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SUMMARY  

Stockholm and its surroundings are facing strong urban changes nowadays and it is forecasted that the 
increase of population will be the principal driver for the urban regions surrounding the lake Mälaren in 
the next decades. A thorough regional and urban planning is needed in order to build a sustainable society 
and protect the environment. In this sense Coupled Human and Natural Systems (CHANS) are useful 
tools for the creation of future scenarios of how urbanization and landuse changes will impact the ecosys-
tems and the water resources. 

Within a CHANS framework, this master thesis is focused on how population growth and landuse chang-
es impact both the surface water discharges and the nutrient transport in the Norrström Drainage Basin. 
In this regard the different comprehensive plans of 26 municipalities in the Stockholm-Mälardalen region 
were studied in order to create a landuse evolution model until 2040. The studied scenario evaluated the 
impacts of the changes of urbanization described in the comprehensive plans on the surface waters and 
the nutrient transport. 

The tool used for carrying out this thesis was PCRaster, which is an environmental modelling tool that 
allows the treatment of large distributed data and the creation of spatio-temporal environmental models. 
In this sense the model was divided in three parts: first the temporal landuse evolution was obtained 
following the data from the municipal comprehensive plans; secondly the surface water discharges were 
calculated using the CN method; and finally the nutrient transport model was build using the guidelines of 
the PolFlow model and the nutrient loads from HELCOM and the TRK project. 

The results show an increase of the built-up urban areas from a 3.3% built-up in 2005 to a 4.2% in 2040 
for the whole Norrström Drainage Basin, which means an increase of a 25% of the build-up areas. Re-
garding the increase of flow in the surface waters, the results show a very small increase in the flow, due to 
the large scale of the study area. Finally the results for the nutrient transport show an increase of the 
nutrient loads at the outlet of the lake Mälaren of 20% in the case of nitrogen and 15% for phosphorus. 
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SAMMANFATNING  

Stockholm regionen står inför kraftiga urbana förändringar och det förutses att befolkningsökningen 
kommer att bli den främsta drivkraften för storstadsregionerna kring Mälaren under de kommande 
årtiondena. En grundlig regional- och stadsplanering behövs för att bygga ett hållbart samhälle och skydda 
miljön. I detta sammanhang är Coupled Human and Natural Systems (CHANS) användbara verktyg för 
att skapa framtidsscenarier för hur urbanisering och markanvändningar kommer att påverka ekosystem 
och vattenresurser. CHANS verktyg möjliggör analys av komplexa mönster och processer som inte 
framgår tydligt vid separata sociala och naturvetenskapliga studier. 

Inom CHANS ramverk fokuserar detta examensarbete på hur befolkningstillväxt och markanvändning 
och de ändringear de medför påverkar ytvattenutsläpp samt näringstransport i Norrström 
avrinningsområden. I detta avseende studerades olika översiktsplaner av 26 kommuner i Stockholm-
Mälardalen regionen för att bygga en markanvändning evolutionmodell fram till 2040. Det studerade 
scenariot utvärderade konsekvenser av förändringarna i urbaniseringen som beskrivs i de omfattande 
översiktplanerna på ytvatten och näringsämne transport. 

Verktyget som användes för att utföra detta examensarbete var PCRaster. Det är ett 
miljömodelleringsverktyg som tillåter behandling av stora distribuerade data och kan skapa spatio-
temporala miljömodeller. I detta avseende fördelades modellen i tre delar. Först erhölls den temporala 
markanvändningsevolutionen efter uppgifter från kommunala översiktplaner. Därefter beräknades 
ytvattenutsläppen med CN-metoden. Slutligen byggdes den näringstransportmodellen med hjälp av 
riktlinjerna från PolFlow modellen och näringsbelastningen från HELCOM och TRK-projektet.  

Resultaten visar en ökning av de bebyggda stadsområdena från 3,3 % bebyggda under år 2005 till 4,2 % år 
2040 för hela Norrström avrinningsområde, som innebär en ökning med 25 % av de bebyggda områdena. 
Beträffande flödet i ytvattnet visar resultaten en jätteliten ökning av flödet på grund av att det studerade 
området har en stor skala. Slutligen visar resultaten för näringsämnenstransport en ökning av 
näringsbelastningen vid utloppet av sjön Mälaren med 20 % kväve och 15 % fosfor. 
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ABSTRACT 

Stockholm and its surroundings are facing strong urban changes and it is forecasted that the increase of 
population will be the principal driver for the urban regions surrounding the lake Mälaren in the next 
decades. A thorough regional and urban planning is needed in order to build a sustainable society and 
protect the environment. In this sense Coupled Human and Natural Systems (CHANS) are useful tools 
for the creation of future scenarios of how urbanization and landuse changes will impact the ecosystems 
and the water resources. This master thesis is focused on how population growth and landuse changes 
impact both the surface water discharges and the nutrient transport in the Norrström Drainage Basin. In 
this regard the different comprehensive plans of 26 municipalities in the Stockholm-Mälardalen region 
were studied in order to create a landuse evolution model until 2040. The impacts of the changes of ur-
banization on the surface waters and the nutrient transport were obtained using the PCRaster environ-
mental modelling tool following the guidelines of the PolFlow model. The results show an increase of the 
built-up urban areas of a 25% by 2040. Regarding the increase of flow in the surface waters, the results 
show a very small increase in the flow, due to the large scale of the study area. Finally the results for the 
nutrient transport show an increase of the nutrient loads at the outlet of the lake Mälaren of 20% in the 
case of nitrogen and 15% for phosphorus.  

Key words: landuse evolution, urbanization, water discharge, nitrogen, phosphorus, Mälaren 

1 INTRODUCTION 

Population growth and urbanization are two of 
the biggest challenges that humanity will have to 
face by the end of the present century. In 2008, 
for the first time in history more than half of the 
world population was living in cities. The fore-
casts by the UN show that by 2050 the world 
urban population is forecasted to increase to 6.3 
billion by 2050, which is the same amount of 
population living in the world in 2004 (Nations, 
2012b). In the case of Sweden, nowadays 85% of 
the population lives in urban areas. This figure is 
predicted to increase to 90% by 2050 which 
added to the predicted forecast increase, makes a 
total increase of 1.6 million people in Swedish 
urban areas (Nations, 2012a). 

The increase of the population will pose big 
pressures both in the social and the natural sys-
tems, for example on the production of food and 
goods or the impact on the ecosystems services, 
such as the water supply. The development of 
better-quality urban plans and tools for the as-
sessment of the impacts of population growth is 
of special interest. In this sense the evaluation of 
the pressures on the water quantity and quality is 
crucial since water is one of the most important 
natural resources that humanity needs for its 
survival.  

1.1 Urban and regional planning: Stock-
holm-Mälardalen region 

The visible built environment of the urban re-
gions has evolved over the years. During many 
years thorough history the human settlements 

were placed where natural resources such as 
water or food were more accessible. Nowadays 
the need to settle close to the natural resources 
has decreased as the transportation systems have 
improved and other attracting factors like job 
availability and economic safety have become 
some of the most important causes of human 
settling. In order to avoid formation of slums and 
undesired urban sprawl for these human settle-
ments the need of urban and regional planning is 
at stake. 

In the context of European urban planning, since 
the 1990s the concept of polycentricity has been 
introduced (Richardson and Jensen, 2000). It 
refers to the collaboration between cities in order 
to create robust urban regions with shared labor 
markets, educational facilities and services. With-
in polycentric regions the cities are interrelated 
through both hard (transportation links) and soft 
infrastructures (cooperation regarding education 
and services), which facilitate the exchange of 
goods, labor and services, and thus provide the 
basis for economic development. From an envi-
ronmental and biodiversity perspective, the con-
cept of polycentricity remains to be tested 
(Balfors et al., 2005). 

The Stockholm-Mälardalen region is an example 
of a polycentric region. It is defined by the coun-
ties of Stockholm, Uppsala, Södermanland, 
Västmanland and Örebro (Stockholm, 2010). The 
population of this region is around 3.3 million 
people nowadays, which accounts for more than 
a third of the population of the whole country 
(SCB befolkning 2013). The different cities in the 
region will increase their connectivity with the 
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construction of new infrastructures as the Stock-
holm bypass, the Citybanan or the new regional 
train in the northern part of the Mälaren lake 
(RUFS, 2010; Stockholm, 2014).  

The planning of the different infrastructures and 
development of urban areas is a complicated 
issue since it involves many regulatory admin-
istrations and stakeholders. Nevertheless the 
planning of the development of the urban areas 
falls back into the municipalities. The municipali-
ties are responsible of the elaboration of the 
comprehensive plans which give a guideline and 
objective of the strategies for the improvement of 
all the issues concerning every municipality, from 
the construction of apartments, use of recreation-
al areas to the treatment of wastewater. In the 
comprehensive plan, the municipalities show the 
chosen areas to be developed in the future as a 
guideline. The final decision step is the elabora-
tion of a detail plan for every development area 
to show all the specific changes that will be car-
ried out. 

In the framework of urban planning there is also 
a need to foresee the impacts of urbanization to 
the environment and the different ecosystem 
services. In this regard tools like the Landuse 
Evolution and Assessment Model (LEAM) (Deal 
and Schunk, 2004) or another Planning Support 
Systems (PSS) play an important role in the as-
sessment of the impacts generated due to urbani-
zation (Klosterman and Pettit, 2005). 

1.2 Coupled Human and Natural Sys-
tems 

The link between human systems (e.g. economy, 
society) and natural systems (e.g. ecosystems, 
water bodies) is sometimes rather vague and 
difficult to characterize. Understanding the com-
plexity of human–nature interactions is central to 
the quest for both human well-being and global 
sustainability (Alberti et al., 2011). In this sense 
approaches like the Coupled Human and Natural 
Systems (CHANS) integrate and bring together 
detailed knowledge of various disciplines (Liu  et 
al., 2007). The CHANS tools allow the analysis of 
complex patterns and processes which are not 
evident when studied by social or natural scien-
tists separately (Liu  et al., 2007). 

In practice, this implies integrating many aspects 
of urban/regional planning with tools that cap-
ture the dynamics of natural resources and the 
environment. In this regard a clear link between 
urbanization and the hydrologic system is the 
landuse change. The changes in the landuse 
clearly affect the hydrologic system both in terms 
of quantity and quality. For example, landuse 
changes can result in changes in flood frequency, 
severity, base flow, annual mean discharge and 
seasonal stream flow (Chung et al., 2011). Fur-
thermore the increase of population and urbani-
zation are also link to the decrease of water quali-
ty and the increase of pollutant and nutrient 
emissions to the surface waters due to increase of 
intense agriculture and the direct pollutant gener-
ation from urban areas. 

 

 
Figure 1. Interrelations between the different components of the CHANS with feedback and responses between the driving features of 
the model 
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Figure 2. To the left: The Baltic Sea Drainage Basin and location of the Norrström Drainage Basin in it; right: zoom-in of the 
Norrström basin showing the lakes Hjälmaren and Mälaren and the most populous cities in the region, Stockholm, Uppsala, Västerås 

and Örebro. 

 

1.3 Eutrophication in the Baltic Sea 
region 

The Baltic Sea is an ecologically unique brackish-
water area located in the north of Europe. It 
receives the discharge waters from many coun-
tries in the region: Sweden, Finland, Russia, 
Estonia, Latvia, Lithuania, Poland, Germany and 
Denmark. It is a generally shallow and stagnant 
inland sea with very complex hydrodynamic 
characteristics due to the differences in salinity 
and particularly sensitive to the impacts of multi-
ple anthropogenic pressures such as the release of 
pollutant, not only by the large coastal cities but 
due to the large and densely populated catchment 
area, the overexploitation of some maritime 
resources or the maritime transport (HELCOM, 
2010). 

One of the most important anthropogenic pres-
sures in the Baltic Sea is the increase of the 
amount of nutrients (phosphorus and nitrogen), 
which causes eutrophication and changes the 
whole dynamic of the Baltic ecosystem. In this 
regard international cooperation between coun-
tries and institutions was created with the elabo-
ration of the Agenda 21 for the Baltic Sea Region 

(Baltic 21, 1996)1 and the Helsinki Commission 
(HELCOM, Baltic Marine Environment Protec-
tion Commission, 2000)2. These cooperation 
commissions were created in order to work for 
the protection of the Baltic marine environment 
from all type of pollution. Particularly, HELCOM 
listed Hot Spots were attention should be fo-
cused to reduce emissions and it appeared that 
agriculture is the main source of nutrients in 
Sweden with the 40% of anthropogenic load of 
nitrogen3. In addition HELCOM agreed upon a 
joint action plan, the Baltic Sea Action Plan 
which overall objective is to restore the Baltic 
Sea's marine environment to a good ecological 
status by 2021 and eutrophication was one of the 
main targets. 

1.4 Study area: Norrström Basin 
The Norrström Basin is the chosen study area for 
this study. It is one of the biggest basins in Swe-
den covering an area of 22600 km2. It is a rather 
flat basin with numerous lakes and wetland areas. 

                                                      
1 Agenda 21 for the Baltic sea region, 
http://www.un.org/esa/agenda21/natlinfo/action/ba
ltic.htm 
2 Helsinki Commission Convention, 
http://helcom.fi/about-us/convention/ 
3 Hot spots listed by HELCOM, 
http://helcom.fi/helcom-at-
work/projects/base/components/hot-spots 
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The higher points are located in the north-
western part of the basin and the water flows 
through lakes Hjälmaren and Mälaren to the 
discharge point to the Baltic Sea located in 
Stockholm at the south-east part of the basin. It 
is underlain by granitic and gneiss-granitic bed-
rock covered by clay and till deposits.  

The area has undergone rapid urbanization and 
industrialization since after the Second World 
War and the population in the area accounts for 
more than one third of Swedish total population. 
The suburbs of Stockholm and its region of 
influence have today spread to more than 100 km 
from the city and many industries have settled 
around the Lake Mälaren (Greffe, 2003). 

Regarding the management of the water bodies in 
the region, the Norrström drainage basin (NDB) 
belongs to the North Baltic water district which is 
one of the five districts responsible for the ful-
fillment of the EU Water Framework Directive 
(2000/60/EC) and the Groundwater Directive 
(2006/60/EC) in Sweden. 

Since the water of the lake Mälaren is used to 
provide water supply to more than 1.5 million 
people in the Stockholm region the water quality 
in of the lake is a concerning issue for citizens 
and institutions. In addition both Mälaren and 
Hjälmaren are surrounded by very fertile soils 
rich in clay and till where the agriculture and 
farming have traditionally been present which 
means high nutrient discharges into the lakes. 
Furthermore the NDB discharges to the Stock-
holm archipelago which is directly affected by the 
pollution in the catchment and it degrades the 
ecosystem and the recreational areas. For the 
aforementioned reasons the NDB is an interest-
ing case study for the nutrient transport. 

1.5 Aim and objectives 

Given this overall background of the different 
problems in the region, an assessment of the 
plausible urbanization impacts in the NDB is 
needed. In this sense this master thesis focuses 
on the implementation of the PolFlow model for 
the nutrient transport given the future landuse 
change scenario. It has to be mentioned that 
many studies have been using this model in the 
area and have been calibrated and validated for 
the discharge and nutrient transport (Darracq, 
2007; Darracq et al., 2003; Greffe, 2003). This 
study takes a step further in the scenario assess-
ment for the future increase of population and 
the changes in the landuse in the NDB and in-
creases the interrelations between the human and 
natural systems (Figure 1).  

Given this overall framework of the problem, the 
main objectives of this thesis are: 

• Study the regional and municipal plans in 

the Mälardalen-Stockholm region to 
elaborate a future scenario for the urban-

ization and the changes in the landuse. 

• Evaluate the impact of the landuse 
changes in terms of surface water dis-

charges in the NDB. 

• Assess the nutrient transport in the NDB 
given the changes in the landuse. 

2 MATERIAL AND METHODS 

2.1 Theory of the model 
In order to assess the nutrient transport in the 
Norrström basin the model is divided in three 
different parts: landuse evolution, water flow and 
nutrient transport. All three parts are developed 
with the GIS-based dynamic developed with the 
help of PCRaster, which is an environmental 
modelling tool which allows the temporal treat-
ment of large raster databases. This tool has been 
widely used for hydrological modelling in several 
drainage basins both in Sweden (Darracq, 2007; 
Darracq et al., 2003; Greffe, 2003) and other 
basins around the world (Asokan et al., 2010; 
Jarsjo et al., 2012). The PolFlow model (de Wit, 
2001) is the main methodology followed in this 
study for the calculation of the water fluxes in the 
soil and the nutrient transport model. 

The landuse evolution model is based on a sto-
chastic approach of urban development given the 
comprehensive plans of the municipalities around 
the lakes Mälaren and Hjälmaren. The hydrologi-
cal modelling is carried out using different ap-
proaches: the conventional surface runoff meth-
od using the curve number approach (USDA-
SCS and Service), 1995) and the water flux model 
approach for the analysis of diffuse pollution (de 
Wit et al., 2000; Meinardi et al., 1994; Wenland, 
1992). Regarding the nutrient fluxes, these are 
modelled using the PolFlow model developed by 
de Wit (2001). 

2.2 Data 
The different data sources used as an input in the 
present study are shown in Table 1. Data from 1-
9 were used to set up the hydrological model; 
data 5, 10 and 11 were used for the landuse evo-
lution model; and data from 12-14 were used to 
set up the nutrient transport model together with 
the derived data from the hydrological model. 
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The PCRaster model was set with a raster resolu-
tion of 50x50 m2 in order to have a good repre-
sentation of the landuse changes areas. Regarding 
the precipitation and temperature data, an aver-

age year value was obtained from both the pa-
rameters for the period 2002-2012. 

 

Table 1. Data used as an input to the model. 

 Data Type and resolution Reference 

1 Precipitation Point daily measurements SMHI 

2 Temperature Point daily measurements SMHI 

3 Digital Elevation Model Raster, 50x50 m2 Lantmäteriet 

4 Slope Raster, 50x50 m2 Derived from elevation map 

5 Land use Raster, 25x25 m2 Lantmäteriet, CORINE (2006) 

6 Soil classification Vector, 1:1 000 000 SGU, Jordarter 

7 River network Vector, 1:1 250 000 SMHI, Vattendrag i Sverige 

8 Water discharge data Point daily measurements SMHI 

9 Hydrogeological data Vector, 1:250 000 SGU, Grundvatten i Jord och Berg 

10 Population Vector SCB, Befolkning i Sverige 

11 Road and train network Vector Lantmäteriet, Fastighetskartan 

12 Industrial discharges Point data HELCOM (2000) 

13 WWTP discharges Point data HELCOM (2006) 

14 Diffuse nutrient loads Vector data Derived from HELCOM (2006) and 
TRK project, SLU 

 

 
Figure 3. Digital Elevation Model of the Norrström Drainage Basin with the locations of the discharge measurement stations. 
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2.2.1 Meteorological observations: precipitation, 
temperature and river discharge 

The meteorological observations were obtained 
from the SMHI for the different observation 
stations for precipitation, temperature and precip-
itation. In order to calculate a long-term average 
values for each measurement the period between 
January 2002 and December 2012 was consid-
ered. It has to be mentioned that some of the 
stations lacked some of the values during this 
period and were discarded for the study. There-
fore 27 measurement stations were considered 
for precipitation, 20 stations for the temperature 
and 21 stations for discharge observation. So to 
have a complete temperature and precipitation 
maps covering the whole basin the point data was 
transformed into raster data of 50x50 m2 resolu-
tion using a splines interpolation. Moreover the 
discharge observations were compared with the 
modelled values in order to evaluate the perfor-
mance of both models (see Figure 3 for the 
location of the measurement stations). 

The temperature values in the NDB range from 
long-term year mean temperature of 5.7ºC in the 
higher elevation areas of the basin to 7.4ºC in the 
south-eastern part. Regarding the precipitation, 
the value range is between 830 mm year-1 in the 
western part of the NDB to 542 mm year-1 in 

northern shore of the Mälaren lake. Finally, the 
discharge of the lake Mälaren has a long-term 
mean value of 166 m3 s-1. 

2.2.2 Digital Elevation Model 
The Digital elevation model (DEM) retrieved 
from Lantmäteriet was processed with the pit 
PCRaster module in order to match the river 
network data obtained from SMHI. Therefore 
the pit pixels were filled in order to harmonize 
the DEM and adapt it to the river network. The 
elevation values vary from a range of 470 meters 
in the north-west to 0 meters in the surroundings 
of the lake Mälaren and the discharge point in 
Stockholm. 

2.2.3 Landuse 
The CORINE dataset (Svenska Marktäckedata – 
SMD), used in this project and obtained from 
Lantmäteriet, covers the whole territory of Swe-
den with a resolution of 25 meter and classifies 
the land cover in 54 different classes. The original 
landuse raster data was resampled to 50 meters to 
match the DEM data and reclassified in 13 dif-
ferent landuse classes which are shown in Figure 
4. The resampling obviously implied a loss of 
accuracy of the data but it was considered appro-
priate given the scale of the project. 

 

 

 
Figure 4. Landuse reclassification map for the Norrström basin 
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Figure 5. Landuse reclassification map for the Norrström basin 

2.2.4 Soil 
The soil data obtained from SGU was converted 
into raster data keeping the 8 classes from the 
original data. As it can be seen in Figure 5, the 
predominant soil types in the Norrström basin 
are clay and till. The soil data was reclassified to 
be ready to use in some steps of the model as it is 
shown in Table 2 in the Appendix. 

2.3 Landuse evolution 
In order to assess the landuse evolution in the 
Stockholm-Mälardalen region the comprehensive 
plans of 26 municipalities were studied and the 
proposed areas for development were digitized 
(Arboga, 2009; Botkyrka, 2014; Ekerö, 2005; 
Enköping, 2014; Eskilstuna, 2013; Håbo, 2006; 
Hallstahammar, 2011; Huddinge, 2014; Järfälla, 
2014; Knivsta, 2006; Köping, 2012; Kungsörs, 
2014; Nykvarn, 2014; Örebro, 2010; Salem, 2006; 
Sigtuna, 2014; Södertälje, 2013; Sollentuna, 2012; 
Solna, 2006; Stockholm, 2010; Strängnäs, 2014; 
Sundbyberg, 2013; Täby, 2010; Upplands-Bro, 
2011; Upplands-Väsby, 2005; Uppsala, 2010). 
Since most of the proposed areas for urban 
development for the different municipalities were 
located in non-built-up areas, the landuse is 
considered to change within the specified param-
eters of every comprehensive plan.  

A stochastic approach was used to forecast the 
exact areas where the change in the landuse is 
expected to happen at a specific time moment 
since the detailed period for the development of 
each depicted area is not specified in the com-
prehensive plans. Thus the urban development is 
considered to happen evenly distributed thor-
ough the time span of each comprehensive plan. 
In order to decide the amount of area covered by 
the new construction, the characteristics of the 
new buildings Sweden were considered: 2.1 peo-
ple per household and a 100 m2 average per 
household (SCB, 2012). 

In the case of the city of Stockholm a different 
approach was followed. As most of the areas in 
the Stockholm municipality are already built-up 
(Stockholm, 2010), the municipality expects an 
increase of the population density and thus the 
degree of urbanization in the already built-up 
areas, for example changing the use of some 
industrial and service areas to high or middle 
urbanely densified areas. This is translated to the 
model as a stochastic development of urban areas 
where the density of urbanization increases 
changing the land use from low urban to middle 
urban and from middle urban to high urban in 
the areas with more increase of density represent-
ed in the comprehensive plan (Stockholm, 2010). 
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Figure 6. Stockholm population density for 2010 (left) and 2030 (right). Red areas represent a density of 150 people per hectare. 

(Stockholm, 2010) 

The studied scenario considers that all the ex-
pected development plans shown in the different 
comprehensive plans are going to happen, in this 
sense it assesses the “worst case scenario” with 
the highest index of urbanization. Therefore the 
output data will show a yearly landuse map for 
each year from 2006 to 2040, which are respec-
tively the dates for the input landuse data and the 
last year for the application of all the comprehen-
sive plans in the Stockholm-Mälardalen region 
(Table 5).  

2.4 Hydrological modelling 

For the determination of the discharge in the 
Norrström basin three different methods were 
used: the runoff curve number developed by the 
USDA Natural Resources Conservation Service; 
and the method described in de Wit et al. (2000) 
and developed by Meinardi et al. (1994); Wenland 
(1992) and Meinardi et al. (1994). All the obtained 
hydrological values are calculated using the long-
term average precipitation and temperature data 
for the period 2002-2012. 

2.4.1 Total runoff using the Runoff Curve Num-
ber Method 

The runoff Curve Number method is an empiri-
cal approach to estimate the direct runoff from 
the relationships between rainfall, landuse and 
hydrological soil groups (Chow et al., 1988). It 
was developed by the US Department of Agricul-
ture Soil Conservation Service (USDA-SCS), 
nowadays Natural Resources Conservation Ser-
vice (USDA-NRCS), and it has been widely used 
to estimate runoff in different models. The hy-
pothesis of the method is that the ratio of actual 
retention in the watershed to the potential maxi-

mum retention is the same as the ratio of actual 
direct runoff to the potential maximum runoff as 
it is detailed in guidance from the National Engi-
neering Handbook, Section 4, Hydrology 
(USDA-SCS, 1985) and in Chow et al. (1988) as 
indicated by: 

 a e

a

F P

S P I
=

−
  (1) 

Where Fa is the actual retention in the watershed 
excluding the initial abstraction Ia (cm); S is the 
storage (cm); P is the precipitation (cm); Pe is the 
actual direct runoff (cm). The empirical relation-
ships between the CN, the storage and the initial 
abstraction are given by the following equations. 

0.2aI S=   (2) 

1000
 10S
CN

= −   (3) 

Since the total precipitation (P) equals to the sum 
of the actual direct runoff, the initial abstraction 
and the actual retention in the watershed, the 
final runoff equation is: 

( )2

 a
e

a

P I
P

P I S

−
=

− +
          

for   P 0.2SaI> =   

0eP =             for   P 0.2SaI< =  

(4) 

The CN values are based in the hydrologic soil 
group, the landuse and the hydrological condi-
tions. They range from 30 to 100; lower numbers 
indicate low runoff potential while larger num-
bers are for increasing runoff potential. Low 
curve numbers indicate permeable soils. The 
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relation of curve numbers used in this study can 
be seen in the Appendix (Table 2 and Table 3). 

2.4.2 Total runoff using the method described in 
de Wit et al. (2000) 

The long-term average total runoff or precipita-
tion surplus Q is given by the water balance 
equation (5), where the P is the precipitation and 
Ea is the actual evapotranspiration.  

( )aQ P E= −  (5) 

The method by (Wenland, 1992) was implement-
ed to analyze the diffuse pollution in soil and 
groundwater in western Germany. Using this 
method the actual evapotranspiration can be 
easily obtained using an empirical relation be-
tween the soil texture (Table 2) and land cover 
estimated by soils in Germany (Table 4). The 
evapotranspiration is limited so it cannot exceed 
90% of the average annual precipitation. 

2.4.3 Groundwater recharge indices and average 
groundwater residence times 

For the calculation of the groundwater recharge 
indices Qgw/Q, where Qgw is the recharge to the 
groundwater and Q is the long-term average 
runoff obtained in the previous section using the 
methodology described in de Wit (2001) and 
Greffe (2003). It takes into account several fac-
tors as the aquifer type, soil texture, groundwater 
level, landuse and the average temperature in 
January. 

Regarding the average groundwater residence 
times, it is obtained considering the aquifer quali-
ties, such as conductivity and porosity, derived 
from the groundwater data following the guide-
lines of de Wit (2001) and Greffe (2003). 

2.5 Nutrient transport model 
As mentioned above the method is based in the 
PolFlow model (de Wit, 2001). In this method 
nutrients are assumed to follow the water flow 
paths and the results from the hydrological model 
build the basis for the nutrient transport module 
of PolFlow. Total Nitrogen and Phosphorus 
quantities in soils and water were considered. 
Runoff, groundwater recharge and residence 
times are obtained from the hydrological model. 

The difference between this model and the origi-
nal PolFlow model are the differences in the 
study scales. This study considers a cell size of 

50x50 m2 and a time step of one year, while the 
original PolFlow model uses a 1 km2 resolution 
and a five-year time step. 

The principles in the PolFlow model can be seen 
in Figure 7. The soil system is divided in three 
different layers: the top-soil, shallow groundwater 
and deep groundwater. The numbers shown in 
Figure 7a describe the processes involved in the 
transport of nutrients from the soil to surface 
water for each cell: (1) addition of diffuse emis-
sions to the nutrient content of the soil, (2) sur-
face runoff and erosion, (3) denitrification in soil, 
(4) leaching from surface to the shallow ground-
water soil, (4) leaching from surface to the shal-
low groundwater, (5) new nutrient content in soil, 
input for next time step, (6) leaching from shal-
low to deep groundwater, (7) denitrification in 
shallow groundwater, (8) shallow groundwater 
runoff to surface water, (9) new nutrient content 
in shallow groundwater, input for next time step, 
(10) denitrification in deep groundwater, (11) 
deep groundwater runoff to surface water, (12) 
new nutrient content in deep groundwater, input 
for next time step, (13) total input to surface 
water via surface and groundwater runoffs. 

Figure 7b shows the transport from cell to cell to 
the surface water. The local drainage direction 
map derived from the DEM map using PCRaster 
is used to route the nutrients through the river 
system, where each cell is connected to its lowest 
neighbor all the way down to the basin outlet.  

The nutrient load at a cell x Lx, will be given as 
the sum of the direct emissions in the cell DIx, 
the diffuse emissions from the surface and 
groundwater runoff and the nutrient load from 
the neighboring cells multiplied by the factor tf, 
which is the is the fraction of nutrients transport-
ed from one cell to another (see equation 6). 
Thus the parameter (1-tf) is the retention, loss and 
decay in the river. The transfer parameter is 
dependent on the slope and the discharge in the 
specific cell and on the parameters nr1 and nr2: 
the first one quantifies the “basic” loss in a seg-
ment of the river network and the dependence of 
the transfer coefficient on the slope and the 
second one quantifies the change of the value of 
the transport function through the river system. 
These two parameters were calibrated by Greffe 
(2003) for the Norrström basin during the period 
of 1995-99. 
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Figure 7. Underlying principles of the nutrient transport model, after de Wit (2001), Greffe (2003) and Darracq et al. (2003). The 

meaning of the numbers and parameters are described in the text. 

Figure 7b shows the transport from cell to cell to 
the surface water. The local drainage direction 
map derived from the DEM map using PCRaster 
is used to route the nutrients through the river 
system, where each cell is connected to its lowest 
neighbor all the way down to the basin outlet.  

The nutrient load at a cell x Lx, will be given as 
the sum of the direct emissions in the cell DIx, 
the diffuse emissions from the surface and 
groundwater runoff and the nutrient load from 
the neighboring cells multiplied by the factor tf, 
which is the is the fraction of nutrients transport-
ed from one cell to another (see equation 6). 
Thus the parameter (1-tf) is the retention, loss and 
decay in the river. The transfer parameter is 
dependent on the slope and the discharge in the 
specific cell and on the parameters nr1 and nr2: 
the first one quantifies the “basic” loss in a seg-
ment of the river network and the dependence of 
the transfer coefficient on the slope and the 
second one quantifies the change of the value of 
the transport function through the river system. 
These two parameters were calibrated by Greffe 
(2003) for the Norrström basin during the period 
of 1995-99. 

1 1*x x x x xL DI II tf L− −= + +  (6) 

2

1
1

1 ( 1*((1000* ) 1)*discharge )rn
tf

rn slope
= −

+ +
 

(7) 

 

The estimation of diffuse input of nutrients from 
the soil to the waters was done following the 
guidelines of the TRK project and PCL-5 (Brandt 
and Ejhed, 2002; HELCOM, 2011; Johnsson and 
Mårtensson, 2002). The amount of diffuse inputs 
is landuse-dependent, for example in forest areas 
the leakages are usually smaller than atmospheric 

deposition and thus the forest tends to retain 
nitrogen. On the other hand agricultural areas are 
the ones contributing the most to the overall 
nutrient input. 

2.5.1 Direct point emissions 
In order to take into account the population 
increase in the direct point emissions from the 
waste water treatment plants, the emissions for 
each time step will be calculated using the emis-
sion of the previous year multiplied by the coeffi-
cient of the urban population increase as it is 
shown in the next equation: 

1
1

 
*

 
t

t t
t

urban population
emission emission

urban population−
−

=  (8) 

By using this coefficient, it is assumed that all the 
new build up areas will be connected to the sewer 
network and the waste water treatment plants, 
which are directly emitting to the surface waters 
after the treatment of the waste water. 

3 RESULTS AND DISCUSSION 

3.1 Landuse evolution model 
The development plans depicted in the compre-
hensive plans of the different municipalities turn 
out into landuse changes for the period 2005-
2040. The resulting changes in area can be seen in 
Table 6. The new urbanization supposed and 
increase of the built-up areas (low urban, middle 
urban, high urban, infrastructure and industries 
and services) from the 3.3% of the total basin 
area to the 4.2%. This means an increase of the 
25% from the already built-up area by the year 
2040.  
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Figure 8. Modelled vs measured long-term average annual discharge (m3s-1) in a logarithmic scale 

As it can be seen in Figure 8 the stochastic evolu-
tion of the mixed development areas (urban and 
industries and services) shows a quite unreal 
structure. This could be modified with some 
neighboring smoothing of the pixel development. 
In addition the representation of the chosen areas 
for development is quite schematic in the com-
prehensive plans which do not allow having a 
more realistic representation for the future urban-
ization. 

3.2 Comparison of the different hydro-
logical models for the surface waters 

The results of the water fluxes model consist of 
different maps that will be used for the nutrient 
model. The two different methods used to model 
the surface flow are compared with the discharge 
values of the 21 measurement stations. Using the 
method developed by (Wenland, 1992) no cali-
bration can be done since there are no parameters 
to be calibrated. However for the CN method, 
the selection of the exact landuse and hydrologi-
cal soil group are rather subjective in some of the 
cases but as the measured results show a good 

correlation with the measured values no calibra-
tion was done either (see Figure 9). 

Regarding the discharge evolution during the 
modelled years, the increase of the discharge is 
really low, only 0.1% compared with the initial 
year (2005). Comparing this figure to the increase 
in the built-up area, it can be seen that the affec-
tions at the studied scale are almost negligible. In 
addition it has also to be considered that no 
changes in the climate were evaluated in this 
study and for the lakes it was considered that all 
the inflow was going directly as an outflow of it 
without any retention time considerations in the 
lake. 

The implementation of the model at a sub-basin 
scale in the areas with higher urbanization rates 
would be interesting to compare the urbaniza-
tion-generated impacts to the water resources and 
the diminution of ecosystem services like the 
protection against flooding. Furthermore the 
models used are fed with the yearly mean precipi-
tation and temperature measured values, thus the 
possibility to capture water related hazards like 
flooding is rather improbable. 
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Figure 9. Modelled vs measured long-term average annual discharge (m3s-1) in a logarithmic scale 

3.3 Nutrient transport model 
The results show a decrease of the diffuse pollu-
tion from the non-urban areas during the studied 
period (2005-2040). This can be easily explained 
as the non-urban areas decrease through the 
study period due to urbanization. On the other 
hand, the diffuse pollution to the surface waters 
from the urban areas will increase for the same 
reason mentioned above.  

The contribution of the direct point emissions 
increases through time due to the increase of 
population. As it can be seen in Figure 10, the 
overall amount of the modelled nitrogen load in 
the outlet of the lake Mälaren will increase during 
the studied period, reaching a growth of almost a 
20% by 2040. The most logical explanation is that 
the increase of population is the main factor 
influencing this increase. It has to be considered 
that due to lack of time series data from the 
direct point emissions from the wastewater 
treatment plants, there is no consideration in the 
model for the improvement of the nutrient re-
moval from the wastewater treatment plants. 
However since the temperatures in Sweden are 
low in the winter and temperature is one of the 
main factors influencing the nutrient removal in 
the biological processes in a WWTP, an increase 
of the rate of removal of nutrients from the 
WWTP is not forecasted to be the main factor 
influencing the nutrient loads to the Baltic Sea. 

As it can be seen in Figure 11 in the comparison 
between the nitrogen loads from 2005 and 2040 
in the surroundings of Stockholm and the outlet 
of the lake Mälaren, the loads carried in the 

streams are higher and the generation from indi-
rect diffuse loads to the streams are also higher 
due to increase of urban areas in the areas that 
used to be classified as open land or forestry 
areas. 

In the case of the phosphorus, the increase is 
slightly smaller than in the case of nitrogen. The 
increase from 2005 to 2040 accounts for a 14% at 
the outlet of the lake Mälaren, from 170.20 
T/year to 195.76 T/year. One of the main expla-
nations why the increase is not that big is that 
there is no atmospheric deposition of phospho-
rus to the lakes, so the diffuse input generation is 
zero in the water bodies. As explained above for 
the case of nitrogen, the main factor for the 
increase of phosphorus during the studied period 
is the expected growth of population and thus the 
expected increase of direct point emissions from 
the wastewater treatment facilities. 

3.4 Future studies 
The coupling of the nutrient transport model 
with a Planning Support System would be an 
interesting topic for the creation of different 
future scenarios and evaluate how big would be 
the effect on the water quality. In addition a more 
advanced consideration of the evolution of the 
wastewater treatment removal rates could also be 
an improvement to the present study. Lastly, 
since the hydrological models do not show big 
shifts in terms of discharge due to the large scale 
of the studied area, a smaller scale study at a sub-
basin scale could also show interesting results. 
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Figure 10. Evolution of the modelled Nitrogen load at the outlet of the lake Mälaren in Stockholm during the study period 

 

 
Figure 11. Comparison of the Nitrogen load in the years 2005 (above) and 2040 (below) 
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4 CONCLUSIONS  

This thesis comprised three different parts: the 
study of the regional and municipal plans in the 
Mälardalen-Stockholm region to study the chang-
es in the landuse; an impact assessment of the 
landuse changes on the surface water bodies; and 
finally an assessment of the nutrient transport 
given the changes in the landuse. 

Regarding the future urbanization and changes in 
the urban landuse, after the meticulous study of 
the regional plan of the Stockholm County and 
the comprehensive plans of 26 municipalities 
surrounding the lakes Mälaren and Hjälmaren, 
the results showed a forecasted increase of popu-
lation from 2.2 million to 2.6 million. This figure 
translated in an increase of the build-up urban 
areas from 3.3 % to the 4.2% of the total area of 
the basin from 2005 to 2040. Thus the built-up 
areas are forecasted to increase by 25% by 2040. 
The model used to assess the landuse evolution 

has a big margin of improvement, since neighbor-
ing conditions could be applied to it in order to 
obtain a smoother and more realistic forecast. 

From the hydrologic point of view, the changes 
in the landuse would not generate any big chang-
es in terms of the yearly average flow, since the 
forecasted discharge values for the two models 
do not differ much from the measured values 
used for the calibration period of the hydrological 
model. Nevertheless, the impact that could be 
generated in short-term episodes of intense pre-
cipitation was not assessed in this study and 
could be of interest. 

Lastly, regarding the nutrient transport in the 
NDB, the results show a huge increase for the 
nutrient loads at the outlet of the lake Mälaren. 
The main factor for this rise is the population 
increase and the influence that it has in the direct 
point inputs from the wastewater treatment 
plants to the surface waters.  
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APENDIX  

Table 2. Hydrological soil group from the soil classification given by SGU and soil texture 
following the guidelines given in Greffe (2003) 
Soil classification Hydrological soil group Soil texture 

Water D Water 

Bedrock D Rock 

Organic/peat C Very fine 

Clay D Very fine 

Boulder clay C Very fine 

Till A Medium 

Glacio fluvial deposit A Coarse 

Postglacial sand-gravel A Coarse 

 

Table 3. CN values given the hydrological soil group and the landuse 
Landuse classification Hydrological soil group 

 A B C D 

Water 100 100 100 100 

Wetland 100 100 100 100 

Deciduous forest 36 60 73 79 

Coniferous forest 30 55 70 77 

Agriculture 65 73 79 81 

Natural grassland 49 69 79 84 

Open land 68 79 86 89 

Urban open green land 39 61 74 80 

Low urban 57 72 81 86 

Middle urban 77 85 90 92 

High urban 89 92 94 95 

Infrastructure 98 98 98 98 

 

Table 4. Actual evapotranspiration as a function of soil texture and land cover (Wenland, 
1992) 
Soil texture Actual evapotranspiration Ea (mm year-1) 

 Forest Other landcover type 

Very fine 570 550 

Fine 550 470 

Medium fine 530 423 

Medium 475 375 

Coarse 450 325 

Peat 520 520 

Groundwater near the surface 600 600 
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Table 5. Year of the different comprehensive plans for each of the studied municipalities and population forecasts during this period. 

Municipality Year of the comprehensive 
plan 

Final year of the compre-
hensive plan 

Population (CP year) Forecasted population in 
the CP 

Observations 

Stockholm 2010 2030 898000 1000000  

Uppsala 2010 2030 205000 260000  

Knivsta 2006 2021 15600 -  

Västerås 2012 2026 142000 164000  

Enköping 2014 2030 - - 
no explicit data for 
development areas 

Håbo 2006 2035 20000 -  

Bålsta 2010 2035 15400 25000  

Upplands-bro 2010 2030 23000 35000  

Upplands-väsby 2005 2020 37500 45000  

Sigtuna 2014 2030 42000 56000  

Vallentuna 2010 2030 30000 45000  

Täby 2010 2030 63000 80000  

Järfälla 2014 2030 69000 94000  

Ekerö 2005 2030 24000 35000  

Huddinge 2014 2030 103000 122000-150000 only covers a small area 

örebro 2010 2035 132000 150000  

Botkyrka 2014 2040 87500 117000-138000  

Salem 2006 2015 14700 19500  

Södertälje 2013 2030 86000 108000  

Nykvarn 2014 2025 9500 12000  

Strängnäs 2014 2020 33000 36000  

Eskilstuna 2013 2030 99000 120000  

Köping 2012 2025 25000 -  

Hallstahammar 2011 2020 15000 16000 
unspecified develop-
ment places 

Kungsör 2014 2035 8200 8500 proposal 

Arboga 2009 2020 13000 14000  
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Table 6. Area of each landuse classification in km2 for the modelled years. 

year water wetland 
deciduous 
forest 

coniferous 
forest 

Agricul-
ture 

natural 
grassland 

open 
land 

open 
green 
land 

low 
urban 

middle 
urban 

high 
urban 

Infras-
tructure industrial 

2005 2825.1 652.2 2070.2 10488.9 7550.7 734.7 45.8 359.1 390.4 143.0 17.1 62.2 132.4 

2006 2825.1 652.2 2070.0 10488.3 7549.4 734.6 45.8 358.6 391.7 143.9 17.4 62.2 132.8 

2007 2825.1 652.2 2069.7 10487.7 7548.1 734.4 45.7 358.2 392.9 144.8 17.8 62.2 133.3 

2008 2825.1 652.2 2069.5 10487.0 7546.8 734.3 45.6 357.7 394.2 145.7 18.1 62.2 133.7 

2009 2825.1 652.2 2069.3 10486.4 7545.5 734.1 45.5 357.3 395.4 146.6 18.5 62.2 134.1 

2010 2825.1 652.2 2068.7 10484.5 7540.7 733.6 45.3 355.7 397.4 150.3 20.6 62.2 136.0 

2011 2825.1 652.2 2068.2 10482.8 7535.9 733.1 45.1 355.0 399.9 152.8 22.5 62.2 137.9 

2012 2825.1 652.2 2067.5 10480.7 7530.6 732.6 45.0 354.1 402.9 155.4 24.4 62.2 140.4 

2013 2825.1 652.2 2066.6 10478.7 7525.1 732.0 44.8 352.8 406.3 158.2 26.4 62.2 142.9 

2014 2825.1 652.2 2065.8 10476.7 7519.4 731.4 44.7 351.3 409.9 161.1 28.5 62.2 145.4 

2015 2825.1 652.2 2065.0 10474.6 7513.9 730.8 44.5 350.3 413.0 163.8 30.5 62.2 148.0 

2016 2825.1 652.2 2064.2 10472.6 7508.4 730.2 44.3 349.2 416.1 166.5 32.7 62.2 150.6 

2017 2825.1 652.2 2063.4 10470.3 7503.2 729.6 44.1 348.2 419.2 169.2 34.8 62.2 153.1 

2018 2825.1 652.2 2062.7 10468.2 7497.5 729.0 44.0 347.1 422.5 171.9 36.8 62.2 155.9 

2019 2825.1 652.2 2061.9 10466.0 7492.0 728.3 43.9 346.1 425.7 174.6 38.9 62.2 158.4 

2020 2825.1 652.2 2061.3 10464.4 7487.6 727.9 43.8 345.0 427.6 177.0 40.8 62.2 160.6 

2021 2825.1 652.2 2060.8 10462.9 7483.2 727.3 43.7 344.0 429.2 179.6 42.8 62.2 162.7 

2022 2825.1 652.2 2060.1 10461.3 7478.6 726.8 43.6 342.9 431.0 182.1 44.8 62.2 165.1 

2023 2825.1 652.2 2059.5 10459.8 7474.2 726.3 43.5 341.9 432.7 184.5 46.8 62.2 167.3 

2024 2825.1 652.2 2058.9 10458.3 7469.8 725.8 43.5 340.8 434.2 187.1 48.8 62.2 169.6 

2025 2825.1 652.2 2058.5 10457.1 7465.8 725.4 43.4 339.9 435.4 189.5 50.8 62.2 171.1 

2026 2825.1 652.2 2058.1 10455.8 7462.1 725.0 43.3 339.1 436.7 191.9 52.7 62.2 172.6 

2027 2825.1 652.2 2057.6 10454.4 7458.5 724.6 43.2 338.2 438.0 194.2 54.5 62.2 174.0 
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2028 2825.1 652.2 2057.2 10453.3 7454.6 724.2 43.1 337.3 439.2 196.7 56.4 62.2 175.5 

2029 2825.1 652.2 2056.7 10452.1 7450.9 723.8 43.1 336.4 440.4 199.1 58.3 62.2 176.8 

2030 2825.1 652.2 2056.6 10452.0 7450.6 723.7 43.1 336.2 440.6 199.4 58.5 62.2 177.0 

2031 2825.1 652.2 2056.5 10451.9 7450.3 723.7 43.1 336.0 440.8 199.6 58.8 62.2 177.0 

2032 2825.1 652.2 2056.4 10451.7 7450.0 723.6 43.1 335.8 441.0 199.9 59.0 62.2 177.2 

2033 2825.1 652.2 2056.3 10451.6 7449.6 723.6 43.1 335.7 441.2 200.2 59.3 62.2 177.2 

2034 2825.1 652.2 2056.2 10451.5 7449.3 723.5 43.1 335.5 441.3 200.4 59.5 62.2 177.3 

2035 2825.1 652.2 2056.2 10451.4 7449.3 723.5 43.1 335.4 441.3 200.5 59.6 62.2 177.3 

2036 2825.1 652.2 2056.2 10451.4 7449.3 723.5 43.1 335.3 441.4 200.6 59.7 62.2 177.3 

2037 2825.1 652.2 2056.1 10451.3 7449.3 723.5 43.1 335.1 441.4 200.8 59.9 62.2 177.3 

2038 2825.1 652.2 2056.1 10451.3 7449.3 723.5 43.1 335.0 441.4 200.9 60.0 62.2 177.2 

2039 2825.1 652.2 2056.1 10451.2 7449.3 723.4 43.1 334.9 441.5 201.0 60.1 62.2 177.2 
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Table 7. Modelled discharge loads at the outlet of the lake Mälaren 

year Nitrogen load (T/year) Phosphorus load (T/year) 

2005 3188.43 171.20 

2006 3194.46 172.63 

2007 3196.55 172.96 

2008 3203.53 173.25 

2009 3212.42 173.89 

2010 3222.64 174.32 

2011 3234.19 175.11 

2012 3247.1 175.86 

2013 3261.61 176.35 

2014 3277.85 177.03 

2015 3295.97 177.99 

2016 3339.19 178.96 

2017 3382.45 180.02 

2018 3405.62 181.11 

2019 3434.77 182.12 

2020 3462.54 183.19 

2021 3492.43 184.05 

2022 3545.15 185.02 

2023 3575.12 185.88 

2024 3612.17 186.24 

2025 3669.99 187.13 

2026 3695.25 188.02 

2027 3720.54 188.96 

2028 3732.15 189.84 

2029 3752.45 190.63 

2030 3775.89 191.01 

2031 3796.51 191.98 

2032 3832.54 192.69 

2033 3865.81 193.22 

2034 3884.12 193.88 

2035 3895.21 194.15 

2036 3906.11 194.56 

2037 3915.48 194.92 

2038 3920.21 195.33 

2039 3932.15 195.55 

2040 3948.73 195.76 

 

 


