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Abstract 
River-Aquifer Interaction in the Uppsala Esker – a Modelling Study of a Proposed 
Drinking Water Production site  
Kalle Kjellander

The Swedish municipalities of Gävle and Älvkarleby need new sources of drinking water as the 
population grows. Gästrike vatten AB has employed the consultant firm Midvatten AB to assess the 
possibility of a new groundwater extraction site on the Uppsala esker between Älvkarleby and 
Skutskär in northern Uppland county. It has been observed that the natural recharge to the aquifer in 
the Uppsala esker might be too low to compensate for a future groundwater extraction and that there 
is a risk of induced infiltration from the river Dalälven if the water table is lowered. River water might 
bring organic contaminants into the aquifer and negatively affect the groundwater quality.  

A solution proposed by Midvatten is to infiltrate the esker with river water free from organic 
contaminants at infiltration sites. This artificial infiltration is estimated to create new groundwater to 
compensate for the extraction and stop river water from reaching the extraction wells. There is 
however, a need to estimate the magnitude of infiltrating river water when the infiltration sites are 
active. 

The aim of this study was to estimate the flow of water between the river and a section of the 
Uppsala esker for a test period during 2017, specifically, the infiltration from the river. In addition to 
this, changes in flow depending on proposed pumping and infiltration scenarios were modelled. 

A MODFLOW model was developed in the graphical user interface Groundwater Modeling 
System (GMS) and its performance was validated against observed aquifer head. The model could 
accurately represent the head close to the river but was less accurate with increasing distance from the 
river. Average infiltration from the river varied from 3 to 25 l s-1. The calculated infiltration depended 
on which extraction well or artificial infiltration site was active and the rate of flow.  

It was concluded that the distribution of hydraulic conductivity in the aquifer was not sufficiently 
detailed. A solution could have been to use stratigraphic data from borehole logs instead of a general 
quaternary deposits map as basis for the distribution of hydraulic conductivity. Artificial infiltration 
close to the river prevented large volumes of induced infiltration. The accuracy of the model could 
have been improved if the results were compared to other methods such as particle-tracking, tracer 
tests and with measurements of the streambed such as seepage meters. 
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Populärvetenskaplig sammanfattning 
Modellering av flödessamband mellan Uppsalaåsen och Dalälven norr om Älvkarleby, 
Sverige   
Kalle Kjellander 

Gävle och Älvkarlebys kommuner är i behov av nya grundvattentäkter för att kunna försörja 
invånarna med dricksvatten i framtiden. Ett område som är av intresse för de två kommunerna är ett 
grundvattenmagasin i Uppsalaåsen intill Dalälven mellan Älvkarleby och Skutskär. Vid ett 
dricksvattenuttag kan vattenbalansen i magasinet ändras. I magasinet uppskattas 
grundvattenbildningen vara för låg för att pumpa upp nog mycket vatten och bibehålla en stabil 
dricksvattenförsörjning. När uttaget av grundvatten är högre än grundvattenbildningen sänks 
grundvattenytan och vatten flödar från andra delar av magasinet eller älven för att kompensera. 
Älvvattnet bedöms ha en stark hydraulisk koppling med grundvattnet, vilket innebär att det finns en 
risk att älvvattnet infiltrerar i magasinet och sänker kvalitén på framtida dricksvatten.  

Konsultföretaget Midvatten AB har i uppdrag att bedöma möjligheten till ett framtida 
dricksvattenuttag. Midvatten har som lösning anlagt stationer med sprinklerinfiltration för att i 
framtiden kunna infiltrera avhumifierat älvvatten som på sikt omvandlas till grundvatten. Denna 
konstgjorda infiltration är också tänkt att hindra älvvatten från att ta sig in i magasinet genom att förse 
magasinet med den mängd vatten som går förlorad av dricksvattenuttag. Hur mycket älvvatten som tar 
sig in till grundvattenmagasinet och når brunnarna vid ett framtida uttag och konstgjord infiltration, är 
dock oklart. 

Syftet med denna studie var att uppskatta flödet mellan åsens grundvattenmagasin och Dalälven 
och specifikt infiltrationen av älvvatten. Detta gjordes genom att utveckla en digital MODFLOW-
flödesmodell i programmet GMS. Modellen kunde, med hjälp av uppmätta vattennivåer i 
grundvattenmagasinet och älven, räkna ut hur mycket vatten som flödade in från älven (infiltrerade). 
Den uträknade infiltrationen låg i genomsnitt på 3-25 l s-1. Infiltrationsmängden berodde på vilken 
brunn som vattnet pumpades ur, hur mycket som pumpades ut och hur mycket artificiell infiltration 
som tillfördes i de tre infiltrationsområdena under en period av 2017. Modellen användes även till att 
uppskatta flödet från älven för 28 tilltänkta scenarier under 2017 med konstant pumpning och 
konstgjord infiltration i de olika brunnarna och infiltrationsstationerna. 

Resultaten visade att modellen kunde uppskatta grundvattenmagasinets vattennivåer nära älven 
men inte på längre avstånd ifrån älven. Detta berodde på att magasinets hydrauliska parametrar inte 
var korrekt fördelade. Fördelningen kunde ha förbättrats om de baserats på jordarter från 
borrprotokoll istället för en jordartskarta. Modellen visade att mycket lite älvvatten flödar in i 
akviferen om vatten artificiellt infiltreras nära älven. För att resultaten av den här studien ska bli 
tillförlitliga krävs det att resultaten jämförs med andra metoder som använder sig av förslagsvis 
partikelspårningsmodeller, spårämnesstudier eller flödesmätningar av flodbädden. 

Nyckelord: Grund- och ytvattenutbyte, MODFLOW-modell, numerisk modell, inducerad 
infiltration, hydraulisk konduktivitet 
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1 Introduction 
Increased drinking water production is essential for a growing population. Sweden has varying 

capacity for groundwater extraction, with eskers providing many cities with drinking water (Eveborn 

et al. 2017). Previously non-exploited eskers or parts of eskers present a possibility for development 

of drinking water production. The Uppsala esker in the northern part of Uppland county is a site of 

interest for future drinking water production (Figure 1) and is currently under assessment by the 

consultant firm Midvatten AB for its capacity for groundwater extraction. The municipalities of Gävle 

and Älvkarleby need new sources of drinking water as the population grows. They have through 

Gästrike vatten AB, employed the consultant firm Midvatten AB.  

Figure 1. Map showing the location of the study area, model domain and esker aquifer extent (Grundvatten-50k, 
© Sveriges geologiska undersökning, GSD-Terrängkartan, raster © Lantmäteriet). 
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Before starting new drinking water production, the impact on groundwater amount and quality 

must be considered. The natural groundwater-surface water flow between aquifers and rivers can be 

altered by human activity. There are two types of interactions between rivers and aquifers. Either, 

groundwater flows from the aquifer through the streambed into a river (gaining river) or, river water 

flows from a river into an aquifer (losing river, Kalbus et al. 2006). These interactions are controlled 

by differences in aquifer head and river stage. Hence, altering the head in an aquifer could turn a 

connected river from a gaining into a losing river and vice- versa (Figure 2).  

 

Figure 2. Drawing of (a) water table in a gaining river and (b) water table affected by pumping. The infiltration 
of river water in (b), as a result of altering the groundwater table, is known as induced infiltration. Modified 
from Chen and Yin (2001). 

The process of causing river water to infiltrate by artificially lowering the head in an aquifer is 

known as induced infiltration (Sophocleous 2002). Induced infiltration is generally not desirable when 

producing drinking water because river water can transport organic compounds and microorganisms 

into the aquifer, contaminating the groundwater (Sophocleous 2002, Kellner 2016). 

The Uppsala esker contains a large aquifer comprised of mainly glaciofluvial gravel. The outlet of 

the river Dalälven is located north of the study area. The unconfined aquifer is intersected by Dalälven 

at two locations at the site, possibly making induced river water a future problem.  

Midvatten has collected data from observation wells, river gauges, groundwater extraction wells 

and artificial infiltration sites during the years 2012-2017 (Figure 3). The data contains performed 

pumping tests, water quality tests, stratigraphic mapping and artificial infiltration tests (Kellner 2012, 

2014, 2016). They have found that there is a potential risk of induced infiltration from Dalälven when 

extracting groundwater. River water naturally infiltrates the aquifer during peak flows but drawdown 
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from pumping could potentially lead to induced infiltration during normal riverflow (Kellner 2012). A 

possible solution to this problem is to artificially infiltrate river water free from organic contaminants 

to counteract water table drawdown and keep the aquifer head close to the river at a stable level. 

Artificial infiltration tests started in late December of 2016 and were continuously active throughout 

2017. Midvatten has an interest in determining the magnitude of this flow between the aquifer and 

river and how well the artificial infiltration affects the flow into the aquifer.  

There are several methods for estimating groundwater-surface water flow. These methods are 

based on water levels (Yang et al. 2013, Dujardin et al. 2014), direct flow measurements with seepage 

meters (Murdoch and Kelly 2003, Ala-aho et al. 2013), water temperatures (Yager 1993, Vogt et al. 

2012, Rau et al. 2017), chemical compositions and isotopic signatures (Jeon et al. 2015). Water levels 

can be used in numerical models to simulate the groundwater-surface water interaction (Sophocleous 

et al. 1995, Chen and Yin 2001, Brunner et al. 2010, Dujardin et al. 2014). In this study, water level 

observations are used in a numerical model based on Darcy’s law to simulate the groundwater-surface 

water flow. The rate of flow between river and aquifer is based on the river conductance that 

represents hydraulic properties of the streambed (Equation 1). 

 C = K
L

 A           (1) 

C is conductance (L2 T-1). A is cross-sectional area of flow (L2), L is the length of flow (L) and K is 

hydraulic conductivity (L T-1, XMS Wiki 2013).  
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Figure 3. Map showing the location of the extraction and observation wells, infiltration sites and river gauges in 
the model domain. 
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2 Aim and Scope 
The aim of this study was to quantify the groundwater flow between the groundwater in the esker 

aquifer and the surface water in the river, in order to investigate the effects of artificially infiltrating 

river water. A specific goal was to estimate the induced infiltration rates. The results are intended to 

be used for assessment of the groundwater extraction viability. 

Questions 

-How well does the numerical model simulate the groundwater-surface water flow based on 

observed head? 

-What is the magnitude of groundwater-surface water flow between the aquifer and river?  

-How does the interaction vary based on different pumping and infiltration setups? 
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3 Background 
A description of the study area will be presented in chapter 3.1. The software and models used will be 

presented in chapter 3.2 and the extent of the model domain will be presented in chapter 3.3. 

3.1 Study Area 
The study area is located approximately 4 km upstream of the outlet of Dalälven in Uppland county. 

This part of the esker forms the northern tip of the Uppsala esker. The river crosses the esker at two 

locations, creating the boundary for the model domain. The esker continues out into the Baltic Sea, 

forming the cape Billudden northeast of the river.  

3.1.1 Hydrogeologic Setting 
The unconfined aquifer consists of mostly glaciofluvial sand and gravel (Figure 4). The groundwater 

in the aquifer is hydraulically connected to the river Dalälven. Observed water levels indicate that the 

river affects the groundwater head and flow, especially in the northeastern part of the model domain 

where the glaciofluvial sediments come in contact with the river. 

According to Emmelin and Melander (1981) most precipitation in the area west of the model 

domain does not reach the esker. This is mostly because the larger postglacial sand and till areas are 

drained by ditches and drains. The postglacial sand area also rests on top of a clay layer surrounding 

the gravel-esker, which means that most of the infiltration west of the model domain runs off before 

reaching the esker (Emmelin and Melander 1981). Emmelin and Melander (1981) estimated the total 

recharge to the aquifer to be 20-25 l s-1. From their performed pumping tests, Midvatten estimated the 

total recharge to the aquifer to be 80 l s-1 (Kellner 2016). 

SGU estimated a possible groundwater extraction of about 25-125 l s-1 (SGU 2007). Midvatten 

estimated that an extraction above 80 l s-1 will deplete the groundwater and force induced infiltration 

(Kellner 2016). 

3.1.2 Dalälven 
Dalälven is one of the great Swedish rivers flowing through the middle of Sweden into the Baltic Sea. 

The river is 520 km long and drains an area of 28953.8 km2 (SMHI 2002). The river is heavily 

exploited by hydraulic power production with 41 active power stations along its length, including 

tributaries (Vattenregleringsföretagen 2016). Its width ranges from 160 to 300 meters within the study 

area. The highest flow in the year normally occurs after the snowmelt in April-May. River stage 

depends on the sea level and the riverflow from the upstream hydropower plant in Älvkarleby. 
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Figure 4. Quaternary deposits map of the study area with aquifer extent and model domain outlined 
(Grundvatten-50k, Jordarter 1:25 000-1:100 0000, © Sveriges geologiska undersökning). 

3.1.3 Interaction Between Dalälven and the Aquifer 
River stage is the primary controlling factor for the head in the aquifer, in turn, sea level and flow 

through the upstream power station control the river stage. In observation well Rb1406 (located in the 

northeastern part, approximately 325 m from the river, Figure 5a). The head is affected by both the 

high and low river stages, which indicates a good hydraulic connection to the river. In comparison, the 

head in observation well Rb1210 (Figure 5b, approximately 380 m from the river), does not show a 

strong hydraulic connection to the river. This could mean that the area surrounding Rb1406 has a 

higher hydraulic conductivity or that the streambed has a higher conductance, or both. 
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Figure 5. Comparison of river stage and observed aquifer head in two observation wells located  in different 
parts of the model domain. Figure a shows Rb1406 and pegel_pir (middle river gauge) in the north eastern area. 
Figure b shows Rb1210 and gauge Pegel_fiskeby (upstream river gauge), both located to the south. Negative 
values mean that the head or stage is below sea level. The low river stage at 2017-02-07 in 5b is the result from 
a logger error. 

3.2 Software and Models 
MRCX is a Microsoft Excel software tool that removes (deconvolves) river-stage effects from head 

observations (Mackley et al. 2010). The MRCX river-stage removal technique involves four steps and 

requires one dataset of river stage and well water level without pumping and one dataset with active 

pumping. The first step is to model the relation between the well water level and river stage. The 

second step is to calculate the cumulative river response function (RRF). The RRF indicates how the 

river influences the well water levels and is calculated by Equation 2. The third step is to calculate the 

predicted well water levels. The fourth step is to calculate the river-corrected well water levels 

(Equation 3).  

𝑅𝑅𝑅𝑛 = ∑ 𝛽𝑖𝑛
𝑖=0             (2) 

RRFn is the river response function for n number of time lags and βi are the regression coefficients 

corresponding to time lags of 0 to n. 
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𝐶𝑡 = 𝑊0 + (𝑊𝑡 − 𝑃𝑡)          (3) 

Ct is the river-corrected well water level at a point in the time series. W0 is the initial water level. Wt is 

the observed water level. Pt is the predicted water level. 

Groundwater Modeling System (GMS) version 9.2 is an application that supports a variety of 

groundwater models such as MODFLOW, MODPATH, MT3DMS and FEMWATER (AQUAVEO 

2014). GMS provides a conceptual model approach to groundwater modelling. The conceptual model 

approach makes it easier to visualize the components for the numerical model, as GMS is a graphical 

user interface and does not require the writing of scripts. 

MODFLOW version 2000 is a finite-difference flow model that solves the partial-differential 

equation (Equation 4, McDonald and Harbaugh 1988). MODFLOW uses packages (modules) for 

various groundwater processes and boundary conditions. It is commonly used to simulate three-

dimensional groundwater flow. MODFLOW can be used to estimate hydraulic properties and 

simulate the flow exchange between the river and aquifer.  
∂
∂x
�Kxx

∂h
∂x
�+ ∂

∂y
�Kyy

∂h
∂y
�+ ∂

∂z
�Kzz

∂h
∂z
�+W=Ss

∂h
∂t

        (4) 

K is hydraulic conductivity along the x, y and z axes (L T-1). W is volumetric flux per unit volume (T-

1), h is potentiometric head, Ss is specific storage(L-1) and t is time (T).  

The automatic parameter estimation (PEST) calibrates in an iterative process where it minimises 

the weighted sum of squared differences between simulated and observed values, known as the 

objective function (PEST 2018). PEST assigns new parameters that lowers the objective function until 

a limit has been reached. Some examples of limits are maximum number of iterations, maximum 

number of iterations without improvements, or a certain number of relative convergence iterations. 

PEST will consider the optimisation to be complete when a limit is reached. PEST needs upper and 

lower limits for the parameters before starting an optimisation. This is to ensure that PEST does not 

give unreasonably high or low parameter values.  

 
3.3 Model Domain 
The model domain is 5.755 km2 and encompasses the estimated aquifer area west of Dalälven (SGU 

2015). The northern extent of the model domain was estimated by performing the MRCX procedure 

on observed aquifer head data from well Rb1102, Rb1101, Rb1406, Rb1606 and Rb1210 (Figure 6). 

The criterion was to exclude the part of the aquifer where head was not changed by pumping. The 

observed head in Rb1102, located in the northern part of the study area, showed no significant change 

from pumping. This limited the model domain to where Dalälven crosses the esker by Rotskär. 
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Figure 6. Map of the northern part of the study area. The MRCX procedure was performed on the observation 
wells to estimate the model domain boundary location (Grundvatten-50k © Sveriges geologiska undersökning, 
GSD-Terrängkartan, raster © Lantmäteriet).  
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4 Methods 
The methods will start with a description of the model structure and how it was done in chapters 4.1-

4.3. The calibration and validation of the model will be described in chapter 4.4. Chapter 4.5 describes 

and presents the scenarios used to answer how the aquifer-river flux varied based on different 

pumping and infiltration setups. 

4.1 Boundary Conditions  
The western boundary was classified as a no flow boundary (Figure 7). It was assumed that a 

negligible amount of water would enter the model domain from the well-drained western sand and till 

areas. The eastern boundary along the river was classified as a head-dependent flux boundary called 

river boundary in MODFLOW. The flux was dependent on the aquifer head, river head (stage) and 

river depth. Water would enter the system if the head in an aquifer cell connected to the river was 

lower than the river stage and vice versa. A constant rate of water would flow into the aquifer if the 

head in the cell dropped below the river depth. River depth was assumed to vary between 3 and 4 

meters below sea level. Flux across a river boundary was calculated by multiplying the river 

conductance with the head difference between the aquifer and river (USGS 2018). 

The eastern head-dependent flux boundary was divided into two main river arcs (Figure 7) where 

the glaciofluvial sediments come in contact with the river according to the quaternary deposits map. 

An arc is the term for a polyline in GMS that can form polygons or linear objects. The northern river 

arc was also divided into smaller arcs to give a more detailed estimation of the river-aquifer flow 

where the river was considered to have a strong hydraulic connection with the aquifer. 

4.2 Model Grid and Layering  
The model domain of 5.755 km2 was represented as a grid of cells with sizes of approximately 100 x 

100 m. The model consisted of one horizontal layer since the vertical material composition in the 

model domain was simplified to the dominant soil material. The cells had different vertical lengths 

based on the bottom and top elevation. A bedrock map was used as the bottom elevation (SGU 2014b) 

and a surface topographic map was used as the top elevation (Lantmäteriet 2017).  
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Figure 7. Model boundary conditions. The western boundary is a no flow boundary. The eastern boundary is a 
head-dependent flow boundary known as river boundary in GMS. The eastern boundary is divided into two river 
arcs. The northern arc is divided into smaller flux arcs (4-8) used in the exchange simulation.  
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4.3 Input Data and Parameters 
The input data were field measurements of aquifer head, river stage, pumping rates and artificial 

infiltration rates provided by Midvatten. Pumping and infiltration rates are presented in Table 1. The 

model consisted of nine parameters. Two of these were river conductance in the northern and southern 

river arcs, since the river at the northern arc was assumed to have a stronger hydraulic connection to 

the aquifer compared to the southern. There were three horizontal hydraulic conductivity parameters, 

assigned to three different zones (Figure 8). One parameter would thus govern the hydraulic 

conductivity in the corresponding zone. The zones were based on the three main types of quaternary 

deposits in the model domain. The last four parameters were recharge parameters, assigned to four 

corresponding zones (Figure 8). Recharge is the groundwater recharge to the aquifer from infiltrating 

rainwater. Recharge can usually be calculated from transient rainfall data, but important factors such 

as evaporation, vegetation cover and infiltration capacity were not known in this study. The amount of 

recharge from rainfall could, therefore, not be estimated and recharge was instead set at constant 

values. The constant recharge values were treated as parameters that controlled the amount of water 

entering the system in the PEST optimisation. 

 

 

Figure 8. Model coverages. Left figure shows hydraulic conductivity zones 1-3. Right figure shows recharge 
zones 1-4. Red pentagons represent extraction wells and blue squares represent infiltration sites. 

  



14 
 

Table 1. Pumping tests and artificial infiltration rates in l s-1. Br1301, Br1601 and Br1602 are the extraction 
wells. N, B and S are the infiltration sites (N=North, B=Basin and S=South). Values are constant from one date 
to the next e.g. there is 0 pumping between 2014-09-22 and 2014-10-08. Last time step ended 2017-09-12 and 
had no new pumping or infiltration rates. Negative values indicate water removal and positive values indicate 
water being added. No infiltration occurred before 2016-12-21.  

Date Br1301 Br1601 Br1602 N B S 
2014-06-15 -100 0 0 0 0 0 
2014-09-22 0 0 0 0 0 0 
2014-10-08 -100 0 0 0 0 0 
2016-03-02 -95 -98 0 0 0 0 
2016-04-21 0 -97 0 0 0 0 
2016-04-21 0 0 0 0 0 0 
2016-05-17 -95 -96 0 0 0 0 
2016-05-18 0 0 0 0 0 0 
2016-06-01 -98 -96 0 0 0 0 
2016-06-03 0 0 0 0 0 0 
2016-06-14 0 -100 0 0 0 0 
2016-07-01 -53 -98 0 0 0 0 
2016-07-13 0 -97 0 0 0 0 
2016-08-18 0 0 0 0 0 0 
2016-10-03 0 0 -114 0 0 0 
2016-12-21 0 0 -110 0 110 0 
2017-01-17 0 0 -100 0 0 0 
2017-01-24 0 0 -100 0 100 0 
2017-02-06 0 -75 -100 0 100 0 
2017-02-13 0 -75 -90 0 90 0 
2017-02-19 0 -75 -100 0 100 0 
2017-03-16 0 -72 0 0 72 0 
2017-06-15 -65 0 -70 65 0 0 
2017-06-20 -65 0 -70 120 0 0 
2017-07-24 0 -75 -90 75 0 90 
2017-09-12 - - - - - - 

 

4.4 Model Calibration and Validation 
A steady-state model was developed before the transient modelling to assess the possibilities of 

developing the subsequent transient model. The steady-state model was structured in a similar way to 

the final transient model. The same boundary conditions and grid was used, and the same nine 

parameters were calibrated. Instead of using PEST for an automatic optimisation, the parameters in 

the steady-state model were manually calibrated. Model input data was annual mean river stage and 

the model was calibrated against annual mean aquifer head.  Mean observed head from 2012-03-15 to 

2012-12-31 were used to simulate aquifer head during natural conditions when no pumping occurred. 

The steady-state model was further calibrated against annual mean river stage and observed head from 

2014 and 2015. Pumping from extraction well Br1301 was almost constant during 2015, which made 

that period ideal to use in the steady-state model. The steady-state modelling proved successful and 

indicated that a transient model could be developed.  

In the transient model, the simulated head from the steady-state model with data from 2015 was 

used as the initial head condition. The parameters in the transient model were automatically optimised 

with PEST. Parameters were calibrated against observed head with input data from the period 2016-



15 
 

03-02 to 2016-12-21 (calibration period) with a tolerance of 0.1 meters deviation from the observed 

head. The maximum number of iterations was set to 20. The maximum number of iterations without 

improvements and the number of relative convergence iterations were set to 3. A generous upper limit 

for the recharge parameters was set (Table 2) because the limits in earlier runs constrained the PEST 

optimisation.  

The transient model was validated against observed head with input data from the period 2017-01-

17 to 2017-07-31 (validation period). The parameters optimised for the calibration period were used 

in another simulation (validation) to test if the model could simulate other conditions from those that 

it was calibrated for. 
Table 2. Minimum and maximum parameter limits for the PEST optimisation. 

Parameter Min Max Unit 
Conductivity Zone 1 1*10-10 100 m d-1 

Conductivity Zone 2 1*10-10 5000 m d-1 
Conductivity Zone 3 1*10-10 5000 m d-1 
Northern River Arc Conductance 1*10-10 500 m2 d-1 m-1 

Southern River Arc Conductance 1*10-10 300 m2 d-1 m-1 

Recharge Zone 1 1*10-10 100 m d-1 
Recharge Zone 2 1*10-10 100 m d-1 
Recharge Zone 3 1*10-10 100 m d-1 
Recharge Zone 4 1*10-10 100 m d-1 
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4.5 Scenarios 
Several pumping and infiltration scenarios were modelled. These scenarios simulated changes in 

groundwater-river water flux as a result of constant pumping and artificial infiltration rates during the 

validation period of 2017 (Table 3). The rates of 300 l s-1 extraction and 300 l s-1 artificial infiltration 

were chosen to cover possible setups of proposed maximum artificial infiltration by Midvatten 

(Kellner 2016). The remaining rates of 100 and 500 l s-1 were added to cover a wider variety of 

setups. These rates were used to understand how a constant pumping and infiltration of water at the 

different locations would affect the river-aquifer exchange. The same parameters and river stages 

were used for the validation period of 2017. Three scenarios (3, 19 and 22) caused some cells to 

become dry, meaning that the head did not converge and ended the simulation prematurely. This 

occurred when pumping and infiltration was set to Br1602 and the northern sprinkler infiltration site. 

 
Table 3. Pumping and artificial infiltration scenarios, values are in l s-1. Negative values indicate water removal 
and positive values indicate water being added. Scenarios had a constant pumping and artificial infiltration for 
the validation period of 2017. Br1301, Br1601 and Br1602 are the extraction wells. N, P and S are the 
infiltration sites (N=North, B=Basin and S=South). Scenarios were grouped based on how similar they are, e.g. 
scenario 1-9 had rates of 300 l s-1 alternating for every extraction well and infiltration site while the artificial 
infiltration was100 l s-1 in all sites for scenario 10-12. 
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5 Results 
Results will be presented in order according to the research questions. Chapter 5.1 presents the 

calibrated parameters and calculated recharge. Chapter 5.2 presents how well the model simulated 

aquifer head. Chapter 5.3 presents the calculated groundwater-surface water flow for the validation 

period and how it changed with the different scenarios. 

5.1 Calibrated Parameters 
The optimal parameters calibrated from the PEST run are presented in Table 4. The hydraulic 

conductivity in zone 1 was considerably lower than in zone 2 and 3. The conductance was higher in 

the northern river arc than in the southern. Recharge in zone 3 and 4 were lower than in zone 1 and 2. 

Total recharge for the model domain with this parameter setup was 37 l s-1 (Table 5).  
 
Table 4. Optimal parameters from the PEST calibration. 
 

Parameter Value Unit 
Conductivity Zone 1 2.2*10-4 m d-1 

Conductivity Zone 2 540.9 m d-1 
Conductivity Zone 3 231.9 m d-1 
Northern River Arc Conductance 209.2 m2 d-1 m-1 

Southern River Arc Conductance 0.2 m2 d-1 m-1 

Recharge Zone 1 1.3*10-3 m d-1 
Recharge Zone 2 8.1*10-4 m d-1 
Recharge Zone 3 3.4*10-6 m d-1 
Recharge Zone 4 5.1*10-6 m d-1 

 
Table 5. Estimated recharge calculated from parameter value and recharge zone area. 

 
Recharge l s-1 

Zone 1 25.568 
Zone 2 11.311 
Zone 3 0.077 
Zone 4 0.055 
Total 37.011 

 

5.2 Simulated Head 
The results for the simulated head based on data from 2017 compared to the observed heads in the 

wells were divided into three main zones (Figure 9). The division of zones were based on where most 

observation wells were spatially clustered. Observation wells located outside the main zones were 

categorized as outlying observation wells. The northern zone included extraction wells Br1301 and 

Br1601 and the northern sprinkler infiltration site. The central zone included extraction well Br1602 

and the infiltration basin. The southern zone included the southern sprinkler infiltration site. The 

tolerance for the simulated head was set to be a 0.1 meter-deviation from the observed head. 
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Figure 9. Map showing outline of well zones as black boxes. Observation wells outside the zones were 
categorized as outlying observation wells. 

5.2.1 Northern Well Zone 
Observation well Rb1607 (Figure 10A) was representative of Rb1605, Rb1606, Rb1609, Rb1610, 

Rb1619, Rb1621, Rb1101, Rb1202, Rb1209, Rb1405, Rb1406, Rb1503, Rb1504, Rb1505, Rb1507, 

17033, 17036, 17037 and 17060. These wells were clustered around the extraction wells Br1301 and 

Br1601 and the northernmost parts of the model domain. The simulated head in most of these wells 

had a good fit but the changes in head were occurring earlier than in the observed changes.  

Observation well Rb1407 (Figure 10B) was representative of Rb1612 and Rb1613. The wells were 

located in the northern part of recharge zone 3. The simulated heads were similar to the wells in 

Figure 12A, however the model did not properly simulate the drawdown during February and March 

from pumping in Br1601 and Br1602. 

Observation well Rb1408 (Figure 10C) was located between the northern sprinkler infiltration site 

and the river. The observed head seemed to have a strong hydraulic connection with the river in 

contrast to other wells in the area. Therefore, simulated values in Rb1408 showed a bad fit.  
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Figure 10. Simulated head in the northern well zone of the aquifer compared to observed head in the validation 
period (2017). Wells in A, B and C were selected as representative of wells with similar simulated head and fit. 

5.2.2 Central Well Zone 
Observation well Rb1203 (Figure 11A) was representative of Rb1509, Rb1634, Rb1635 and Rb1636. 

The wells were located in proximity to extraction well Br1602. The model simulated head poorly 

when extraction well Br1602 was active. When pumping from well Br1601 started in the middle of 

March, the simulated head had a better fit.  

Observation well Rb1514 (Figure 11B) was representative of Rb1204 and Rb1510 and was located 

very close to the river, near the edges of the zone. The changes in simulated head in these wells 

seemed to be a bit ahead in time compared to observed head. During high and low observed head, the 

simulated head barely stayed within the tolerance span.  
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Observation well Rb1629 (Figure 11C) was representative of Rb1616, Rb1627, Rb1628 and 

Rb1630. These wells were clustered north of extraction well Br1602. When pumping from well 

Br1602 stopped, the simulated head showed a better fit. Simulated changes in head were similar to 

wells in Figure 13B. 

Observation well Rb1654 (Figure 11D) was representative of Rb1626, Rb1631, Rb1632, Rb1648, 

Rb1649, Rb1651, Rb1652, Rb1653 and Rb1655.  These wells were located west of extraction well 

Br1602. The simulated head in these wells was generally too low. 
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Figure 11. Simulated head in the central well zone of the aquifer compared to observed head in the validation 
period (2017). Wells in A, B, C and D were selected as representative of wells with similar simulated head and 
fit. 
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5.2.3 Southern Well Zone 
Observation well Rb1210 (Figure 12A) was located far south and very poorly simulated. The changes 

over time did not match the observed head. 

Observation well Rb1206 (Figure 12B) was located north of Rb1210. The simulated head was 

similar to that of Rb1210, but the highest and lowest heads were not simulated properly. 

Observation well 17113 (Figure 12C) was representative of Rb1208. Both wells were located on 

the border to hydraulic conductivity zone 1. There were few observed head values in these wells, but 

the simulated head was still low. 

Observation well 17053 (Figure 12D) was representative of 17054, 17058, 17059, 17114, 1720 

and 1721. These wells also had few observed values. The model had problems modelling the lower 

values and failed at higher values. On the other hand, the few changes over time were satisfactory 

modelled. 
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Figure 12. Simulated head in the southern well zone of the aquifer compared to observed head in the validation 
period (2017). Wells in C and D were selected as representative of wells with similar simulated head and fit. 

5.2.4 Outlying Observation Wells 
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Observation well Rb1211 (Figure 13A) was representative of Rb1624. Both were located in hydraulic 

conductivity zone 3. The model simulated both the head and the changes in head poorly. 

Observation well Rb1633 (Figure 13B) was representative of Rb1615. These wells were located 

between the central and northern zones, close to the river. The simulated head changes were 

satisfactory, but the changes in head were several days ahead of the observed ones. 

Observation well Rb1622 (Figure 13C) was located far west of extraction well Br1301 on the 

border of the esker sediment and postglacial sand. The simulated changes in head matched the 

observed changes, but the simulated head was too low.  

Observation well Rb1617 (Figure 13D) was representative of Rb1618 and Rb1625. These wells 

were located east of Rb1622. The simulated head was not as low as in Rb1622. The simulated 

changes in head occurred earlier than the observed changes, similar to most other observation wells in 

hydraulic conductivity zone 2.  
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Figure 13. Simulated head of the outlying observation wells in the aquifer compared to observed in the 
validation period (2017). Wells in A, B, and D were selected as representative of wells with similar simulated 
head and fit. 
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5.3 Simulated Flow 
The first part of this section will cover the calculated flow in the arcs during the validation period 

(2017). The second part of this section will show examples of five selected scenarios of different 

pumping and infiltration rates. A positive value indicates flow from the river into the nearby cells. In 

the southern river arc, all the flux was discharged into the river from the aquifer. 

A high river stage will generally lead to a high positive flow (infiltration into the aquifer) and a 

low river stage will generally lead to a high negative flow (discharge into the river). The following 

flux results were affected by the same river stage, making it possible to notice both high river stages 

(late February and March) and low stages (late April) in all of them. Most of the infiltration (not all 

infiltration has to be induced) was assumed to occur during long periods with positive flow, such as 

late February to early April (Figure 14). Pumping and infiltration might not change the mentioned 

peaks and low stages but can increase or decrease the in between river stages, creating long periods of 

induced infiltration or discharge into the river. Given this, the main focus while studying the graphs 

should be how the parts of the curve representing the in between river stages shifts above or below 

zero.  

Variations along the arc can be seen in the smaller flux arcs (Figure 15). Arcs 4, 5 and 6 did not 

individually contribute to as much flux as arc 7 and 8. Arc 7 and 8 had the most notable changes in 

flux and were the arcs closest to the extraction wells and most of the infiltration sites. During 2017-

01-17 to 2017-02-06 in the validation period when 100 l s-1 was pumped from Br1602, almost no 

infiltration occurred. When an artificial infiltration rate of 100 l s-1 into the basin site started (2017-01-

24) and when pumping increased by 75 l s-1 from Br1601 (2017-02-06), infiltration increased. When 

pumping from Br1602 stopped (2017-03-16), there was a rapid decrease of infiltration. The net 

average infiltration was 25 l s-1 during the period between 2017-01-24 and 2017-06-15. After 2017-

06-15, the pumping was changed to be 65 l s-1 from Br1301 and 70 l s-1 from Br1602. The artificial 

infiltration started to be put into the northern sprinkler site as well at a varying rate of 65-120 l s-1. 

Artificial infiltration into the northern sprinkler site continued until the end of the validation period in 

2017-08-01. These changes in pumping and artificial infiltration resulted in an increased infiltration 

from arc 8 and a decrease from arc 7. The net average infiltration was 3 l s-1 during the period 

between 2017-06-15 and 2017-08-01.  
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Figure 14. Net flux across the northern river arc for the validation simulation during the validation period 
(2017-01-17 to 2017-08-01). Positive flow indicates infiltrating river water and negative flow indicates water 
discharging into the river. 

 

Figure 15. Flux across the individual smaller arcs for the validation simulation during the validation period 
(2017-01-17 to 2017-08-01). Positive flow indicates infiltrating river water and negative flow indicates water 
discharging into the river across the corresponding flux arc. 

5.3.1 Net Flux and Scenario 1  
In this scenario, pumping was kept at a constant rate of 300 l s-1 from Br1301 and the artificial 

infiltration was kept at 300 l s-1 into the northern sprinkler site. Given the net flux (Figure 16), it could 

be assumed that only a small amount of water was infiltrating from the river. However, the flux across 

each arc showed that the heavy pumping in Br1301 forced water to infiltrate from the surrounding 

areas instead of arc 7 (Figure 17). The large amount of artificially infiltrated water flowed into the 

river across arc 7 and shifted the net flux graph. 
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Figure 16. Net flux across the northern river arc for scenarios 1, 2, 10, 12 and 15 during the validation period 
(2017-01-17 to 2017-08-01). Positive flow indicates infiltrating river water and negative flow indicates water 
discharging into the river across the corresponding flux arc. Legend values are in l s-1. 

 

Figure 17. Flux across the individual smaller arcs for scenario 1 during the validation period (2017-01-17 to 
2017-08-01). Positive flow indicates infiltrating river water and negative flow indicates water discharging into 
the river across the corresponding flux arc. 

5.3.2 Scenario 2 
In this scenario, pumping was kept at a constant rate of 300 l s-1 from Br1601 and the artificial 

infiltration was kept at 300 l s-1 into the northern sprinkler site. The net flux was similar as in scenario 

1, however, most of the induced infiltration originated from arc 8, whereas the infiltration in scenario1 

was more evenly distributed (Figure 18).  
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Figure 18. Flux across the individual smaller arcs for scenario 2 during the validation period (2017-01-17 to 
2017-08-01). Positive flow indicates infiltrating river water and negative flow indicates water discharging into 
the river across the corresponding flux arc. 

5.3.3 Scenario 10 
In this scenario, pumping was kept at a constant rate of 300 l s-1 from Br1301 and a balanced artificial 

infiltration was kept at 100 l s-1 into the all infiltration sites. With this setup, the net induced 

infiltration was high. It would have been higher if not for the high discharge into the river across arc 8 

(Figure 19).  

 

 

Figure 19. Flux across the individual smaller arcs for scenario 10 during the validation period (2017-01-17 to 
2017-08-01). Positive flow indicates infiltrating river water and negative flow indicates water discharging into 
the river across the corresponding flux arc. 

5.3.4 Scenario 12 
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In this scenario, pumping was kept at a constant rate of 300 l s-1 from Br1602 and a balanced artificial 

infiltration was kept at 100 l s-1 into all infiltration sites. With this setup, the net infiltration was lower 

than in scenario 10 but higher than in scenario 1 and 2. Most of the infiltration came from the river 

across arc 8 (Figure 20), as opposed to the high discharge across arc 8 in scenario 10. 

 

 

Figure 20. Flux across the individual smaller arcs for scenario 12 during the validation period (2017-01-17 to 
2017-08-01). Positive flow indicates infiltrating river water and negative flow indicates water discharging into 
the river across the corresponding flux arc. 

5.3.5 Scenario 15 
Scenario 15 was a more balanced pumping setup where 100 l s-1 was pumped from all wells while the 

infiltration basin received 300 l s-1. This created a lower net infiltration than in scenario 10. Artificial 

infiltration into the infiltration basin did not shield arc 7 from infiltration (Figure 21). A large amount 

of water was discharged into the river across arc 8. 
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Figure 21. Flux across the individual smaller arcs for scenario 15 during the validation period (2017-01-17 to 
2017-08-01). Positive flow indicates infiltrating river water and negative flow indicates water discharging into 
the river across the corresponding flux arc. 

6 Discussion  
Chapter 6.1 discusses the model structure, boundary conditions and parameters. Chapter 6.2 discusses 

how well the model simulated the groundwater-surface water flow based on the simulated head. 

Chapter 6.3 discusses the magnitude of groundwater-surface water flow for the validation period. 

Chapter 6.4 discusses how the pumping and artificial infiltration scenarios affected the groundwater-

surface water flow. Chapter 6.5 discusses potential further improvements to the model. 

6.1 Model Structure and Parameters 
6.1.1 Boundary Conditions 
The use of a head-dependent flux boundary to represent the river in this model is appropriate, as it can 

simulate the exchange of water between the aquifer and river. It is, however, not evident that the 

assumption of a no-flow boundary to the west is valid. A no-flow boundary would in practice mean 

that there is an impermeable material along the whole western side of the model domain or a 

groundwater divide. However, there are no signs of an impermeable material of that large extent but 

also a lack of groundwater wells with additional observations. It was assumed from the observed head 

that water would not flow out of the western side of the aquifer but there could still be water flowing 

into the western side of the aquifer. This inflow was assumed to be negligible when deciding the 

boundary conditions. It could have been classified as a specified-flux boundary, allowing for only 

small amounts of water to flow into the aquifer. It is not clear whether water can leave the system to 

the north (between the no-flow boundary and head-dependent flux boundary). The lack of observed 

head in the northern area makes it difficult to properly estimate the type of boundary condition, 

although it would have been realistic if some water were allowed to flow north so that not all water 

had to exit the system via the extraction wells or river. 
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6.1.2 Parameters 
The nine parameters used in the model were divided into three types. Hydraulic conductivity controls 

how the water moves in the aquifer. Recharge controls how much water that goes into the model 

domain. River conductance controls how efficiently water moves between the aquifer and river. 

The change in conductance between the arcs was abrupt because of difference in orders of 

magnitudes between the parameter values. The sharp change in river conductance could be a reason 

for the high flux across arc 8. This will be further discussed in chapter 6.3. 

The division of hydraulic conductivity into zones works in practice as the hydraulic conductivity in 

aquifers with different soils are naturally heterogenous. However, dividing the model domain into 

only three hydraulic conductivity zones could have been a too simplified approach. The simulated 

head shows that the hydraulic conductivity varies within the zones, especially, in zone 2. Therefore, it 

is not realistic that the hydraulic conductivity in zone 2 is represented by only one value. A better 

approach would have been to estimate the hydraulic conductivity zones from available borehole logs 

of the stratigraphy instead of the quaternary deposits map.  

The recharge into the model domain is in this study constant in time but varying in space. If the 

actual recharge would have been known, it would have been set as a transient value, where recharge is 

a result of percolating water and thus varies seasonally with precipitation and evapotranspiration. A 

recharge parameter controls the amount of water entering a zone and therefore changing the recharge 

parameter has a direct impact on the water balance in the aquifer. Setting a recharge parameter as a 

constant value in an automatic calibration can therefore result in unrealistic differences in values, such 

as the differences in recharge between zone 1-2 and zone 3-4. A better approach would be to use 

observed precipitation as input data and multiply this with a factor representing how much of 

precipitation is turned into recharge. 

6.2 Simulated Head 
The results from the simulated head show that the model had a varying success in accurately 

portraying the observed head (in the aquifer). It is evident by many observation wells in the northern 

zone that the model simulates head best close to the river. Observed head in observation wells in the 

western part of the model domain, such as Rb1622 and Rb1617, indicate that the simulated head 

should be higher and not as affected by changes in river stage as other wells closer to the river. The 

reason for these differences could be that most of these observation wells are located in the same 

hydraulic conductivity zone. Therefore, the model assumes that the aquifer head in observation wells 

Rb1622 and Rb1617 has an unrealistically strong hydraulic connection with the river. The simulated 

head could have been improved if hydraulic conductivity zone 2 was split into more zones with a 

decreasing hydraulic conductivity west of the river.  

Observed head in the southern observation wells, such as Rb1210, is similar to the western wells, 

although the head is a bit lower. The model fails to simulate the head in the southern area. This 
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simulated head does not react much to changes in river stage, meaning that the head has a weak 

hydraulic connection to the river. This is probably due to the river conductance parameter in the 

southern river arc being orders of magnitude lower than in the northern river arc. Head in the south 

was intended to have a smaller connection to the river, evident by observed head, but the connection 

became too small in the final model after the PEST optimisation. One reason for the general good fit 

of the simulated head in the northern well zone could be that the area has the highest number of 

clustered wells in that area. The PEST optimisation is probably influenced by this fact, since PEST is 

looking to optimise the parameters in a way that gives the best fit for the highest number of 

observation wells. 

6.3 Fluxes 
The net average infiltration was 25 l s-1 during the period between 2017-01-24 and 2017-06-15. The 

net average infiltration was 3 l s-1 during the period between 2017-06-15 and 2017-08-01. By 

analysing the stable isotopes 16O, 18O, 1H and 2H, Sköld (2017) concluded that over 50 % of the 

groundwater sampled from Br1301 originated from Dalälven. A comparison can be made by adding 

the net average infiltration to the total recharge. This would be 37 + 25 = 62 l s-1 for the 2017-01-24 to 

2017-06-15 period and 37 + 3 = 40 l s-1 for the 2017-06-15 to 2017-08-01 period. The percent of 

infiltrating water would be around 40 % (25 / 62) for the long period of infiltration and only 7.5 % (3 / 

40) for the period with active artificial infiltration into the northern sprinkler site. This is a crude 

comparison since it is not calculated how much of the 37 l s-1 that reaches Br1301. It does, however, 

give a rough idea of how much of the water that enters the system is river water.  

Sköld (2017) estimated that the travel time for infiltrating water to reach Br1301 is 34-130 days. 

This indicates that it is the longer periods of infiltration from the river that should be of importance 

when discussing the flux results. This study does not simulate how far the water infiltrating the 

aquifer from the river reaches. Water that infiltrates the aquifer during a high river stage event, could 

re-emerge back into the river the next day if the river stage becomes lower (Kalbus et al. 2006). In 

this case, the infiltrating water would not be pumped up as it does not reach the wells. This model is 

lacking in this regard since the flux results are only concerned with flow across the boundary and the 

corresponding cell. Analysing the flux results would have been easier if a particle-tracking model 

such as MODPATH was included. MODPATH is a post-processing model that uses results from a 

MODFLOW simulation and can be used to track the flow patterns and aquifer residence-time of a 

specific particle (Pollock 2016). 

6.4 Change in Flow due to Scenarios 
There is a minimal amount of water infiltrating from the river at arc 4, 5, 6 and 7 when artificial 

infiltration is into the northern sprinkler site. During artificial infiltration into the northern sprinkler 

site, water generally infiltrates from the river at arc 8. In contrast, during infiltration into the basin and 

southern sprinkler sites, water is generally discharged into the river at arc 8. The net infiltration is 
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sometimes deceptively low because of a high discharge into the river at arc 8 from the southern part 

of the model domain when a lot of infiltrating river water is from arc 4, 5,6 and 7.  

In the majority of scenarios, most flux occurs across arc 8, both as infiltration and as discharge. An 

explanation for this high flux across arc 8 could that it is the closest way for the water to flow into 

Br1601 and Br1602. Other factors contributing to this high flux could be that the infiltration from the 

northern site often shields arc 4, 5, 6 and 7 and that the difference in river conductance is high 

between arc 8 and the southern river arc. The difference in river conductance in the northern and 

southern arc means that water flowing to or from the southern part of the aquifer flows through arc 8 

because it is the closest high conductance arc. This can be observed in fluxes for scenario 15 (Figure 

21). In scenario 15, all artificial infiltration is put into the basin site, while the pumping is cancelled 

out from being 100 l s-1 for all of the extraction wells. Most of the water from the basin site can thus 

reach the river and does so via the closest arc. This means that river conductance at arc 8 is important 

for the flux results. It would be more realistic if more water had the option to flow into the river at the 

southern river arc.  
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6.5 Potential Improvements 
The model can be used for predictions. It should be kept in mind that the period 2016-2017 is short 

and could be different from other years. It would be better to use longer transient periods if 

predictions were made. For future predictions, there is also a possibility of applying climate change 

scenarios to recharge, riverflow and sea level. 

Model improvements could be made by adding more hydraulic conductivity zones in the east-west 

direction which would decrease the hydraulic conductivity further west of the river. It would also be 

beneficial to consider using borehole logs when estimating these hydraulic conductivity zones.  

Recharge and conductivity zone 1should be replaced by a constant flow boundary that supplies 

recharge instead of being a zone with a no-flow boundary. The northern end of zone 1 should have a 

flow boundary in the no flow arc, since not all water should be forced to end up in the river. Some 

water can probably flow further north, as there is still postglacial sand there. 

In this model domain, it could be beneficial to use one recharge value and improve the spatial 

distribution of hydraulic conductivity in an iterative process. The process in this study was to estimate 

the number and distribution of parameters and not changing them after looking at the results from the 

PEST optimisation. The model could most likely have been improved if more effort was put into 

having a larger number of PEST optimisations with the parameter distribution being improved after 

each run.  

Brunner et al. (2017) concluded that the streambed conductance can vary significantly in the same 

area. The model would therefore be improved if local streambed characteristics were measured. There 

are other factors that are not included in the model such as stream-bed clogging, stream partial 

penetration and aquifer heterogeneity (Sophocleous 2002), meaning that a multidimensional approach 

to the river-aquifer interaction could have been preferable. In a multidimensional approach, several 

methods are used, and results are compared between them. Sophocleous (2002) also stated that the 

MODFLOW model does not handle important river-aquifer mechanisms, such as the seepage- face 

boundary condition, in proper detail. According to Brunner et al. (2017), there is an inherent problem 

with numerical models treating the streambed characteristics as if they are static. 

Furthermore, Brunner et al. (2010) concluded that there are a number of limitations inherent with 

MODFLOW when calculating aquifer-river flux. Heterogeneity of the connection between the river 

and the aquifer is one limitation in this study. A river in MODFLOW is either totally connected or 

disconnected (disconnected meaning that there is a distance between the aquifer and river). This is a 

result of not considering the unsaturated zone in MODFLOW. Areas where the esker aquifer is less 

connected to Dalälven is in this study modelled by having a boundary with a lower conductance 

parameter. There could be varying degree of connectivity of the river in the model domain not 

considered. Ignoring these factors makes the model crude and can result in errors associated with the 
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loss of detail. Other creative model approaches or studies that take these factors into account could 

provide more accurate results.  

To summarize, there were issues with all parameters. The spatial distribution of hydraulic 

conductivity should be revised. Recharge would optimally be transient input data instead of a 

parameter arbitrary divided into zones. River conductance should not have as drastic changes as 

between the northern and southern river arcs.  
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7 Conclusions 

The following conclusions were made from this study; 

- Simulated Aquifer head was better estimated close to the river. 

- The magnitude of infiltrating river water was calculated to range between 3 and 25 l s-1 during the 

validation period. 

- There is a reduced risk of induced infiltration from Dalälven when water is artificially infiltrated at 

the northern sprinkler site. 

- While the model could simulate changes in aquifer-river flux, the model accuracy could be 

improved by comparing the results with other methods such as particle-tracking, tracer tests and with 

measurements of the streambed such as seepage meters.  

- The results would have been more accurate if the parameter distribution had been estimated with 

detailed borehole log data and with a focus on improving the parameter distribution after each 

parameter optimisation.  
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Appendix 1: Net Flux for the Scenarios 
Table 6. Net positive and negative flow for the northern arc during all working scenarios. Positive values 
indicate infiltration from the river to the aquifer. Negative values indicate water discharging into the river from 
the aquifer. 

 
Litres Litres 

Scenario 1 94977166 -611833752 
Scenario 2 89134123 -642839838 
Scenario 4 106297711 -529310277 
Scenario 5 410795075 -240219455 
Scenario 6 436709256 -230695326 
Scenario 7 1.484E+09 -77481543 
Scenario 8 1.455E+09 -79234789 
Scenario 9 974650787 -124895482 
Scenario 10 584216776 -185870486 
Scenario 11 556595805 -192643144 
Scenario 12 198952553 -404947221 
Scenario 13 417342744 -231936916 
Scenario 14 66605916 -808944372 
Scenario 15 283431646 -297428729 
Scenario 16 1.3E+09 -88641574 
Scenario 17 96969885 -619347360 
Scenario 18 87084680 -670975363 
Scenario 20 93028886 -604440404 
Scenario 21 91090259 -614763650 
Scenario 23 96283748 -577293925 
Scenario 24 147390695 -427887928 
Scenario 25 152129709 -420542224 
Scenario 26 405482705 -235182132 
Scenario 27 396929978 -238140889 
Scenario 28 270572350 -302352263 
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Appendix 2: Flux for all Scenarios 
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