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SUMMARY   

Some studies have shown that there could be imbalances in catchment Cl- budgets, i.e., compare Cl- 
amount from precipitation to those in stream export. The Swedish University of Agricultural Sciences 
(SLU) has measured the Cl- data in Kringlan catchment and it was found that a negative Cl- budget was 
occurred. Researches have shown that chloride (Cl-) leached from forest soil due to dry deposition and 
interaction between vegetation and soil could attribute to the Cl- mass balance but there are no 
quantitative analyses. In this master thesis report, a quantitative investigation of the net ecosystem Cl- 
budgets in Kringlan sub-catchment was performed.  

The study site covers an area of 54.5km2 and is located in the south of Kringlan catchment, which is a 
small catchment of the Norrström basin. The Norrström basin, which is situated on the east coast of 
Sweden with the outlet located in Stockholm, is discharging into the Baltic Sea. For the quantitative 
analysis of the study site, the numerical model MIKE SHE developed by DHI (Danish Hydrology 
Institute) which uses the finite difference method was selected.  

The main aim of the study was to numerically investigate the dynamics of the net ecosystem Cl- budget in 
the study area by adding one possible internal Cl- source from forest soil leaching.  

To achieve the aim, approach was used. Firstly, an integrated MIKE SHE flow model with components 
of saturated zone, unsaturated zone, overland flow and channel flow was created. The flow model was 
calibrated and validated using the measured flow discharge at the outlet. Secondly, the Cl- transport was 
taken by the calibrated flow and an MIKE SHE AD (Advection-Dispersion) transport model was 
established. The AD model was also calibrated and validated using the measured Cl- export data at the 
outlet. The dynamics of the net ecosystem Cl- budget was evaluated through the calibration and validation 
stage. Additionally, the groundwater age was assessed in a simplified scenario by PT (Particle-Tracking) 
module.  

The results obtained from the project include flow discharges, groundwater heads, chloride transport 
series at the outlet and the attribution of the internal added Cl- source to the total export. The simulated 
flow discharges are in a good relation with the measured values and the water balances are satisfied. The 
groundwater heads follows a seasonal pattern and the depths to groundwater vary in different locations. 
For Cl- transport series at the outlet, the flow is a dominating factor in the variation and magnitude of the 
loads.  

The integrated MIKE SHE hydrological model was successfully applied to investigate the dynamics of the 
net ecosystem Cl- budget in the study site. The flow model could be further calibrated backwards with the 
transport results as it plays an important role in the Cl- transport. The results from the present study could 
be used for monitoring and management works in the study area.  
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SUMMARY IN SWEDISH 

Tidigare studier har visat att det kan råda ojämvikt i kloridbalansen för vissa avrinningsområden, det vill 
säga att mängden klorid (Cl-) i utgående vatten skiljer sig från mängden klorid som tillförs via nederbörd. 
Svenska Lantbruksuniversitetet (SLU) har samlat in Cl-data från avrinningsområdet Kringlan och påvisat 
en negativ Cl-balans för området. Forskare har visat att utlakningen av Cl från skogsområden kan bero på 
utfällning och samverkan mellan vegetation och jord, men inga kvantitativa analyser har utförts. Denna 
rapport är del av en Masteruppsats och innehåller en kvantitativ utredning av Cl-nettobalansen i 
vattenavrinningsområdets Kringlan ekosystem. 

Undersökningsområdet är 54,2 km2 och ligger i södra delarna av Kringlan, som i sin tur är ett litet 
avrinningsområde i huvudavrinningsområdet Norrström. Norrström mynnar ut i Östersjön genom 
strömmarna i Stockholm. MIKE SHE, en modell utvecklad av DHI (Danish Hydrology Institute) och 
som använder sig av en finit differensmetod för beräkningar, tillämpades för den kvantitativa analysen.  

Huvudsyftet med studien var att numeriskt undersöka dynamiken i ekosystemets Cl-nettobalans då en 
möjlig intern Cl-källa tillfördes i form av utlakning från skogsmark. 

Flera ansatser har använts för att uppfylla syftet med studien. Till att börja med skapades en integrerad 
MIKE SHE flödesmodell innehållande en mättad och en vadös zon i marken samt naturlig ytavrinning 
och kanaler ovan jord. Modellen kalibrerades och validerades sedan med flödesdata från 
undersökningsområdets utlopp. Därefter bestämdes en MIKE SHE AD (advection-dispersion) 
transportmedel för Cl- genom att använda kalibrerade flöden. AD-modellen kalibrerades och validerades 
mot uppmätta Cl-halter vid utloppet. Dynamiken i Cl-balansen undersöktes genom kalibrerings- och 
valideringsprocessen. Därutöver undersöktes grundvattnets ålder i ett förenklat scenario genom att 
använda en PT-modul (Particle Tracking). 

Resultaten från projektet inkluderar utflöden, grundvattennivåer, tidsserier för Cl-halt vid utloppet och den 
interna Cl-källans påverkan på det totala utflödet av Cl-. De simulerade utflödena är väl i linje med 
observade värden och vattenbalansen är i god ordning. Simulerade grundvattennivåer följer 
säsongsvariationerna och grundvattendjupet varierar lokalt mellan mellan olika platser. Vattenflödet är en 
dominerad faktor för mängden utgående Cl-. 

Den integrerade hydrologimodellen MIKE SHE visade sig vara användbar för att undersöka dynamiken i 
undersökningsområdets ekosystems Cl-nettobalans. Flödesmodellen skulle kunna vidare justeras omvänt 
av resultaten från transportmodellen eftersom den har en viktig roll i Cl-transporten. Denna studies 
resultat skulle kunna användas för kontroll- och förvaltningsarbetet i undersökningsområdet. 
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ABSTRACT  

On a catchment scale, chloride (Cl-) leached from forest soil due to dry deposition and interaction 
between vegetation and soil could attribute to the Cl- mass balance. The availability of Cl- data from 
monitoring works enables the assessment of net ecosystem budgets of Cl-, which compares Cl- amount 
from wet deposition to that in stream export. Some studies have shown that Cl- imbalances could occur in 
some catchments and one of such catchments with negative budget is Kringlan. The Kringlan catchment 
is a sub-basin located on the western boundary of Norrström basin and for this project, a southern sub-
catchment with a size of 54.5km2 within Kringlan catchment was chosen to be studied. To fulfill the Cl- 
budget, one possible internal source of Cl- leached from forest soil was added and tested. Moreover, a 
field trip to the study site was performed and soil samples were taken back for leaching test analysis. The 
evaluation of Cl- transport through the catchment requires the water flow and MIKE SHE was selected as 
the tool for flow simulation in an integrated manner. Lastly, the Particle Tracking (PT) module helped to 
analyze the Cl- transport through saturated zone in a time span of 100 years for a simplified scenario. 
Results show that the calibrated chloride concentration to groundwater leached from forest soil (-1m to -
5m below the ground) was 200mg/l. A total chloride leaching amount from forest subsurface was 
calculated as 4287 tons during calibration stage of 5 years. However, only 265 tons of chloride for 5 years 
could be transported out from the catchment for the calibration period, which corresponds to a leaching 
flux rate of 1.3g/m2/yr. It was found that the flow discharge rather than the Cl- concentration dominated 
the Cl- transport loads at the outlet, both in variation and magnitude. For future studies, some other 
possible internal sources, e.g., mineral weathering, road salting and etc. need to be researched.  

Key words: Chloride; Catchment; Net Budget; Internal source; Leaching; Modeling  

INTRODUCTION 

Background  

In many studies, Chloride is assumed as non-
reactive in ecosystems, with little uptake or 
release by vegetation or soils (Schlesinger, 1997). 
Therefore, chloride is often used as a 
conservative tracer in catchment mass balance 
studies, e.g. to investigate the increase of Cl- 
concentration due to the loss of water by 
evapotranspiration when the water moves 
through the ecosystem from precipitation to 
stream water (e.g. Kirchner, 2003). However, 
some studies have indicated that there could be 
imbalances in catchment Cl- budgets (compare 
Cl- amount from precipitation to those in stream 
export) , which are typically due to dry deposition 
(Juang & Johnson, 1967), mineral weathering 
(Peters, 1991) or interactions with vegetation and 
soil (Svensson et al, 2007). Moreover, soil studies 
in Sweden have shown that the forest soil 
generally contains larger Cl than the other soil 
types (Table 1). These indicate a possible internal 
source of Cl- leaching from forest soil on a 
catchment scale.   

Negative imbalances which indicate the loss of 
Cl- from the catchment are most striking in areas 
with a wet Cl- deposition below 6kg ha-1 yr-1 
(Svensson et al, 2012). The comparison of Cl- 
amount between wet deposition and stream 
export shows that a negative imbalance occurred 

in Kringlan catchment in Sweden and the 
calculations derived from SLU water and 
chemistry database (SLU, 2011) can be seen in 
table 2.  

 

Table 1. Examples of total Cl and the 
fraction Clorg in Swedish various soils. 

Ecosystem 
Total Cl 
(mg/kg) 

Clorg 

(%) 

Soil 
layer/depth 

Coniferous 
forest 

a, b
 

369-458 81-85 Humus 

Mixed 
deciduous 
forest 

a, b
 

224 85 Humus 

Pasture 
c
 46-65 85-90 5-15cm 

Agriculture 
soil 

c
 

45-49 84-89 5-15cm 

a
Johansson et al, 2003a 

b
Johansson et al, 2003b 

c
Gustavsson et al, 2012 
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Table 2. Average annual chloride mass 
calculations during 6 years (2001-2006) for 
Kringlan catchment with the area of 
294.5km2.   

 

P 

(mm/yr) 

Cp 

(g/m3) 

Qout 

(mm/yr) 

Cout 

(g/m3) 

Average 763 0.48 373 3.37 

Mass 

(tons/yr)  

108 370 

From table 2, it is illustrated that by comparing to 
the total chloride mass in the stream export of 
370 (tons/yr.), chloride from precipitation is only 
29% of the total amount. To fulfill the chloride 
mass balance, internal Cl- sources need to be 
identified and quantitative analysis by modelling 
will help to understand the controlling 
mechanisms.  

MIKE SHE developed by DHI (Danish 
Hydrological Institute) is a three-dimensional 
dynamic physical model which uses finite-
difference algorithm to solve the water flow and 
transport problems on a catchment or sub-
catchment scale. The basic hydrological processes 
incorporated into MIKE SHE are (A) surface 
processes: precipitation, interceptions, 
evaporation, transpiration, overland flow 
formation, (B) unsaturated zone processes: 
infiltration, extraction by roots, transpiration, (C) 
saturated zone processes: percolation, extracted 
by roots (if the vegetation is categorized as 
hydrophilic). MIKE11 is a fully dynamic, one-
dimension tool to simulate flow conditions in 
river and lake branches. Flow exchanges occur 
among overland, subsurface and river channels 
when MIKE11 is coupled with MIKESHE (DHI, 
2008).  

Aims and objectives 

The aim of the study is to investigate the 
dynamics of the net ecosystem Cl- budget in 
Kringlan sub-catchment by adding one possible 
internal Cl- source from forest soil leaching. The 

attribution of the internal Cl- source to the total 
Cl- export and Cl- transport through the study site 
are to be evaluated.  

To achieve the aims, several objectives need to be 
achieved by establishing an integrated MIKE 
SHE hydrological model. 

 Create integrated water flow results which are 
used for chloride transport analysis.  

 Calibrate and validate the flow results by 
comparing to the observed discharge values at 
the outlet.  

 Implement the calibrated flow results in AD 
(Advection-Dispersion) transport model to 
investigate the dynamics of the net ecosystem 
chloride budget with the possible internal 
leaching source.  

 Calibrate and validate the AD transport model 
by comparing the simulated chloride transport 
series at the outlet to those measured values.  

 Analyze the chloride transport through 
saturated zone in a simplified scenario by 
Particle Tracking (PT) method.  

Site description 

The Norrström basin, which is situated on the 
east coast of Sweden with the outlet located in 
Stockholm, is discharging into the Baltic Sea 
(Greffe, 2003). Kringlan catchment locates on the 
western boundary of the Norrström basin with a 
total area of 294km2. In this project, a southern 
sub-catchment (Fig. 1) within Kringlan 
catchment is chosen to be analyzed and the size 
of it is 54.5km2. The landscape of the study area 
contains large lakes due to the quite flat elevation 
and forest takes up 87.2% of the total area 
(Department of Earth Sciences, Hydrology, 
Uppsala University, 1999). The distribution of the 
soil type parallels the land use, i.e. areas of forest 
generally consist of sandy soil, whereas 
agricultural areas consist of clay soil (Seibert, 
1995). Mean annual precipitation for the period 
1931-1960 is 700mm and the mean annual 
temperature is around 3.3°C, with a minimum 
mean monthly temperature of -11°C in January 
and a maximum of 16°C occurs in July (SMHI, 
2010a).
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 DATA AND METHODOLOGY 

Setup of integrated hydrological model for water flow 

Table 3. Data that are used in integrated MIKE SHE and MIKE11 setup files. 

Data name Data type Data source 

Topography Distributed map Lantmäteriet, (2012a) 

Temperature Time series 
SMHI (Swedish Meteorological 
Institute), (2010a) 

Precipitation Time series SMHI, (2010b) 

Reference Evapotranspiration Time series 
MODIS based calculation (Mu et al, 
2011) 

Vegetation Distributed map 
Lantmäteriet, (2012b) based 
classification 

River networks & cross section MIKE11 files 
SMHI, (2013c) & adaption from 
topography (Lantmäteriet, 2012a)  

Observed river discharge at outlet Time series SMHI, (2010d) 

Soil type Distributed map 
SGU (Swedish Geological Survey). 
(2010) 

  

Fig. 1. Maps of Norrström basin in Sweden (right), Kringlan catchment within Norrström basin 
(middle) (adapted from Xu, 2003) and location of study site within Kringlan catchment (left).  
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Topography 

The model domain was set to the entire southern 
sub-catchment within Kringlan catchment and 
further divided into grids with 50m*50m. A finer 
discretization had an advantage of representing a 
more precise variation within model domain 
while the computing time extended. A 
topography map with spatial resolution of 50m 
was derived by reclassifying an original 2m DEM 
data from National Land Survey of Sweden. The 
topography within the study area varies 
approximately between 105m and 335m above 
sea level (Fig. 2). The highest elevation is found 
on north corner.  

Climate data 

Measured daily precipitation and temperature 
data at Ställdalen station (SMHI 2010a & b) from 
01/01/2000 – 31/12/2006 were applied for the 
whole study site. For reference 
evapotranspiration (ET), which is the rate of ET 
from a reference surface with unlimited amount 
of water, monthly measured values from MODIS 
database (Mu & Zhao, 2011) were used. Daily 
values were calculated in proportion to air 

temperature from the measured monthly values, 
but with a monthly variation coefficient (HBV, 
2009). The effect of snow melting was also 
considered by including a degree day factor of 2 
mm/°C/day when the air temperature was above 
0°C.  

Land use data 

The land use data (Lantmäteriet, 2012b) was 
reclassified into 8 categories based on vegetation 
properties and hydrology similarities (Fig. 3).  

From figure 3, it can be seen that most of the 
area is covered by forests and the others are 
gravel, grass, arable land and lakes. For each type 
of land use, 3 hydrological processes related 
parameters of Leaf Area Index (LAI), root depth 
(RD) and crop coefficient (Kc) are defined 
following seasonal patterns which are scaled from 
the values presented by Deelstra, et al, (2005). 

  

Fig. 2. The study area topography (co-
ordinates in SWEREF99 in metric units).  

Fig. 3. The land use distribution (conifer-
ous forests are reclassified into two types 
with different root depths). 
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Table 4. The parameter values for 8 land use patterns used in MIKE SHE. 

Land-use 
type 

Gravel Grass Arable land 
Deciduous 
forest 

Coniferous 
forest 1 

Mixed 
forest 

Coniferous 
forest 2 

Lakes 

LAI
a,b,c

 0 1.5-3 1-6 0-6 7 4-6.5 7 0 

RD
a,b,c 

(m) 0 0.2-0.6 0.1-1 1.2 0.8 0.1-1 0.8 0 

Kc
a,b,c

 1 1 1-1.3 1 1 1-1.3 0.9 1 

a
Bultot et al, (1990) 

b
DHI, (2008) 

c
Kelliher et al, (1993) 

In table 4, LAI represents the area of leaves 
above a unit of ground and it varies between 0 
and 7. RD is the maximum active root depth of 
vegetation and it can be seen that grass has a 
relative smaller RD than forests. The third 
parameter, Kc, is crop coefficient which is used 
to adjust the reference evapotranspiration (ET) 
relative to actual evapotranspiration (ETact) and a 
Kc value of 1 means that the maximum 
evapotranspiration (ETmax) equals to the 
reference evapotranspiration (DHI, 2008).  

Unsaturated zone 

One-dimensional Richard’s equation was applied 
in the unsaturated zone. In this method, both 
gravity and pressure components acting as the 
driving forces were considered. Volumetric flux 
from Darcy’s Law was implemented in the 
Continuity equation in which the incompressible 
soil matrix and the constant soil water density 
were assumed. Equation (1) is Darcy’s Law and 
equation (2) represents the continuity equation. 
Furthermore, the parameter of soil water capacity 
(C) showing the slope of soil moisture curve was 
introduced and finally the Richard’s equation (3) 
was obtained (DHI, 2008). 

    ( )
 (   )

  
  ( 1 ) 

  

  
 

   

  
  ( )  ( 2 ) 

q: volumetric flux 

K(θ): unsaturated hydraulic conductivity 

Φ: pressure component 

Z: gravitational component 

Θ: soil moisture 

S: root extraction sink term 

 

 
  

  
 

 

  
( ( )

  

  
)  

  ( )

  
    ( 3 ) 

In equation (3), S is the root extraction of water 
and the integral of root extraction over the entire 
root zone depth equals to the total ETact (DHI, 
2008).  

For unsaturated zone, firstly, the distribution of 
surface soil was determined. The vertical soil 
profile was specified based on each surface soil 
type (Table 5) (SGU, 2010). In table 5, it can be 
seen that 6 types of surface soil are defined. For 
peat and fine sand, 2m of middle till underline 
over the bedrock. The soil physical characteristics 
were adapted from measured water retention 
curves obtained by Kalantari et.al, (2014) and the 
Averjanov method in equation (4) (DHI, 2008) 
was used to estimate the unsaturated conductivity 
characteristic. The vertical computational grids in 
unsaturated zone show that the computation 
grids in surface soil are finer than those in the 
deeper soil (Table 6). The vertical discretization 
applied for the whole model.  

 ( )    (
    

     
)
 
 ( 4 ) 

Θs: saturated moisture content 

Θr: residue moisture content 

Ks: saturated hydraulic conductivity 

K (θ): unsaturated hydraulic conductivity 

n: empirical constant 

  



Mengni Dong   TRITA-LWR Degree Project 14:08 

 

6 

Table 5. The soil profile in unsaturated zone (soil depth extends to 40m below the ground to 
ensure the groundwater level does not fall below the bottom level of unsaturated zone). 

Surface soil Peat Fine sand Clay-silt Fine till Marine/ till 
Bedrock 
outcrop 

Vertical profile 

Peat  

(0-2m) 

Fine sand (0-
2m) 

Clay-silt (0-5m) 

Fine till  

(0-4m) 

Marine/ till (0-
5m)  

Bedrock 
outcrop(0-5m) 

Middle till (2-
4m) 

Middle till (2-
4m) Bedrock (5-

40m) 
Bedrock (4-
40m) 

Bedrock (5-
40m) 

Bedrock (5-
40m) Bedrock (4-

40m) 
Bedrock (4-
40m) 

 

Table 6. The vertical computation of grids in the unsaturated zone. 

Layer From depth (m) To depth (m) Cell height (m) No of cells 

1 0 2 0.2 10 

2 2 4 0.5 4 

3 4 40 1 36 

Saturated zone 

The three-dimensional saturated flow was solved 
through isotropic aquifer. Darcy’s Law was 
coupled to the Continuity equation and the final 
version was shown in equation (5) (DHI, 2008).  

 
  

  
 

 

  
( 

  

  
)  

 

  
( 

  

  
)  

 

  
( 

  

  
)   

 ( 5 ) 

K: Hydraulic conductivity  

S: Specific storage 

h: hydraulic head 

Q: Source or sink 

Since iterative implicit finite difference method 
was used as the numerical solution, the initial 
head and boundary conditions of saturated zone 
were required. A uniform initial head of -4m 
below the ground was specified in the model and 
it was assumed based on the well drilling data 
from SGU (Swedish Geological Survey). 
Constant heads of 145m and 124m were specified 
at the inlet (from upstream catchments) and 
outlet points of the study area respectively. The 
inlet and outlet points were located in lake areas 
and thus the surface water level data were used. 
The remaining parts of the catchment were taken 
as no-flow boundary conditions.  

Two parameters related to internal boundary 
condition were also defined and they were 
drainage time constant (/ sec) and drain level (m). 
Subsurface drains in saturated zone would occur 
when the groundwater table increased above the 
drain level (DHI, 2008). In this study, the drain 
level was defined just below the topography.  

Table 7. Initial soil hydraulic properties (soil 
with codes of 1-5 are within the soil layer 
and the 6 belongs to the bedrock layer). 
Soil 
name 

Code 
Kx 
(m/s) 

Ky 
(m/s) 

Sy (m
-

1
)  

Ss   (m
-

1
) 

Middle till 1 6E-7 6E-7 0.47 7.8E-8 

Silt 2 5E-7 5E-7 0.46 2.6E-3 

Fine till 3 1E-7 1E-7 0.585 7.8E-8 

Marine/till 4 5E-6 5E-6 0.38 1.0E-5 

Bedrock 
outcrop 

5 2E-3 2E-3 0.3 3.0E-6 

Bedrock 6 1E-10 1E-10 0.03 3.0E-6 

Time constant was used to describe the average 
retention time of groundwater in the reservoir 
and the default value of 1E-7 (1/s) (DHI, 2008) 
was applied initially.  

Two geological layers in saturated zone on which 
model parameterization was based were defined 
and they were soil layer and bedrock layer. Depth 
to bedrock (SGU, 2010) was used as the lower 
boundary for soil layer and the upper boundary 
for bedrock layer. The layer of bedrock extended 
to 100m below the ground surface. Four 
hydraulic parameters were assigned to each layer 
(Table 7). Since the depth of soil layer in general 
was around 5 meters, to simplify the model, the 
horizontal hydraulic conductivity and the vertical 
hydraulic conductivity within saturated zone were 
taken as the same. Values of hydraulic 
conductivities and the specific yields were chosen 
based on the corresponding soil properties 
defined in the unsaturated soil database. For 
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Specific Storage, suggested values by Domenic, 
(1972) were used. 

Overland flow 

Overland flow occurred when precipitation 
exceeded infiltration capacity and depression 
storage capacity on the ground. In MIKESHE, 
the two-dimensional Saint-Venant equation was 
used to describe the fully dynamic overland flow. 
A simplification of diffusive wave flow which 
ignored the inertial terms was implemented in 
Saint-Venant equation. Furthermore, the friction 
slope was represented by Manning equation and 
thus the governing equations for overland flow in 
MIKESHE were expressed in equation (6) and 
equation (7) as below (DHI, 2008); 
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u: flow velocity in x-direction 

v: flow velocity in y-direction 

h: water depth 

n: manning coefficient 

z: elevation level 

For this project, the explicit method was chosen 
to be the numerical solution for equations 6 and 
7. The initial water depth was defined as “0mm”, 
which was also the boundary condition for 
overland flow. If a non-zero initial water depth 
was defined, water could only discharge to the 
model whenever the internal cell had less ponded 
water depth than the specified values (DHI, 
2008). The initial manning coefficient was 
specified as 0.2 (s/m1/3) and it was subject to 
calibration.  

Channel flow 

One-dimensional channel flow was simulated 
with MIKE11 by applying the Continuity 
equation (8) and Saint-Venant equation (9) (DHI, 
2008). Manning equation was used in equation (9) 
to describe the bed resistance of channels.  
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Q: discharge  

A: flow area 

q: lateral flow 

h: water level 

g: gravity 

R: resistance radius 

M: manning number 

a: momentum distribution coefficient 

Implicit finite difference method was used as the 
numerical solution for equation (8) and (9). Water 
flow and water depth at each time step were 
calculated (DHI, 2008). 

For hydrodynamic simulation in MIKE11, 4 
types of input files were determined and they 
were networks, cross sections, boundaries and 
hydrodynamic parameters. Networks of streams 
and lakes were delineated from the watercourses 
map (SMHI, 2010c). The cross sections of stream 
networks were assumed based on AgreeDEM 
values obtained from ArcGIS. The AgreeDEM is 
a surface reconditioning system for Digital 
Elevation Models (DEMs) to adjust the surface 
elevation system to be consistent with a vector 
converge (Hellweger & Maidment, 1997). For 
lake branches, their cross sections were selected 
referring to lake depths data (SMHI, 2010d). 
Boundary conditions at all upstream and 
downstream ends of stream and lake branches 
that were not connected to another branch were 
specified in the Boundary files. A time-varying 
inflow from upstream sub-catchments to the 
study area was specified at one end of stream 
branch that receives water from Lake Lilla 
Grängen (Fig. 4). The inflow was simulated by 
SMHI (SMHI, 2010e). All the other upstream 
ends of the network branches were defined as 
constant 0 values. Since at least one water level 
condition must be defined for the MIKE11 
system (DHI, 2008), the condition for outlet 
boundary was determined as a constant water 
level of 124m, which was equal to lake Sången’s 
surface level. Supplementary data required for 
MIKE11 simulation were specified in 
hydrodynamic parameters file. A global initial 
water depth of 0.2m was defined for each stream 
branch and for lakes, the initial water depths were 
determined by fitting to their surface water level. 
The other hydrodynamic parameters were kept as 
the default values.  
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Fig. 4. Rivers & lakes in study area.  

In figure 4, it is shown that there are 10 lakes 
existing in the study area due to the relatively flat 
elevation. Water flows to the study area through 
Lake Lilla Grängen and discharges out from Lake 
Sången.  

Coupling MIKE 11 to MIKE SHE 

The coupling of MIKE 11 and MIKE SHE was 
achieved by the connection between MIKE 11 
branches and MIKE SHE river links. Locations 
of the river links were determined automatically 
from the co-ordinates of MIKE 11 river points 
that defined the branches of the hydraulic model 
(Thompson et.al, 2004). 

In figure 5, water levels are calculated at the 
MIKE 11 H-points and they are transferred to 
adjacent MIKE SHE river links. In turn, MIKE 
SHE calculates the overland flow to each river 
link from neighboring grid squares and the river-
aquifer exchange. These terms are fed back to the 
corresponding MIKE 11 H-points as lateral 
inflows or outflows for the next computational 
time step (DHI, 2007).  

Moreover, a flood map covering the lake areas 
was implemented in MIKE SHE for this project. 
Flood inundation occurred whenever the water 
level in MIKE 11 H-points exceeded the adjacent 
topography in MIKE SHE grids. It ensured the 
water level in MIKE 11 and the lake areas in 
MIKE SHE were always the same. Once a grid 
square was flooded, MIKE SHE calculated the 
overland flow, infiltration and evapotranspiration 
in the same way as for the ponded water (DHI, 
2008).  

Model calibration and validation 

Hydrograph measured at the outlet was the 
synergistic outcome of rainfall, infiltration, 
overland flow and flow routing (Zhang et.al, 
2012). The model was calibrated and validated to 
fit for the time-varying observed discharge values 
at the outlet of the study area, which was 
obtained from SMHI, (2010e). Initially, the 
simulation was run for one year (2000) and the 
last time step was used as the starting point for 
calibration stage. The aim of it was to reduce the 
initial effect from the model. The period 
31/12/2000-31/12/2005 was used for calibration 
stage whilst the following one year (31/12/2005-
31/12/2006) was employed for validation.  

Standard calibration statistics defined in the 
MIKE SHE reference manual were used to 
measure calibration efficiency (DHI, 2007). 

    
(             )

 
 ( 10 )      

√∑ (             )
 

 

 
 ( 11 ) 

Fig. 5. MIKE 11 hydraulic model branches 
with H-points and corresponding river 
links in a MIKE SHE hydrological model 
grid (DHI, 2007). 
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ME: mean error 

RMSE: root mean square error 

R: correlation 

                     

                          

                                             

                                                

                                        

These three statistics in equation (10), (11) and 
(12) were calculated based on the differences 
between calculated and measured discharge 
values at the outlet. Moreover, the water balances 
for calibration and validation periods were 
checked and the RE (relative errors) were 
calculated as:  

   
(∑        ∑       )

   (∑        ∑       )
       ( 13 ) 

Refsgaard, (1997)suggested that the number of 
parameters subjected to adjustment during 
calibration of a distributed hydrological model 
such as MIKE SHE should be as small as 
possible. Parameters selected for calibration 
included saturated hydraulic conductivity of 
middle till, drainage time constant and manning 
coefficient for overland flow. The calibration was 
repeated by changing one parameter’s value each 
time while keeping the others as constant.  

Chloride transport analysis 

After the integrated hydrological model being 
calibrated and validated, the water flow results 
could be used for solute transport analysis. 
Observed chloride concentration series at the 
outlet was derived from water chemistry database 
on SLU site (SLU, 2011). Moreover, the observed 
chloride transport loads at the outlet could be 
calculated by multiplying the observed time-
varying flow data with their corresponding 
concentration data. Investigations were 
performed by MIKE SHE model to interpret 
those chloride transport series at the outlet 
between 2001-2006 periods by adding and testing 
the possible internal Cl- source from forest soil 
leaching. 

Field studies and lab measurements 

Before the Cl- transport through the study site 
was evaluated, two problems listed as below 
needed to be solved.  

 To test the magnitude of the possible internal 
Cl- source from forest soil leaching, an initial 
value related to the real situation was required. 

 As the study area was a sub-catchment within 
the Kringlan catchment, the amount of inlet 
Cl- source from all upstream sub-catchments 
needed to be specified at the inlet stream 
point. 

Therefore, a field trip to the study site was 
performed and two soil samples from forest soils 
and one water sample at the inlet stream were 
taken back for lab analysis. For soil samples, as it 
would take much more time to measure the 
leaching rate, instead, a constant leached 
concentration from the soil samples was 
measured and applied. The corresponding 
leaching rate could be calculated backwards with 
the determined fixed concentration in saturated 
zone. The leaching tests were performed by 
firstly mixing 30g of each soil sample with 60g 
deionized water to obtain a liquid/solid (L/S) 
ratio of 2/1. Secondly, they were shook end and 
over for 24 hours which was followed by 
centrifugation. Finally, a micro-filtration 
procedure was operated and the leached 
concentrations were measured. Water was well 
mixed at the inlet stream; therefore, only one 
water sample was taken from there and the Cl- 
concentration was measured with ion-
chromatography. The total inlet Cl- amount could 
be calculated by multiplying the measured Cl- 
concentration with the observed flow discharge.  

Advection and dispersion 

An Advection-Dispersion (AD) model simulating 
chloride transport through the study area was set 
up by using the simulated flow results. The model 
was calibrated for periods of 2001-2005 and 
validated for the year of 2006 with respect to 
both the measured Cl- concentration and the 
measured Cl- transport loads at the outlet. For 
calibration stage, the AD transport was solved by 
applying the seasonal transient flow. MIKE SHE 
flow results from year of 2005 were used and 
they were recycled for 5 years of calibration 
period. That’s because the longer the simulation 
was, the model became more stable as a smaller 
accumulated relative error for water balance 
occurred. For validation, MIKE SHE flow results 
in 2006 were applied. 

Considering the boundary conditions for AD 
transport model, precipitation with a time-varying 
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chloride concentration (SLU, 2011) from 
01/01/2001 to 31/12/2006 covered the whole 
area was determined. Additionally, it was assumed 
that chloride was also leached from subsurface 
forest soil (-1m to -5m below the ground surface) 
and transported to groundwater with a constant 
concentration of 42mg/l. The concentration 
value was a hypothesis used initially based on lab 
results and it was subject to calibration. Thirdly, 
the time-varying inflow from 01/01/2001 to 
31/12/2006 with a constant Cl- concentration of 
3.4mg/l measured from the water sample was 
specified at the inlet stream point.  

Initial chloride concentration in MIKE SHE was 
set to 0mg/l in the whole model domain during 
calibration while for validation stage; 
concentration from 31/12/2005 was used as a 
starting point.  

For the transport processes of chloride, a plant 
uptake transpiration factor of 0.1 was defined. 
Additionally, chloride would decay with an 
exponent of 0.1 when the temperature increased 
above 20°C. Furthermore, the solubility of 
chloride in surface water was specified as 
3.4g/m2 and thus chloride would precipitate 
when the concentration exceeded the solubility. 
These values were taken from the reference guide 
by DHI, (2008). No other sorption and 
reductions of chloride (i.e. a half-life of 1000 
years was specified) were included in AD model.  

  

  
  

 

   
(   )  

 

   
(   

  

   
)     ( 14 ) 

i, j =1, 2, 3 for saturated transport 

i, j =1 (z direction) for unsaturated transport 

i, j =1, 2 for overland transport 

c: concentration of solute 

R_c: sources/sinks 

D_ij: dispersion coefficient tensor 

v_i: velocity tensor 

Equation (14) is the general Advection-
Dispersion (AD) equation which includes 
advective transport with water flow and 
dispersive transport (DHI, 2008).  

The chloride transport in saturated zone was 
described by three-dimensional AD equation (14). 
Longitudinal and transverse dispersivities were 
specified in MIKE SHE and they were to be 
calibrated.  

For chloride transport in unsaturated zone, the 
AD equation (14) was solved vertically in every 
column (1D) (DHI, 2008) and no dispersion 
effect was considered.  

Two-dimensional version of AD equation (14) 
was used to describe the overland chloride 
transport. The dispersion coefficient in overland 
flow depends on the uniformity of the velocity 
distribution and to some extent on the mean flow 
velocity (Hansen, 2010). A constant and uniform 
dispersion coefficients of 0.075m2/s obtained by 
Garcia-Navarro et al, (2000) was used in overland 
transport.  

For river transport of chloride, the advective and 
dispersive transports were described by the one-
dimensional version of AD equation as in 
equation (15) (DHI, 2008). The dispersion 
coefficient was kept as the default value of 
10m2/s obtained from DHI, (2007).  

   

  
 

   

  
 

 

  
(  
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c: concentration of solute 

A: cross section area 

Q: discharge 

D_ij: dispersion coefficient tensor 

K: linear decay coefficient 

C_s: source/sink concentration 

q: lateral inflow 

Particle tracking 

The MIKE SHE Particle Tracking (PT) method 
helps to investigate the three-dimensional 
chloride transport in the saturated zone. In this 
study, in order to build up a general picture of 
chloride transport in saturated zone, a simplified 
scenario with an initial number of 3 particles 
injected in each model cell (50m*50m) in the 
saturated zone was defined. A period of 100 years 
(2001-2100) was used for the simulation and 
similar to AD model, MIKE SHE transient flow 
results from year of 2005 were recycled for 100 
times during the simulated periods. Moreover, 
the climate data from period of 2000-2005 were 
also cycled for 20 times to obtain the future 
predictions. The long simulation was required to 
keep the majority of particles flowing out from 
the saturated zone. The movement of each 
particle was deterministic without any dispersion, 
where the particle was moved according to the 
local groundwater velocity calculated by the 
MIKE SHE (DHI, 2008). Moreover, a statistical 
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analysis showing the percentage from where the 
particle left the saturated zone was performed 
and their corresponding travel times were 
evaluated. Lastly, some particles’ pathways to 
river and lakes were selected for further analysis.  

RESULTS AND DISCUSSIONS 

Calibrated & validated flow results 

Comparisons of simulated and observed flow 
discharge results at the outlet in figure 6 and 7 
show that the simulated discharge values correlate 
to the observed data. However, higher simulated 
discharges than measured values are obtained for 
some peaks during calibration stage. A higher 
correlation between the simulated discharge and 
measured discharge is occurred for validation 
period in comparison to the calibration stage. In 
figure 6 and 7, it also reveals that the flow 
discharges at the outlet vary between 0 m3/s to 

20m3/s during calibration and validation stages 
which are common for hydrodynamic simulations.  

Table 8 shows the statistics calculated by 
comparing the flow results at the outlet from 
simulation and observation. Small RMSE errors 
(around 1m3/d) and a relatively high correlation 
coefficient (higher than 0.5) are obtained.  

The final calibrated parameter values in table 9 
are within an acceptable range except for the 
drainage time constant. Domenico & Schwartz, 
(1990) presented that the range of saturated 
hydraulic conductivity of till was between 1.0E-
12 m/s and 2.0E-6 m/s. However, the drainage 
time constant value was outside of the 
recommended range of 1.0E-7 - 1.0E-5 (1/s) 
suggested by Madsen & Jacobson, (2001), which 
might be attributed to a larger response time of 
subsurface flow. The final manning coefficient 
for overland flow was similar to Thompson’s 
(Thompson et.al, 2004) calibrated value. 

 

Fig. 6. Simulated and measured flow rates at outlet of study area during calibration period.   
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Fig. 7. Simulated vs. measured flow rates at outlet of study area during validation stage. 

http://www.aqtesolv.com/aquifer-tests/aquifer-testing-references.htm#Domenico, P.A. and F.W. Schwartz, 1990
http://www.aqtesolv.com/aquifer-tests/aquifer-testing-references.htm#Domenico, P.A. and F.W. Schwartz, 1990
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Table 8. Statistical evaluation of simulation 
performance. 

Stage 
ME 
(m

3
/d) 

RMSE 
(m

3
/d) 

R 
RE 
(%) 

Calibration -0.177 1.30 0.87 3.2 

Validation 0.226 1.20 0.97 4.1 

 

Table 9. Final calibrated parameter values. 

Parameters Values 

Saturated hydraulic conductivity in 
middle till (m/s) 

1.0E-6 

Drainage time constant (1/s) 1.0E-8 

Manning’s n for overland flow (s/m
1/3

) 0.33 

 

Fig. 8. Selected points 
with their coordinates 
for groundwater level 
analysis. 
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Fig. 9. Simulated groundwater level at point 1 (483367, 6618998) during calibration 

period. 
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Fig. 10. Simulated groundwater level at point 2 (484704, 6621690) during calibration 

period. 
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Fig. 11. Simulated groundwater level at point 3 (486468, 6619796) during calibration 

period. 
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As there was no measured time-varying 
groundwater level data that was available to 
compare in the study area, therefore, the 
saturated zone was analyzed by four randomly 
selected locations within the area (Fig. 8). 
Simulated groundwater heads at the selected four 
points with their coordinates are shown in figure 
9, 10, 11 and 12. In figure 9, it can be seen that 
the average groundwater level at point 1 is 
194.5m. The topography is 197m which indicates 
the depth of groundwater is around 2.5m below 
the ground surface at point 1. The groundwater 
head at point 2 varies within a range of 0.6m and 
the average level is 238.7m (Fig. 10). The 
corresponding ground elevation is 243m and thus 
the location of groundwater, in general, is 4.3m 
below the surface. Point 3 is situated on a 
relatively flat elevation of 159m in vicinity of a 
river branch. Figure 11 reveals that the average 
depth of groundwater from ground surface at 
point 3 is less than 2m. In figure 12, it is shown 
that the average depth of groundwater is about 
5m with surface elevation of 161m at point 4. 
The results of total water balance with all 
components during calibration and validation 
stages are presented in figure A.1 and 2 in 
Appendices. The accumulated total errors are -
118mm for 5 years’ of calibration stage (3.2% of 
the precipitation) and -38mm for 1 year’s 
validation period (4.2% of the precipitation). The 
errors are negative and in MIKE SHE, this 
indicates that the total inflow is higher than total 
outflow for the catchment.  

Table 10. Cl- concentration results for soil 
samples and water sample. 

Parameters  Value (mg/l) 

Leached      from soil 
sample 1 

0.5 

Leached      from soil 
sample 2 

42 

     in water sample 3.4 

Lab results for soil samples and water 
sample 

The measured Cl- concentration from soil 
samples and the water sample are shown in table 
10. It is illustrated that for the two soil samples, 
the leached Cl- concentration differs a lot. One is 
measured as 0.5mg/l while for the other one, the 
Cl- concentration is measured as 42mg/l. Reasons 
for that are not clear at this stage and more 
samples need to be taken for further analysis. The 
Cl- concentration in water sample is found as 
3.4mg/l which is normal for surface water.   

Advection- Dispersion results 

The comparisons between simulated and 
measured values for both the Cl- concentration 
and Cl- loads at the outlet during calibration and 
validation periods are shown in figure 13, 14, 15 
and 16 as below. 
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Fig. 12. Simulated groundwater level at point 4 (487500, 6621400) during calibration 

period. 
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Fig. 13. Comparison of simulated and measured Cl- concentration at the outlet during 

calibration stage (observed values are absent in 2001). 
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Fig. 14. Comparison of simulated and measured Cl- concentration at the outlet during validation 
stage. 
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Fig. 15. Comparison of simulated and measured Cl- transport loads at the outlet during 

calibration stage (observed values are absent in 2001). 
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In figure 13, it can be seen that during calibration 
stage, the simulated Cl- concentrations at the 
outlet vary around the average measured values. 
Much lower simulated concentrations in 
comparison to the observed values are obtained 
at the end of the calibration period. However, 
they reach to the normal values when the 
validation starts (Fig. 14). For Cl- transport load 
results at the outlet (Fig. 15 and 16), which 
multiply the Cl- concentrations with the flow 
discharges; a correlated variation between the 
measured and simulated values is illustrated. It 
indicates that the flow discharge is the 
dominating factor in load results variation.  

Moreover, the average Cl- concentration and the 
total Cl- transport loads at the outlet for both 
calibration and validation stages were calculated 
in table 11. The results from simulation and 
observation were compared and relative errors 
were calculated. As measured Cl- concentration 
data were absent in 2001, calibration stage was 
evaluated from 2002 to 2005.  

From table 11, it can be seen that for period of 
2002-2005, the average simulated Cl- 
concentration is equal to the average observed 
value while for the transport load; the total 
simulated is 17.3% higher than the total observed 
value. During validation stage in 2006, a slightly 
lower average Cl- concentration from simulation 
is obtained in comparison to the measured 
average value. However, the total simulated Cl- 
transport is 1.6% higher than the observed. 
Reason for that is the average outlet flow 
discharge simulated by MIKE SHE model is 
higher than the actual observed data which is 
presented in figure 6 and 7. 

Table 11. Statistical analysis of AD model 
results for calibration period and validation 
period. 

Period   
Average Cl

-

conc. (mg/l) 
Total Cl

-
 

transport (ton) 

2002-
2005 

Observed 3.2 1163.2 

Calibrated  3.2 1364.9 

Relative error (         )    ⁄     

Calibrated  0 -17.3 

Period  
Average Cl

-

conc. (mg/l) 
Total Cl

-
 

transport (ton) 

2006 

Observed  3.5 480.7 

Validated  3.3 488.3 

Relative error (         )    ⁄     

Validated  5.7 -1.6 

 

Table 12. Final calibrated parameter values 
in AD model 

Calibrated parameter Value 

Leached Cl- concentration to SZ (mg/l) 200 

SZ longitudinal dispersivity (m) 25 

SZ transverse dispersivity(m) 0.5 
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Fig. 16. Comparison of simulated and measured Cl- transport loads at the outlet during 

validation stage. 
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Table 12 indicates that the calibrated chloride 
concentration leaching to the groundwater from 
subsurface forest soil (-1m to -5m below ground 
surface) is 200mg/l. This value is almost 5 times 
of the initial determined concentration of 42mg/l. 
There are three reasons could probably explain 
for it. Firstly, in forest soil, Clorg is leached from 
surface soils and transformed to Cl- in deeper soil 
layers (Rodstedth et al, 2003; Öberg & Sandén, 
2005; Svensson et al, 2007). In this study, soil 
samples were taken at a depth of 0.5m below the 
forest ground surface and higher leached Cl- 
concentration could be expected from the 
determined source zone between -1m and -5m 
under the ground. Additionally, the leached Cl- 
concentration results from soil samples were 
obtained after the micro-filtration procedure and 
some soluble organic particles containing Cl- 
were removed. It could lead to a smaller 
measured Cl-concentration compared to the real 
situation. However, for further investigations, 
more soil samples are needed to be analyzed.  

To achieve the calibrated chloride concentration 
in groundwater of 200mg/l, a total chloride 
leaching amount from forest subsurface was 
calculated by MIKE SHE as 4287ton/5yrs during 
calibration stage. However, 1674 tons was stored 
in the saturated zone and 1460 tons was lost 
through ET uptake, temperature decay and etc. 
during calibration period. 1080 tons of the solute 
was transported to overland flow while the 
majority was kept in the surface flow system with 
the specified solubility of 3.4g/m2. Finally, only 
265 tons of chloride reached the river and lake 
systems and transport out from the catchment. 
Therefore, the corresponding chloride leaching 
flux rate from forest subsurface soil which could 
transport out from the catchment was calculated 
as 1.3g/m2/yr. This is much higher than the 
value of 0.5g/m2/yr. obtained from the study 
performed in Stubbetorp catchment (near 
Norrköping) in Sweden by Svensson et al, (2007).  

Table 12 also shows that the final calibrated 
longitudinal dispersivity and transverse 
dispersivity within saturated zone are 25 m and 
0.5m respectively. The two values apply for the 
whole model domain. Gelhar et al, (1992) 
indicated a relation between longitudinal 

dispersivity and scale; additionally, the ratio 
between longitudinal dispersivity and transverse 
dispersivity was also considered to be related to 
scale. In the study area, most of the soil is coved 
by marine till and the flow is mainly horizontal. 
Therefore, the scale is equal to the length of flow 
path to river and lake networks, which on average 
is approximately between 500m – 1000m. This 
estimation is based on the analysis of particle 
trajectories to river networks which obtained 
from Particle Tracking method. By comparing to 
plots produced by Gelhar et al, (1992), this scale 
leads to a longitudinal dispersivity range of 5m-
200m in the aquifer and the ratio between 
longitudinal dispersivity and transverse 
dispersivity is supposed to be within a range of 
10-60. Therefore, the calibrated dispersivity 
values are within an acceptable range.  

After 5 years AD simulation, the saturated zone 
mostly contains a Cl- concentration of 200mg/l 
(Fig. 17). That is because the leached Cl- 
concentration to groundwater from subsurface 
forest soils of -1m to -5m below the surface was 
calibrated as 200mg/l. Bertills, (1995) suggested a 
range of Cl- concentration in groundwater of 10-
300mg/l by sampling 20100 wells in Sweden and 
the modelled groundwater Cl- concentrations are 
within the range. For further analysis, 5 locations 
were randomly selected and their breakthrough 
curves (chloride concentrations as a function of 
time) were derived in figure 18, 19, 20, 21 and 22. 
For breakthrough curves at points of 1 (Fig. 18), 
3(Fig. 20) and 4(Fig. 21), it is shown that the 
steady state could be achieved approximately 
after 2 years, 2.5 years and 4.5 years respectively. 
However, the maximum concentrations reached 
in steady state are different for each point and 
due to the effect of dilution; they are less than the 
source concentration of 200mg/l. Points 2 and 5 
are located further from the source cells 
compared to points 1, 3 and 4, therefore, there is 
a certain time for particles to be transported to 
these two locations. Figure 19 shows that the 
travel time for particles to reach point 2 is 2.8 
years and it takes 1.8 years for source particles to 
arrive in location 5 which is shown in figure 22. 
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Fig. 17. Cl- concentra-

tion in groundwater af-

ter 5 years AD simula-

tion (31/12/ 2005) and 5 

points were selected 

randomly for further 

analysis (coordinate is 

SWEREF99 in metric 

units).  
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Fig. 18. Cl
--
 breakthrough curve at point 1 (485096, 6622448) with concentration in mg/l.  
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Fig. 19. Cl- breakthrough curve at point 2 (488143, 6620749) with concentration in mg/l.  
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Fig. 20. Cl- breakthrough curve at point 3 (486208, 6620143) with concentration in mg/l.  
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Fig. 21. Cl- breakthrough curve at point 4 (484384, 6619406) with concentration in mg/l. 
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Particle tracking results 

The scenario, considered a uniform injection 
through the model domain, in which three Cl- 
particles per cell were injected initially in the 
saturated zone. In total, 67764 particles were 
introduced and each Cl- particle was assigned 
with a unique ID. The overall statistical results 
after 100 years, in terms of where the particles 
left the saturated zone were listed in table 13.  

Table 13 shows that most of the Cl- particles, 
75.3% of all particles injected, go from the 
unsaturated zone. The reason for that is the 
positive Darcy fluxes in those cells which make 
particles go upwards to the unsaturated zone and 
lost from the saturated system. However, those 
particles could become mobile again after 
entering the unsaturated zone in MIKE SHE.  

The results show the final locations of the Cl- 

particles after 100 years. Though a long 
simulation period of 100 years is used, 15% of 
the particles are still left in the model domain. A 
smaller fraction of those kept particles could be 
expected with longer simulation period. The river 
and lake systems are the destination of 10% of 
particles while less than 1% of the particles have 
crossed the fixed head boundaries.  

Apart from the particles left in the model domain, 
the starting locations of particles to each type of 
sinks from the saturated zone and their 

corresponding travel times are shown in figure 23, 
24 and 25. For 100 years, the majority of particles 
exchanged to the unsaturated zone have a travel 
time less than 20 years (Fig. 23). By calculating 
the statistics, it is shown that the mean travel time 
which indicates the groundwater age is around 5 
years. Figure 24 illustrates that during 100 years, 
particle within or in vicinity of the rivers tends to 
be more active to go to the river and lake systems. 
The statistics reveal that the average travel time is 
13 years in the ranges of 0-100 years. For Cl- 

particles which have crossed the fixed head 
boundaries in figure 25, higher travel time is 
occurred in the downstream boundary. Even 
though a lower highest value of 34 years existed 
in figure 25 by comparing to those reached the 
unsaturated zone and MIKE 11 systems, a mean 
value of 9 years is obtained.  

Table 13. Results of particle tracking 
showing where the Cl- went from the 
saturated zone. 

 
Number of 
particles  

Percentage 

Cl
-
 to the 

unsaturated zone 
51014 75.3% 

Cl
-
 to MIKE 11 6676 9.9% 

Cl
-
 to boundaries 18 0.02% (~0.0%) 

Cl
-
 left in the 

model domain 
10056 14.8% 

Total number of 
Cl

-
 Particles  

67764 100.0% 
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Fig. 22. Cl- breakthrough curve at point 5 (485741, 6616311) with concentration in mg/l. 
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Fig. 23. Starting locations and travel times 
of all particles exchanged to unsaturated 
zone after 100 years. 

Fig. 24. Starting locations and travel times 
of all particles ending up in a river or a lake 
after 100 years.  

Fig. 25. Starting locations and travel times 
of all particles crossed the fixed head 
boundary after 100 years.  

Fig. 26. Selected particles’ path-lines to 
river and lake systems. 
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Table 14. Travel lengths and travel times of 
selected particles to river and lake system. 

Line  Particle ID 
Travel 
length (m) 

Travel time 
(years) 

1 32565 350 30 

2 20931 891 1 

3 37703 839 75 

4 61214 959 93 

5 28930 483 13 

6 25752 773 1 

7 39809 308 72 

8 21174 1115 59 

Figure 24 helps to define the protection areas of 
river and lake system. That is because it shows 
the sensitive areas from where the particles can 
reach a river or a lake during 100 years. The 
pathways of some selected particles are shown in 
figure 26 and their related travel lengths and 
travel times are listed in table 14.  

Figure 26 illustrates that the particles’ flow 
directions generally correlate to the topography 
even though the groundwater head does not 
always follow the elevation. However, table 14 
reveals that the travel times of selected particles 
are not in proportion to their travel lengths 
because of the different saturated hydraulic 
conductivities of soil in different locations. 
Moreover, the identified travel lengths of those 
selected particles indicate that the average value is 
somewhere between 500-1000m, which conforms 
to the scale used in AD model.  

Open issues 

For this study, there are some issues that are 
open and may be highlighted for future 
researches. Firstly, as MIKE SHE is a distributed 
model which solves problems cell by cell, the 
accuracy and resolution of the input data could 
be improved. For calibration and validation of 
the water flow, more parameters such as 
groundwater heads, water content in unsaturated 
zone and etc. can be used for analysis. 
Assessment of more sites within the model 
domain would also assist in improving the model 
accuracy and reduce the uncertainties. Moreover, 
the AD model could be further calibrated to 
obtain a better validation result compared to 
calibration result. Flow results in MIKE SHE can 
be calibrated backwards with AD results. 
Additionally, there might be some other internal 
sources of chloride in the catchment, for instance, 
the chloride from mineral weathering and etc.  

 

 

CONCLUSIONS 

An integrated hydrological and distributed flow 
model which includes components of overland 
flow, unsaturated flow, evapotranspiration, 
saturated flow and channel flow has been 
developed in this study. Both the initial and 
boundary conditions for each component were 
important as the finite difference method was 
implemented to solve the flows. Moreover, soil 
properties defined in unsaturated zone and 
saturated zone should be consistent, e.g. the soil 
saturated hydraulic conductivity defined in 
unsaturated zone was the same as that specified 
in saturated zone, the soil water content at 
saturation in unsaturated zone should be 
approximately equal to the specific yield used in 
saturated zone. Additionally, the unsaturated 
zone played an important role in the water 
balance calculation for the whole catchment 
because the exchange of water flow between 
surface and subsurface occurred in unsaturated 
zone. 

For the chloride transport through the study area, 
the calibrated flow results were used and they 
dominated the chloride transport loads at the 
outlet, both in the magnitude and variation. 
Furthermore, lab results for soils samples taken 
from the study site showed an unevenly 
distributed leached chloride concentration while 
more samples were required for further analysis. 

The AD transport analysis showed that the 
determined internal source of chloride leaching 
from forest soils helps to interpret the chloride 
transport series at the outlet. It was found that 
the calibrated chloride concentration in 
groundwater leached from interaction between 
soil and vegetation was fixed as 200mg/l, which 
was within an acceptable range. Therefore, A 
total chloride leaching amount from forest 
subsurface (-1m to -5m below the ground) was 
calculated by MIKE SHE as around 4300 tons 
during calibration stage of 5 years. However, only 
265 tons of chloride for 5 years could be 
transported out from the catchment while the 
majority were stored in the system or lost from 
time decay, plants uptake and etc. Therefore, the 
corresponding chloride leaching flux rate from 
forest subsurface soil which could transport out 
from the catchment is estimated as 1.3g/m2/yr. 
It indicated a higher transport leaching rate 
occurred in Kringlan catchment comparing to 
that in Stubbetorp catchment which was found 
by Svensson et al., (2007).  

Finally, PT simulation through saturated zone 
helped to evaluate the groundwater age and 
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determine the protection areas for river and lake 
systems. Furthermore, longer simulation period 
were able to be applied in PT module as there 

was no requirement for the specification of 
channel flow in river and lake branches. 
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APPENDIXES 

Graphical water balance results calculated by MIKE SHE. The numbers are accumulated values with the 
unit of mm/yr. for calibration stage and validation stage. 

 

 

 

 

 

Accumulated water balance error for calibration stage (5 years).  
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Accumulated water balance error for validation stage (1 year).  


