective solute 
travel times in groundwater from every 10×10 
meter model cell in the Forsmark catchment area 
to the nearest inland or coastal surface water for 
transport scenarios that are characterised by the 
same hydraulic gradient I (equal to the average lo-
cal ground slope within each sub-catchment), but 
different Kg variability as described above (the 
method for travel time quantification is explained 
in detail in Paper II and IV and more briefly in Sec-
tion 2.2. of this thesis summary). 

Such maps of water travel times to some recipi-
ent of environmental concern can be used to guide 
environmental management. They provide con-
servative estimates of the travel time of substances 
transported by the water, since these cannot be 
transported any faster than the water that carries 
them, only slower due to different retardation pro-
cesses. For instance, maps of water travel times can 
help managers identify those parts of a catchment 
area in which input of pollutants entails the great-
est risk for serious water contamination (i.e. areas 
with relatively short travel time to the recipient, and 
thereby little time available for natural attenuation 
of pollutant mass and pollutant abatement meas-
ures).

The total distribution of solute travel times 
to a recipient from all potential upstream pollut-
ant input locations is relevant for the estimation of 
hydrological mass transport from diffuse sources. 
Figure 7 shows cumulative distributions of the cell-
specific travel times τcell to the nearest surface water 
from all possible upstream input locations (model 
cells) for different scenarios of hydraulic conduc-
tivity K and gradient I along the transport pathways 
in Forsmark. For Norrström the τcell distribution is 
shown only for the transport scenario in which the 
transport in groundwater exclusively follows shal-
low (fast) pathways. Stochastic fluctuations in the 
cell-specific travel times τcell are not accounted for 
since such fluctuations were found to have a rela-
tively minor impact on the distribution of travel 
times from the entire catchment areas compared to 
the effects of variations in transport distance and 
non-stationary heterogeneity in hydraulic conduc-
tivity and gradient.

The different scenarios of transport-encoun-
tered K and I in Forsmark yield large differences 



17

Quantifying pollutant spreading and the risk of water pollution in hydrological catchments

Figure 4. The maps show estimated hydraulic gradient I in Forsmark (a – b) and in Norrström (c). The 
different I estimates for Forsmark correspond to the following assumptions of the relation between I and 
ground slope: (a) I equal to the ground slope at the 10 m scale, (b) I equal to the subcatchment-average 
of the ground slope at the 10 m scale. In Norrström (c), I is estimated as equal to the ground slope at the 
1000 m scale.

Figure 5. Spatial distribution of estimated local average hydraulic conductivity K in (a) the variable K 
scenario for Forsmark and (b) the shallow groundwater subsystem for Norrström.

in estimated groundwater travel times from many 
input locations in the catchment area (Fig. 6). They 
also yield large differences in the estimated total 
travel time distribution for the entire catchment 
(Fig. 7). Similarly, for the Norrström drainage ba-
sin, the neglect or account of the possible contribu-
tion of deep (slow) groundwater transport greatly 
affects the catchment-scale travel time distribution. 

These large differences between alternative travel 
time distributions show the importance to account 
for alternative possible model representations of 
the groundwater systems in the quantification of 
solute travel times in a catchment.

The Formark scenario 2 (variable Kg, I equal 
to subcatchment-average of local ground slope) 
and scenario 3 (constant K, I equal to local ground 
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slope) yield the largest spreading of estimated 
groundwater travel times and the largest frac-
tions of transport pathways with travel times much 
smaller than average. However, the Norrström 
model generates the largest travel time variability 
in terms of coefficient of variation (CV(τ) = 370% 
for Norrström, which can be compared to (CV(τ) = 
190% for the Forsmark scenario 2). This is because 
the Norrström model has the largest fraction of grid 
cells with estimated travel times to surface water 
that are much larger than average. The travel time 
variance in the Norrström model is primarily due 
to the variability in estimated hydraulic gradients 

(varies between 0.0001 and 0.1) and flow lengths 
(varies between 250 and 1600 m), while the poros-
ity and hydraulic conductivity are nearly constant 
over the area. In the Forsmark scenario 1 (constant 
K, I equal to subcatchment-average of local ground 
slope), the travel time variance is due to the vari-
ability in flow length (varies between 10 and 2400 
m) and hydraulic gradient (varies between 0.01 and 
0.28). The much larger travel time variability in 
the Forsmark scenario 2 (where Kg varies between 
0.0043 and 13 m/d) and scenario 3 (where I varies 
between 0.0001 and 0.36) than in scenario 1 shows 
that travel time distributions at the catchment scale 

Figure 6. Average groundwater travel time from different input locations (model cells) in the Forsmark 
catchment area to the nearest surface water (inland or coastal). Results are shown for two different sce-
narios of variability in the local average hydraulic conductivity Kg: (1) Kg = 1.3 m/d throughout the catchment 
representing transport through relatively high permeability zones, and (2) Kg varies within the area accord-
ing to data on local soil cover (see Fig. 5a). In both scenarios, the hydraulic gradient I is set equal to the 
subcatchment-average of the local ground slope (as in Fig. 4b).

Figure 7. Statistical distributions 
of advective travel time in shallow 
groundwater to nearest surface wa-
ter in the catchment areas of Fors-
mark and Norrström. For the fine 
resolution Forsmark model (10 m), 
results are shown for three differ-
ent scenarios of the variability in hy-
draulic conductivity K and hydraulic 
gradient I: (1) constant K = 1.3 m/d, I 
equal to the subcatchment-average 
of the local ground slope (as in Fig. 
4b), (2) variable K (as in Fig. 5a), I 
equal to subcatchment-average of 
local ground slope, and (3) constant 
K = 1.3 m/d, I equal to local ground 
slope (as in Fig. 4a). The coarse 
resolution Norrström model (1000 
m) uses the PolFlow calculation ap-
proach.
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may be largely governed by heterogeneity in gradi-
ent as well as in hydraulic conductivity.    

Figure 8 shows the distribution of estimated 
travel times through the surface water networks 
of Forsmark and Norrström. For Forsmark, where 
the available data allowed a much more detailed 
characterisation of the surface water network, the 
spreading of estimated surface water travel times 
was considerably larger than for Norrström, where 
the travel time calculations were based on gener-
al assumptions of the empirical relation between 
discharge and effective flow velocity. For both 
catchments, however, most estimated travel times 
through the surface water systems are in the order 

of months. For Forsmark about ¼ of the travel times 
are even in the order of one year (i.e. larger than a 
significant fraction of estimated groundwater travel 
times; compare Figs. 7 and 8). This result indicates 
the importance of realistic representation, not only 
of the groundwater system, but also of the surface 
water systems for quantification of solute transport 
through catchments with similar characteristics as 
those in Forsmark and Norrström (i.e. surface wa-
ter networks including various lakes and wetlands 
with relatively long hydraulic turnover times).

Figure 8. Statistical distributions of advective travel time through the surface water network to the coast 
for the catchment areas of Forsmark and Norrström.

additional, not statistically quantifiable quantifica-
tion uncertainty.  We considered different scenari-
os regarding (1) the pollutant concentration at the 
input location, (2) the advective travel time vari-
ability (where necessary statistical input is unavail-
able), and (3) biogeochemical attenuation, in terms 
of the product of a first-order attenuation rate (here 
assumed constant along and among transport path-
ways) and a characteristic average advective solute 
travel time (the geometric (for stratified aquifer) or 
arithmetic (for isotropic aquifer) mean solute travel 

5. Propagation of water pollution risk: 
generic results

In Paper III, we investigate how pollution risk 
downstream from a source (see Fig. 1) can be as-
sessed based on the quantification of the probabil-
ity PR of exceeding a given target concentration CT 
(in Paper I, we also briefly discuss such probabil-
ity-based risk assessment). For the PR quantifica-
tion (explained in detail in Paper III) statistically 
quantifiable pollutant transport randomness was 
accounted for using the Lagrangian stochastic 
advective–reactive (LaSAR) modelling approach, 
while a scenario analysis was used to account for 
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time over a distance equivalent to the source zone 
length in the mean flow direction). 

In order to investigate the impact of uncertain-
ty about the advective travel time variability, we 
quantified the PR propagation from a local source 
of groundwater pollution, for the advective solute 
travel time pdfs that result from two extreme sce-
narios of aquifer structure (i.e. the correlation struc-
ture of the hydraulic conductivity K): (1) a stratified 
aquifer (in Paper III generally referred to as 1D aq-
uifer), where the advective velocity of groundwa-
ter transport is constant in the mean flow direction 
along any individual streamline, or streamtube, 
downstream of the source zone, but varies random-
ly due to random variation of hydraulic conductiv-
ity among the different streamlines (i.e. infinite 
correlation length in the flow direction) and (2) an 
isotropic aquifer (in Paper III generally referred to 
as 3D aquifer), where hydraulic conductivity and 
advective groundwater transport velocity vary ran-
domly with equal spatial correlation lengths in all 
three spatial directions. The variance of advective 
solute travel time is much higher in the stratified 
than in the isotropic aquifer case, for any given hy-
draulic conductivity variance V[lnK] (Fig. 9).

In general, the variability of advective solute 
travel times is a result of various processes that are 
difficult or impossible to quantify with accuracy 
and precision in real field situations. Examples of 
such processes are pore-scale dispersion and mo-
lecular diffusion (Dagan and Fiori 1997, Fiori 2003), 
as well as diffusive mass transfer between mobile 
and immobile groundwater zones (Lindgren et al. 
2004). The travel time pdfs that correspond to the 
considered stratified and isotropic aquifer cases are 
so different that they are likely to bound a wide 
range of possible travel time pdfs for more complex 
field-process situations. The present aquifer sce-
nario analysis may therefore implicitly give a good 
indication of the practical importance of different 
quantification uncertainties associated with the pdf 
of the physical solute travel time through a geologi-
cal formation.  

Figure 10 shows the propagation of the ex-
ceedence probability PR downstream from a short-
pulse input of pollutants, while Figure 11 shows cor-
responding results for a continuous input scenario. 
The figures show the impact on PR of input con-
centration, aquifer structure (stratified or isotropic 
structure, which results in high and low travel time 
variability, respectively) and biochemical attenua-
tion (in terms of the product of a constant first-order 
attenuation rate and a characteristic average solute 

travel time). The dotted line at probability level 1% 
in the figures is an example of a possible maximum 
acceptable probability that local concentrations of 
pollutants exceed the concentration limit CT. If a 
maximum acceptable PR level has been established 
by environmental managers and other stakeholders, 
the total pollution risk can be assessed (e.g. as high, 
moderate or low) based on the PR results for differ-
ent possible scenarios in relation to the acceptable 
PR level (as exemplified in Paper III).

The PR results in Figure 10 and 11 show that 
for both continuous and short-pulse pollutant input, 
the subsurface heterogeneity structure (stratified 
or isotropic aquifer structure) and the input con-
centration may be important for whether or not PR 
exceeds a threshold level at a given distance from 
the source zone, but only for a relatively narrow 
value range of the characteristic attenuation prod-
uct. Outside of this range, the water pollution risk 
can be judged unambiguously as acceptable or un-
acceptable (PR below or above the acceptable level 
in all scenarios of aquifer heterogeneity structure 
and input pollutant concentration).

 

Figure 9. Probability density function (pdf) of the 
advective solute travel time resulting from the strati-
fied and the isotropic aquifer scenarios, respective-
ly. The solute travel time and its pdf are normalised 
with the characteristic mean travel time from the 
source zone to the recipient boundary at distance 
x1. In the illustrated example, the log variance of 
hydraulic conductivity V[lnK] = 1, and the correla-
tion length of K in the isotropic aquifer scenario is 
set to l = 0.001x1.
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Figure 10. The graphs show, for the case of short-pulse pollutant input, the probability that the local pollut-
ant concentration at different distances from the input location exceeds a pre-determined maximum allow-
able target concentration CT for the extreme cases of stratified and isotropic aquifer structure, respectively. 
Results are shown for different input concentrations of dissolved pollutants from the source zone, C0, rela-
tive to the target: C0 = 100CT (black curves), C0 = 10CT (the bottom boundary of the grey zones) and C0 = 
1000CT (the top boundary of the grey zones). For both aquifer structures, the log variance of the hydraulic 
conductivity K is set to V[lnK] = 1. The correlation length of K in the isotropic aquifer scenario is set to l = 1 
m. Pollutant attenuation is expressed in terms of the product between the constant first-order attenuation 
rate λ and the average travel time of water along a section of a flow path that is equivalent to the source 
zone length in the mean flow direction.
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Figure 11. The graphs show, for the case of continuous pollutant input, the probability that the local pollut-
ant concentration at different distances from the input location exceeds a pre-determined maximum allow-
able target concentration CT for the extreme cases of stratified and isotropic aquifer structure, respectively. 
Results are shown for different input concentrations of dissolved pollutants from the source zone, C0, rela-
tive to the target: C0 = 100CT (black curves), C0 = 10CT (the bottom boundary of the grey zones) and C0 = 
1000CT (the top boundary of the grey zones). For both aquifer structures, the log variance of the hydraulic 
conductivity is set to V[lnK] = 1. The correlation length of K in the isotropic aquifer scenario is set to l = 1 
m. Pollutant attenuation is expressed in terms of the product between the constant first-order attenuation 
rate λ and the average travel time of water along a section of a flow path that is equivalent to the source 
zone length in the mean flow direction.
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6. Catchment scale mass delivery and 
pollution risk: site-specific results

Based on the estimated geographical and statisti-
cal distributions of advective solute travel times 
in Forsmark and Norrström, we quantified and 
mapped in Paper I, II and IV mass delivery frac-
tions from each model cell in the catchments to the 
nearest inland surface or coastal water (the method 
for the quantification of mass delivery fractions is 
explained in detail in Paper II and IV and, more 
briefly, in Section 2.3. of this thesis summary). We 
quantified also the total mass delivery fraction to 
the surface water recipient from a uniform pollut-
ant input over the entire land area of the catchme-
ment. 

Estimates of total (or average) mass delivery 
from an entire geographical area for different pos-
sible scenarios can be used for assessing the water 
pollution risk from diffuse sources within that area. 
Maps of mass delivery from every potential pollut-
ant input location (model cell) in a catchment are 
relevant for the assessment of pollution risk from 
multiple present and potential future local sources 
in the area, as well as from diffuse sources that are 
spatially variable. For instance, such maps indi-
cate which input locations have the greatest impact 
on a certain water body, and consequently, where 
measures to reduce pollution are most needed. The 
maps corresponding to different possible scenarios 
(of physical and biochemical conditions etc.) can 
also be used to identify pollution situations in the 
catchment where more detailed site-specific inves-
tigations are most needed in order to reduce uncer-
tainty about pollution risks.

Figure 12 shows the total, or catchment-average, 
mass delivery fraction      to the nearest surface 
water from a uniform pollutant input over the en-
tire land area in the catchments of Forsmark and 
Norrström. Results are shown for a range of differ-
ent characteristic catchment-average products λgτg, 
where λg is the geometric mean first-order attenu-
ation rate in the catchment and τg is the geometric 
mean advective travel time to surface water. For 
the Norrström catchment, the  Cα  values shown in 
Figure 12 were quantified from the distribution of 
estimated travel times in shallow (fast) groundwa-
ter (shown in Fig. 8). For the Forsmark catchment 
the Cα  results illustrated in the figure correspond 
to the travel time distributions of the physical trans-
port scenarios 1 (constant K) and 2 (variable K) (see 
Figs. 6 and 7). For all these travel time distributions, 
results are shown for the special case of constant 

Cα

attenuation rate λ = λg. For the Forsmark variable K 
scenario, example results are also shown for λ that 
is spatially variable (variance V[lnλ] = V[lnK]) and 
negatively correlated with K.

The scientific literature contains empirical evi-
dence and theoretical arguments for both negative 
and positive correlation between λ and K (Cvetko-
vic and Shapiro 1990, Destouni and Cvetkovic 1991, 
Cozzarelli et al. 1999, Cunningham and Fadel 2007, 
Jardine 2008). In Paper IV, we quantified mass 
delivery for different scenarios of variability and 
cross-correlation of λ and K. The results showed 
that λ variability along transport pathways general-
ly reduces the mass loading to a recipient. However, 
the existence of pathways with predominantly larg-
er than average λ may under some conditions result 
in slightly higher total mass delivery compared to 
the constant λ case. For instance, negative correla-
tion between λ and K yields somewhat larger Cα  in Forsmark than the constant λ case for λgτg  > 10, 
as can be seen in Figure 12. Nevertheless, the dif-
ference is rather small, and a scenario of high travel 
time variability, with a large fraction of transport 
pathways with travel time τ << τg (such as the vari-
able K scenario shown in Fig. 7) and an assumed 
constant λ value appears to be a reasonable conser-
vative scenario when field data and information are 
lacking for more precisely determining actual τ and 
λ distributions. Underestimation of the fraction of 
transport pathways with travel time τ << τg can lead 
to substantial underestimation of the total mass de-
livery. When the travel time variability around τg is 
totally neglected, the estimated mass delivery  Cα  
(represented by the ‘constant travel time’ curve in 
Fig. 12) falls rapidly towards zero as λgτg increases 
and becomes several orders of magnitude lower 
than Cα  for the τ variability-accounting scenarios 
when λgτg is around 10 or larger.

Figure 13 shows how travel time distributions 
for different scenarios can be used to assess the 
probability that the mass delivery fraction to a re-
cipient from an (unknown) upstream input location 
exceeds a given value. Such probability estimates 
for different scenarios are relevant for assessing 
pollution risks in a catchment when exact pollutant 
input locations are not known. Figure 13 is similar 
to Figure 12 because the scenario that yields the 
largest catchment-average mass delivery can be ex-
pected to also yield the largest probability of high 
mass delivery from an individual input location 
somewhere in the catchment.  

Figures 14 and 15 illustrate how a scenario anal-
ysis can be performed to assess the risk of surface 
water pollution from pollutant inputs in different 
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parts of a catchment. As in Section 5 above, we 
consider different scenarios for the pollution input 

input
cellM  (quantified in terms of pollutant mass in-

put relative to a given target load to the recipient, 
load
TM ), the first-order biogeochemical attenuation 

rate λ, and the stochastic fluctuations in the travel 
time from input location to recipient. As mentioned 
above, stochastic fluctuations in the travel time 
from each input location (model cell) have generally 
a relatively small impact on catchment-scale travel 

time distributions and on the mass delivery from 
uniform sources over entire catchments (Jarsjö et 
al. 2007). Nevertheless, such fluctuations can be 
important for the pollution risk from specific input 
locations (as shown in Figs. 10 and 11). The travel 
time to surface water from any input location can 
be expected to fluctuate due to spatial and temporal 
variability in flow length and hydraulic properties 
along transport pathways (e.g. due to small-scale 
heterogeneity, spatially and temporally variable 

Figure 13. The probability that the 
mass delivery fraction to surface 
water from an upstream pollutant 
input location somewhere in the 
catchment areas of Forsmark and 
Norrström, αcell, exceeds 1 %. For 
the Forsmark catchment, results 
are shown for different scenarios 
of spatial variability in hydraulic 
conductivity K and mass attenua-
tion rate λ.

Figure 12. The total (catchment-average) mass delivery fraction to surface water from all upstream pollut-
ant input location in the catchment areas of Forsmark and Norrström, Cα . For the Forsmark catchment, 
results are shown for different scenarios of spatial variability in hydraulic conductivity K and mass attenu-
ation rate λ. For comparison, results are also shown for a calculation approach where the travel time vari-
ability around the geometric mean τg is neglected so that Cα

 
= exp(– λgτg).
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flow directions, and temporally variable groundwa-
ter levels).

Figure 14 shows how fluctuations in cell-specif-
ic travel time to surface water, τcell, can affect the 
area from which the estimated mean mass deliv-
ery to surface water, E[αcell], exceeds a given target 
load load

TM . In addition to the constant K scenario 
with constant cell-specific travel time τcell (scenar-
io 1 in Figure 6) results are shown for a scenario 
with random variability of τcell around the same 
geometric mean as in the constant K and τcell sce-
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Figure 14. Model cells from which the expected mass delivery to surface water E[αcell] exceeds a prede-
termined target load load

T
input
cell MM ⋅= 10  considering two quite opposite scenarios of the variability of the cell-specific 

solute travel time to surface water, τcell: (1) constant τcell and (2) lognormally distributed τcell with variance 
V[lnτcell] = 1. Results are shown for three attenuation cases: (1) slow attenuation – first-order rate λ = 1/year, 
medium fast attenuation – λ = 10/year, and fast attenuation – λ = 100/year. High input/stringent target 
means that the pollutant mass input in each model cell load

T
input
cell MM ⋅= 10 = 1000 load

T
input
cell MM ⋅= 10 , while low input/relaxed 

target means that load
T

input
cell MM ⋅= 10 = 10 load

T
input
cell MM ⋅= 10 . 

nario. In the variable τcell scenario, τcell is assumed 
lognormally distributed, with variance V[ln τcell] = 1 
(which results in the same travel time pdf for each 
model cell as the travel time pdf for the stratified 
aquifer case that was shown in Figure 9). The pink-
coloured areas on the maps in Figure 14 represent 
model cells from which E[αcell] exceeds load

TM  in 
the variable τcell scenario but not in the constant τcell 
scenario.  The special case of medium fast attenu-
ation (λ =10/year) and high relative pollutant mass 
input load

T
input
cell MM ⋅= 1000  yields relatively large 
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pink-coloured areas (for which the local τcell vari-
ability is decisive for whether or not E[αcell] exceeds  

load
TM ). The other considered scenarios of pol-

lutant input and attenuation yield relatively small 
pink-coloured, τcell variability-sensitive areas.

Hence, the results in Figure 14 indicate that sto-
chastic travel time fluctuations are not generally 
decisive for whether or not the mean mass deliv-
ery from pollutant input locations exceeds a given 
target load to a downstream recipient. However, as 
discussed in the problem description above (Sec-
tion 1.1) such fluctuations may imply a quite large 

probability that pollutant mass flow into the recipi-
ent will exceed given water quality standards at 
some point in time or space, even if the average 
mass flow into the recipient is less than the accept-
able limit. 

Figure 15 provides an example of probability-
accounting risk analysis for a catchment area. The 
yellow-coloured areas in Figure 15 represents mod-
el cells for which E[αcell] is lower than load

TM  but 
for which the probability that αcell  exceeds load

TM  
is greater than 0.01 in the variable τcell scenario. 
Valuable information for pollution risk assessment 

Figure 15. Model cells from which the expected mass delivery to surface water E[αcell] exceeds a prede-
termined target load load

T
input
cell MM ⋅= 10  (pink areas), and model cells from which E[αcell] is lower than load

T
input
cell MM ⋅= 10  but the 

probability that mass delivery αcell exceeds load
T

input
cell MM ⋅= 10  is greater than 0.01 (yellow areas). Results are shown 

for lognormally distributed τcell with variance V[ln τcell] = 1. Three attenuation cases are considered: (1) slow 
attenuation – first-order rate λ = 1/year, medium fast attenuation – λ = 10/year, and fast attenuation – λ = 
100/year. High input/stringent target means that the pollutant mass input in each model cell load

T
input
cell MM ⋅= 10 = 

1000 load
T

input
cell MM ⋅= 10 , while low while low input/relaxed target means that load

T
input
cell MM ⋅= 10 = 10 load

T
input
cell MM ⋅= 10 . 
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is gained from such results, showing the parts of 
a catchment area where pollutant inputs may im-
ply relatively high probability of exceeding down-
stream water quality standards. The results indicate 
that when the risk management target is expressed 
as a maximum probability of exceeding a given 
pollution level, instead of just the non-exceedence 
of an acceptable average pollution level, then ran-
dom variability in advective travel times becomes 
much more important (compare the red-coloured 
areas in Fig. 14 with the much larger areas with 
pink or yellow colour in Fig. 15).

7. Discussion

In the assessment of water pollution risks from lo-
cal and diffuse sources within a catchment, mod-
els of solute advective travel times and waterborne 
pollutant transport can play a central role. For the 
characterisation of the present pollution situation, 
such models are useful to synthesise available data 
and knowledge and to identify the most important 
knowledge gaps. For the assessment of the risks re-
lated to pollutant transport in the future, modelling 
is indispensable. 

At the catchment scale, the integration of mod-
els and geographic information systems (GIS) al-
lows for efficient assimilation of large volumes 
of spatially variable data (Foster and McDonald 
2000, Verro et al. 2002, Schilling and Wolter 2007). 
Model results can then be displayed in the form of 
maps, which are relatively easy to interpret and 
communicate to managers and other stakeholders. 
Maps showing advective travel times and pollutant 
transport from different input locations can be used 
to delineate critical areas for pollution abatement 
and mitigation of the risk for future pollutant dis-
charges. For these areas additional more detailed 
site-specific assessment may be needed.

The value of models for water quality manage-
ment depends on how well the dominating process-
es are reproduced by the model. It is also crucial 
that the uncertainties about system characteristics, 
processes and future developments are properly ac-
counted for in the models, and that managers and 
stakeholders are aware of the magnitude of these 
uncertainties. Uncertainty estimates contain valu-
able information for risk assessment and decision 
making (Funtowicz and Ravetz 1993). Environ-
mental managers need to know the expected uncer-
tainty in the assessed consequences of their deci-
sions. Society needs information about the extent of 

uncertainty in pollution risk assessments in order to 
take action to reduce key uncertainties by allocat-
ing resources for the collection of additional data 
and for scientific research (Reckhow et al. 1994).

Despite the great value of explicit uncertainty 
quantification, pollution risk assessment in Sweden 
and elsewhere is still often based on a single deter-
ministic model estimate, where uncertainty is han-
dled by making conservative model assumptions or 
adding a safety factor to the model output (Batch-
elor et al. 1998, Öberg and Bergbäck 2005, Sander 
and Öberg 2006). Neither of these approaches pro-
vides any information of the margin of safety and 
the magnitude of uncertainty and risk, nor do they 
identify cases where more information is needed. 
Moreover, it is rather subjective what can be con-
sidered as reasonably conservative assumptions, 
and the risk assessment can easily be affected by 
cognitive biases, such as personal interests and loy-
alties (Neuman 2003).

By contrast, in the scenario analysis approach 
used in this thesis, uncertainties about present and 
future conditions are handled in a transparent and 
relatively objective way. Moreover, the impacts of 
these uncertainties are made explicit in the model 
results. This relatively simple and clear uncertainty 
analysis facilitates for independent model review-
ers, water managers, decision makers, stakeholders, 
general public and modellers to assess if the alter-
native assumptions made in the different scenarios 
are realistic and reflect the perceived uncertainties, 
and if the total model uncertainty is at an accept-
able level (Refsgaard et al. 2007). In addition, the 
scenario analysis indicates where further investiga-
tion should be focused in order to reduce the uncer-
tainties defined by the different scenarios. 

The thesis results have demonstrated how the 
scenario analysis approach can be used to assess 
the risk to exceed water quality standards in terms 
of maximum acceptable pollutant loads or con-
centrations. If a given water quality standard is 
exceeded in some scenarios but not in others, the 
pollution risk is uncertain. In that case, the draw-
back of the scenario analysis approach used in this 
thesis is that it does not provide any information 
on the likelihood of the different scenarios. The 
scenario that yields the highest estimated probabil-
ity of exceeding the water quality standard may in 
fact be extremely unlikely given the available in-
formation. The risk assessment could then include 
experts’ and stakeholders’ degree of belief in the 
different scenarios, in order to make use of their 
explicit and tacit knowledge. Subjective probabili-
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ties or fuzzy membership functions can be inferred 
from a synthesis of the experts’ and stakeholders’ 
opinions (Baudrit et al. 2006, Dubois 2006, Baudrit 
and Dubois 2007). A formal elicitation procedure 
must then be followed in order to minimise the in-
fluence of cognitive bias (Refsgaard 2007, Hosack 
et al. 2008). There is clearly a risk that the subjec-
tive characterisation of some scenarios as less plau-
sible than others opens the door for management 
decisions that are not robust given what is actually 
known. 

The basic first step in the modelling approach 
used in this thesis is to quantify distributions of 
advective solute travel times. Using a scenario 
analysis approach, we have quantified alternative 
distributions that bound a range of different pos-
sible travel time statistics for mass transport from 
local and diffuse sources to downstream recipients. 
The scenario approach has enabled the identifica-
tion of factors that can have large impact on the 
uncertainty of estimated travel time distributions. 
For solute input distributed over an entire catch-
ment area, the results for the catchments of Fors-
mark and Norrström showed that the distribution of 
groundwater travel times to a surface water recipi-
ent can be largely governed by the spatial distribu-
tion of transport distance and gradient, as found 
also in other general and catchment-specific studies 
(e.g. Rinaldo and Rodriguez-Iturbe 1996, White et 
al. 2004, McGuire et al. 2005, Wörman et al. 2007, 
Fiori et al. 2009). The results for Forsmark further 
show that heterogeneity in hydraulic conductiv-
ity (due to the presence of various soil types and 
geological formations within the catchment area) 
may also dominate the catchment-scale travel time 
distribution. Hence, various factors have a large 
potential impact on the advective travel time distri-
bution. For robust assessment of pollutant transport 
at the catchment scale it is important to account for 
the uncertainty effects of all these factors. 

Regarding the hydraulic gradient, the results 
in Paper II illustrate how different assumptions 
about the relation between local ground slope and 
hydraulic gradient can result in largely different es-
timated travel time distributions. Typically, meas-
urements of groundwater levels are only available 
for a relatively small number of discrete points 
within a catchment area. Hydraulic gradient esti-
mates then have to be based primarily on topog-
raphy data. In humid climates, the groundwater 
surface is generally assumed to follow the ground 
surface (Schilling and Wolter 2007, Wörman et al. 
2007), but an important modelling issue is at which 
spatial resolution this assumption is valid. On the 

one hand, the hydraulic gradient fluctuations can 
be expected to be somewhat damped relative to 
small-scale land surface fluctuations. On the other 
hand, in an undulating landscape, such as in the 
studied Forsmark and Norrström catchment areas, 
the hydraulic gradient may be considerably under-
estimated if its estimation is based on average re-
gional ground slopes, because local ground slopes 
in opposite directions average each other out at the 
regional scale (Darracq et al. 2010).

Random fluctuations in the travel time to a 
recipient from specific input locations were found 
to have relatively small impact on the catchment- 
scale travel time distribution and the expected total 
mass delivery from a uniform pollutant source over 
an entire catchment. For local sources, or diffuse 
sources that cover only part of a catchment, the ef-
fect of stochastic travel time variability is potential-
ly significant for whether or not the estimated mass 
delivery exceeds a given water quality standard, 
but only for some specific cases of biogeochemical 
mass attenuation and pollutant mass input. How-
ever, if the risk management target is expressed as a 
maximum probability of exceeding a given level of 
pollution instead of just the non-exceedence of an 
acceptable average pollution level, then the random 
travel time variability becomes much more impor-
tant. Neglect of such variability may then lead to 
systematic underestimation of pollution risks from 
local sources as well as sources distributed over en-
tire catchments.

For the Norrström drainage basin, advective 
solute travel times and pollutant mass delivery 
fractions were quantified using relatively coarse-
resolution data (1×1 km). Model results for the 
much smaller catchment area of Forsmark, where 
high-resolution data (10×10 m) were available, show 
that small-scale spatial variability in, for instance, 
transport pathway lengths, hydraulic conductivity 
and gradient can have a major impact on catchment-
scale mass delivery and associated water pollution 
risks. For larger catchments such fine model repre-
sentation as in Forsmark is greatly limited by com-
putational and data availability constraints. Critical 
modelling issues are then if variability within the 
smallest modelling unit (which may be grid cells or 
subcatchments covering areas in the order of 1 km2 
or larger) is important given the modelling purpose 
(O’Connell and Todini 1996, Beven 2001, Dehotin 
and Braud 2008). For spatially uniform solute input, 
such small-scale variability may be represented by 
spatially stationary statistics. For spatially variable 
input, however, the specific input locations are im-
portant and a coarse-resolution model might pro-
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duce misleading results of water pollution risks.  
The present studies have not explicitly consid-

ered uncertainty in the quantification of advective 
solute travel times through surface water. In the 
studied Swedish catchment areas (Forsmark and 
Norrström) estimated solute travel times through 
the surface water networks, which are composed 
by various lakes and wetlands with relatively long 
hydraulic turnover times, were far from insignifi-
cant in comparison with the travel times in ground-
water. Different model representations of the sur-
face water systems could therefore also have large 
impact on resulting total travel time distributions 
for the entire catchments. This merits further inves-
tigation because the travel times through surface 
water networks are often ignored in estimations of 
catchment-scale travel time distributions (McGuire 
and McDonnell 2006).

Pollutant transport from the ground surface 
down to the groundwater level has not been quanti-
fied explicitly in the thesis. This essentially vertical 
transport component was neglected for simplicity, 
and because the groundwater table is generally lo-
cated near the ground surface in both case study ar-
eas (around 1 m depth or less). Water quality man-
agement within a catchment, however, should also 
protect the groundwater from pollution. It is there-
fore important to extend and complement the pre-
sent approach for pollution risk assessment with an 
approach to estimate the risk of groundwater pollu-
tion in a catchment (previous such studies include 
e.g. Wang and Yang 2008 and Yoon et al. 2009).

Other potentially necessary extensions to the 
present pollution risk estimation approach, in order 
to apply it for specific pollution problems, include 
the account for temporally variable travel time dis-
tributions (Fiori and Russo 2008, Botter et al. 2010), 
multi-directional flow in flat areas (McGuire et 
al. 2005), and reversible sorption–desorption and 
other reactive processes (Destouni and Graham 
1997, Eriksson and Destouni 1997, Yabusaki et al. 
1998, Kalaurachchi et al. 2000, Malmström et al. 
2004). In addition, one must account for the effects 
of man-made alterations of the flow systems (urban 
areas, wells, ditches etc.). Finally, the possibility of 
inaccuracy in input data should be considered.

The thesis results have shown that biogeochem-
ical mass attenuation largely determines pollutant 
transport from local and diffuse sources. In gen-
eral, it is difficult to estimate mass attenuation rates, 
particularly for pollutants such as petroleum prod-
ucts that are mixtures of hundreds of different con-
stituents with different biodegradation properties 
(Fagerlund and Niemi 2007). Even for the same or-

ganic compound, reported degradation rates often 
vary over several orders of magnitude, in space as 
well as over time (Suarez and Rifai 1999, Washing-
ton and Cameron 2001, Mulligan and Yong 2004). 
In the present studies, the attenuation rate has, as 
a first step and for illustrative simplicity, been rep-
resented by a first-order rate. However, the com-
mon assumption of first-order kinetics is only valid 
under some conditions. At relatively high pollutant 
concentrations, the biodegradation kinetics may, 
for instance, be better approximated by a zero-
order rate expression (Bekins et al. 1998). Hence, 
there are various open research questions related to 
the estimation and accurate representation of domi-
nant mass attenuation processes that affect pollut-
ant transport in catchments.

8. Conclusions
The studies included in this thesis developed a sce-
nario analysis approach, based on advective solute 
travel time quantification of hydrological transport. 
The approach was applied at the catchment scale 
for the estimation and mapping of pollutant spread-
ing in water and the associated uncertainty and 
risk of pollution. The scenario approach enables a 
transparent uncertainty analysis, which is relatively 
easy to interpret and communicate to stakeholders. 
It also helps identify conservative assumptions and 
pollutant input locations and situations for which 
further investigations are most needed in order to 
reduce the uncertainty. In addition, the results for 
different scenarios can be used to assess the risk to 
exceed given water quality standards downstream 
of pollutant sources.

Specific thesis results showed that neglect or 
underestimation of physical transport variability, 
and in particular of those transport pathways with 
much lower than average advective solute travel 
time, can lead to substantial underestimation of 
pollutant loading. By contrast, variations in the pol-
lutant attenuation rate, due to biogeochemical vari-
ability along transport pathways, generally reduce 
the downstream loading relative to that for constant 
rate conditions. A scenario of high travel time vari-
ability, with a large fraction of relatively fast trans-
port pathways, combined with an assumed constant 
attenuation rate therefore appears to be a reason-
able conservative scenario to consider when field 
data and information are lacking for more precisely 
determining the details of actual travel time and 
attenuation rate conditions. 

There is much scope for future work to further 
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extend the present studies of pollutant spreading 
at the catchment scale, such as: (1) application of 
the present pollution risk assessment approach for 
addressing specific pollution problems in different 
catchments, (2) quantification of pollutant trans-
port from the land surface, through the unsaturated 
zone, to the groundwater zone, (3) studies of the 
effects of temporally variable travel time distribu-
tions and attenuation rates, (4) studies of the effects 
of different model representations of biogeochemi-
cal processes, (5) studies of the effects of differ-
ent model representations of pollutant transport 
through surface water systems (6) studies of rel-
evant and efficient treatment of sub-grid variability 
in coarse-resolution models, and (7) quantification 
and account of the likelihood or plausibility of dif-
ferent scenarios in assessments of water pollution 
risk.
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Appendix 
 
The statistics of hydraulic conductivity, ground slope, effective porosity and transport pathway lengths 
that were reported in the appendix of Paper II for the catchments of Forsmark and Norrström did not 
correspond to the values used to calculate groundwater travel times in these catchments. Correct 
statistics of these variables are shown in Tables A1 and A2. 
 
Table A1. Statistics of the values of hydraulic conductivity, ground slope, effective porosity and 
transport pathway lengths that were used to calculate groundwater travel times in the Forsmark 
catchment area. 
 Value 

range 
Arithmetic 
mean 

Geometric 
mean 

Standard 
deviation 

Coefficent of 
variation 

Soil hydraulic 
conductivity (m/d) 

0.0043 to 
13 

2.1 0.71 3.5 1.7 

Subcatchment-average 
slope (-) 

0.01 
to 0.28 

0.032 0.029 0.016 0.50 

Local slope (-) 0.0001 
to 0.36 

0.032 0.018 0.030 0.93 

Effective porosity (-) constant 
value 

0.05 0.05 - - 

Groundwater flow path 
length (m) 

10 to 2400 460 240 500 1.1 

 
 
Table A2. Statistics of the values of hydraulic conductivity, ground slope, effective porosity and 
transport pathway lengths that were used to calculate groundwater travel times in the Norrström 
catchment area. 
 Value 

range 
Arithmetic 
mean 

Geometric 
mean 

Standard 
deviation 

Coefficent of 
variation 

Hydraulic conductivity 
(m/d) 

23 to 32 25 25 2.1 0.082 

Slope (-) 0.0001 to 
0.1 

0.015 0.0092 0.014 0.93 

Effective porosity (-) 0.075 to 
0.11 

0.085 0.085 0.0086 0.10 

Groundwater flow path 
length (m) 

250 to 
1600 

1000 970 300 0.29 

 


