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Abstract 
A hundred meters below Getå nature reserve outside of Norrköping, Sweden, a train tunnel in 

crystalline bedrock is planned. Due to the hydrogeological site conditions, there is a substantial risk 

of major groundwater leakage to the tunnel. Such a leakage may affect the nature reserve’s 

hydrology, particularly Getåbäcken, a creek, which may not have its flow reduced by more than 5% 

due to the tunneling. This thesis aims to evaluate a data-driven modeling method to estimate 

groundwater drawdown due to the tunnel and investigate its impacts on the creek and its catchment 

area.  

Pressure transducers were used to observe groundwater head change from December 2022 until 

May 2023. The observations indicate hydrogeological connections between glaciofluvial aquifers, 

fracture rock aquifers and the Getåbäcken after correlation analysis and baseflow separation. 

Impacts on the groundwater aquifers such as drawdown is therefore assumed to also impact the 

stream which has a baseflow index of 66%.  

The observations were used to set up a groundwater time series model. Modelling presents results 

which indicate a clear drawdown of groundwater in the area if a leakage occurs. The results indicate 

that parts of Getå nature reserve are more resilient to recharge loss than others.  

The glaciofluvial aquifer found in the center of the area is sensitive and significant groundwater 

drawdown is expected if a leakage into the tunnel exceeds 30 
𝑙

𝑚𝑖𝑛∗100𝑚
 whilst another, nearby, 

glaciofluvial deposit do not indicate a loss of aquifer recharge even at 70 
𝑙

𝑚𝑖𝑛∗100𝑚
. However, both 

evaluated aquifers exhibit drawdown because of the leakages.  

There are indications of connections between aquifers and creek flow, along with the modelled 

results implying there will be significant drawdown in the area, with some locations losing 

groundwater recharge entirely. Thus, measures should be taken to ensure that the creek is not 

affected unduly by the construction of the East Link tunnel. Without measures it is likely that a 

leakage into the tunnel will negatively affect creek flow.  
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1. Introduction 
In construction, all larger projects require understanding of how groundwater affects the project but 

also how the exploitation of the ground affects the water within it. Due to the exchange of flow 

between surface and groundwater bodies an impact on one may impact the other [1]. Subsurface 

construction specifically, does have to contend with groundwater leakage. When constructing 

subsurface areas, pressure loss where soil is removed leads to groundwater inflow and groundwater 

drainage as the leaking water is subsequently pumped away. Due to the size of these tunneling 

projects the volume of the leakages is substantial enough that it often may lower the groundwater 

level in the nearby area causing increased subsidence and negatively impacting the environment 

resulting in both economic and ecological damages [3].  

1.1 Groundwater drawdown and surface waterways 
Noted consequences of groundwater leakage are substantial drawdown [2], changes in groundwater 

flow patterns and changes in the groundwater chemistry [3] [4]. The consequences of leakage may 

also affect areas differently. An area with quicker recharge is often affected less than an area with 

slower recharge [4]. 

Groundwater drawdown is tied to further consequences such as damages to ecosystems when surface 

and groundwater levels decrease. By extension, the head decrease may damage vegetation and 

drinking water wells as they no longer reach the groundwater. It may also result in settlements and 

structural damages as a new force balance reaches equilibrium [5].  

One specific consequence of groundwater leakage is a decrease, or in the worst-case scenario, a 

depletion of stream flow in gaining streams, a stream fed in large part by groundwater exfiltration  

[6]. In figure 1 the sequence of consequences connecting leakage to gaining stream flow is 

presented.  

 

 
Figure 1 - Illustration of a gaining stream and a description of the potential consequences of tunnel excavation [7]. 

Creeks are ecosystems and hosts of life. If stream flow is depleted these habitats may disappear and 

the movement of nutrients stop. It has been noted that anthropogenic impacts on streams have 

removed habitats along streams before [8]. A depletion of these water filled areas can result in a 

major loss of biodiversity and in the case of wetlands release of vegetation-bound carbon dioxide [9].   

 rainage via tunnel

 owering of water table

 ecreaseof groundwatere  ltra on

 ecreased  ow in gaining stream
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1.2 Applicable methods 
To lessen groundwater leakage in subsurface construction techniques such as pre grouting are used 

inside the tunnel. Pre grouting is specifically meant to limit inflow and control the groundwater 

drawdown above a tunnel [10]. However, even with such a method implemented, leakages are 

unavoidable. Minor leakages may be acceptable, but the risks of negative impacts are large. 

Therefore, along with methods to limit leakage such as pre grouting or negate its impacts by artificial 

infiltration, methods of forecasting groundwater changes have been created. 

Manual methods such as pump tests or slug tests may be used to give an indication of aquifer 

properties and, by extension, ground water head changes. By extension these would also be 

applicable to evaluate connections to surface water. However, beyond the fact that pump tests are 

time-consuming, a pump test on a large scale may actively affect the surrounding environment and 

such a test often requires permission from relevant authorities. Modelling may therefore be used to 

evaluate the same parameters without unduly affecting an area. This is not saying that a model such 

as this is able to replace field testing. It can however be used to get an idea on how an area may 

respond to stress.  

Existing models can be divided in to numerical and analytical models. Where numerical models 

require large amounts of information to create a useful description of the modelled site, analytical 

models are simpler regarding required data and computation [11]. Numerical models can produce 

very detailed results about the evaluated situation but due to the difficulty in procuring sufficient 

information analytical models are often used instead [11]. Such methods may include baseflow 

separation, impulse response modelling and time series analysis. These methods are analytical, and 

use gathered data and an understanding of the modelled system to achieve sufficient results. 

Time series analysis is a method using data of a specific variable gathered and presented 

chronologically [12], the aim of which is to deduce the connection between the observed time series 

and surrounding stresses resulting in the time series measurements. A time series can be said to be 

multiple observations of the same system at different times. Time series analysis of historical data is 

a popular field of study in hydrogeology [13] and is useful due to its relative ease of applicability [12].  

Important to keep in mind when carrying out time series analysis is the need for the time series’ used 

in analysis to be representative of the system being evaluated. Parameters such as time series length, 

observation frequency and model output frequency are key when applying the models. A successful 

time series model calibrated against a time series dataset can be used to forecast the time series as 

long as input data of stresses is available.  

An example of a stress applied in hydrological time series modelling is a model with the goal of 

modelling changes in the head of a lake. Precipitation data would then be applied as a stress on the 

parameter of lake head and the model would use the precipitation data and existing lake head data 

to calibrate itself. By extension this model would then be able to simulate the lake level solely based 

on stress data, in this case precipitation.  

1.3 Aim and limitations 
The aim of this thesis is to outline and apply a methodology to estimate the impact of groundwater 

drawdown on ground- and surface water using time series analysis and impulse response modelling. 

The modelling approach should allow forecasting of groundwater head changes due to applied stress 

and a way with which to tie the groundwater head change to surface water changes. The project 

evaluates the catchment of Getåbäcken in Norrköpings municipality, as major infrastructure 

exploitation is planned in the area.  
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The goal is to evaluate the hydrogeological connections that are present between different aquifers 

and surface level waterways in Getå Naturreservat and investigate how impacts in one part of the 

area may impact another as well as specifically investigate how the flow in Getåbäcken will be 

affected by the leakages into the subsurface construction.  

This project is geographically contained to the Getåbäcken catchment area and to the use of existing 

groundwater wells. Whilst this project aims to evaluate the consequences of groundwater drawdown 

it will not evaluate solutions to the eventual drawdown. Furthermore, it will only look at the negative 

aspects of groundwater drawdown in relation to surface water head changes. Other consequences of 

drawdown will not be considered.  
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2. Case study area 
The Swedish Transport Administration has made plans to construct a large railway section which 

spans most of the southeastern parts of Sweden allowing for travel between Järna and Linköping 

[14]. The rail is supposed to be part of the new main lines of the Swedish railway network and the 

project goes under the name of Ostlänken, or The East Link Project. The railway spans 160 kilometers 

and will be divided between surface rail and tunneling. Due to the many tunnels this project will 

create and the major differences in geological characteristics in such a large area investigation in to 

the tunneling effect on the environment are needed. 

 

Figure 2 - Map indicating the location of Getå Nature Reserve in Sweden [15]. 

East of Norrköping, Sweden, Ostlänken will be going through a tunnel in a nature reserve area called 

Getå Nature reserve, see figure 2. The geological conditions have created a situation where there is a 

major risk of groundwater drawdown as, in the area, there is a large fracture zone filled with glacial 

material allowing for high flows, see figures 3 and 4 [16] [17]. Furthermore, in the middle of this 

fracture zone is the waterway Getåbäcken. It is a natural minor stream assumed to be fed in majority 

by groundwater.  

The nature reserve is described as a deep ravine with a meandering stream, Getåbäcken, at its bottom, 

surrounded by old forests [18]. The larger area follows a typical east-Swedish setting regarding 

hydrogeology. It is a hilly area covered with thin layers of till and with valleys filled with soil such as 

clay or peat. Small lakes and streams cover the area ending up in Bråviken which is connected to the 

sea. The area is sparsely populated and consists mainly of forests. The main waterway in the area is 

Getåbäcken, a small, meandering stream. Getåbäcken is a 6 km long natural stream [19] with a natural 

average flow of 90 l/s [20] which achieves good ecological status. The stream is home to rare species 

of fish such as European river lamprey and brown trout. Around the stream, observations have been 
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made of common kingfishers and White-throated dippers. The vegetation found in the riverine zone is 

home to a wide variety of plants and species of moss [21].  

Getåbäcken is of interest in the project because the tunnel will cross the stream at about 100 meters 

depth [22]. The geological situation and the area around the stream make it reasonable to assume 

that a majority of the water in the stream comes from groundwater exfiltration. This results in the 

streamflow being connected to groundwater levels in surrounding areas. A decrease in groundwater 

level because of the tunnel construction may therefore negatively impact the flow in the stream.  

Due to Getåbäckens being declared a waterway of generally good status, a decrease in natural 

waterflow is limited. This is part of Miljöbalken, the Swedish environmental code, from 1998 where it 

is stated that “a municipality may not allow an activity that may harm a water environment in such a 

way it does not achieve its potential according to water quality assessments” [23]. For Getåbäcken 

this results in not allowing the yearly average flow to decrease by more than 5%. 

2.1 The geological environment of Getå nature reserve 
Getåbäcken has over the years eroded the area where it flows resulting in a deep ravine. This ravine 

is one of the main geological formations in the area. Due to the depth of the erosion, Getåbäcken has 

eroded its way down in to a glaciofluvial material which is present below the top layer of soil. The 

stratigraphy for Getåravinen specifically is assumed to be as follows, from the bottom, crystalline 

rock with a major fracture zone [17] followed by glaciofluvial material covered by glacial clay and 

sand. The glaciofluvial material can be seen on the surface in figure 3 and it is assumed that it 

continues below the clay throughout the ravine.  

 

Figure 3 - Map showing surface layer soil in Getå Naturreservat [16]. The map was created in GIS using data 
from SGU and Lantmäteriet which was gathered from [24]. 

The fracture zone in the crystalline rock can be seen in figure 4. It coincides with the bottom of the 

ravine and creates a bedrock layer with high conductivity. Together with the glaciofluvial material, 

the fractured bedrock is the main aquifer in the area. The glaciofluvial is a mainly confined aquifer 

with unconfined areas where the material surfaces ensuring recharge to the glaciofluvial aquifer. The 

rock aquifer is larger than the area of Getåravinen and is in places covered by a layer of till which also 

functions as an aquifer in the surrounding areas. In the area there are also exposed sand deposits 

which function as unconfined aquifers as well as glaciofluviual deposits outside of the ravine itself. 

Due to the location of the aquifers a hydrological connection is assumed to exist between them.  
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Figure 4 -Map indicating bedrock type and fracture zones in Getå Nature Reserve [17]. The map was created 
in GIS using data from SGU and Lantmäteriet which was gathered from [24]. 

Modelled soil data from The Swedish Geological Investigation, SGU, states that the soil depth along 

Getåravinen is between 20-30 meters [25]. Given that the stream at points in the ravine has eroded 

through the top layers of clay and silt and reached the glaciofluvial material the top layer is not 

assumed to be more than 5-10 meters thick. As the stream has eroded its way down in to the 

glaciofluvial material it is assumed that there is a significant hydrological connection between the 

stream and the confined aquifer in the glaciofluvial deposit [22]. To add to this, springs along the 

stream are a further indication that a portion of the water in the stream is emerging groundwater.  

2.2 Site specific meteorological conditions 
The meteorological conditions in Getåravinen Nature reserve are of interest to this report as they 

function as drivers for the hydrological conditions in the area. The area receives a yearly average of 

665 mm precipitation according to data from the Swedish meteorological and hydrological institute, 

SMHI [26], see figure 5. The catchment area is 12.36 km2 and contains no major water bodies, it is 

visualized in figure 14 [20].  

 

Figure 5 - Bar chart showing yearly precipitation in Getå Nature Reserve. 

The area is almost entirely permeable with few impervious, constructed areas, being mostly forests 

resulting in low overland runoff flows. However, a large amount of water does not percolate and 

instead leave the area due to evaporation or the stream. The area is located in the zone of Sweden 

where SMHI estimates that has a yearly potential evaporation of 400 mm per year [27] and has 

measured the evaporation to be 450 mm the last 12 months [28]. This project will model the actual 

evapotranspiration in the case study area as a time series of daily evaporation is required.  

The amount of precipitation which evaporates is dependent on, among other things, the 

temperature in the area. Data of temperature variations was retrieved from SMHI [29]. Figure 6 

shows the mean monthly temperature in Getå Naturreservat from 2017 until 2022. 
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Figure 6 - Bar chart showing monthly average temperatures for some years in Getå Nature Reserve. Data was 
gathered over a longer time period but for reasons of clarity not all of it is presented here. 

The area has a mean temperature of 7,8 degrees Celsius over the entire measured period, December 

1995 until February 2023. The warmest month of the year is July which averages a temperature of 

17,7 degrees Celsius. The coldest period of the year is January and February during which the 

average temperature is consistently below freezing. Figure 7 shows the geological and 

hydrogeological setting in a a conceptual model of Getåravinen.  

 

Figure 7 - Conceptual model of Getåravinen describing the water balance of the area. 
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3. Data and methods 
Several modelling techniques and data evaluations are used throughout the project. The workflow of 

the overall project is presented in figure 8. Throughout the project, existing time series are applied to 

created models which evaluate evapotranspiration and groundwater head. Observed data is applied 

to model calibration and validation and the application of the groundwater head model is used 

alongside correlation analysis and baseflow separation to evaluate the results. The following chapter 

explains each step more in depth before presenting how application uses all the data to achieve a 

result. 

 

Figure 8 - Workflow for the project with frequency of datasets within brackets. 

3.1 Time series data  
Prior to the start of this project monthly groundwater head time series with varying lengths of time 

were available at a number of locations. The earlies measurements were taken in 2015 with the rest 

of the time series beginning later. In table 1 data of the available time series’ are presented.  

Table 1 - Presenting the date of the first observation and length of the time series that were available at the 
start of the project. 

Well Observations First 
observation 

Aquifer 

15S113GU 80 2015-11-18 Glaciofluvial 

16S113GU 70 2016-12-20 Glaciofluvial 

16S115GU 69 2016-12-20 Glaciofluvial 

16S116GU 69 2016-11-14 Glaciofluvial 

16S117GU 68 2016-11-14 Glaciofluvial 

Temperature  h  recipita on  d 

Modelled
stream  ow  d 

 roundwater
head  30 d 

 vapotranspira on
 d 

 iver data gw
head  3 h 

 iver data
stream stage 3 h 
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calibra on
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analysis
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model

valida on

 roundwater
model

applica on

 tream  ow
impact

 ase ow
analysis

         

       
 ydrogeological
connec ons
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16S130GU 65 2016-12-20 Glaciofluvial 

17HB102 6 2022-06-15 Fractured 
rock 

17HB103 8 2022-03-23 Fracture 
rock 

17HB104 9 2022-03-23 Fracture 
rock 

 

Time series data of hydrological parameters such as precipitation, temperature and stream flow were 

acquired from SMHI and updated daily. Precipitation and temperature are measured by SMHI whilst 

the stream flow in Getåbäcken is modelled using the lumped national hydrological model S-HYPE [20].  

These time series datasets are going to be used together with a time series of modelled daily 

evapotranspiration, as input in the groundwater head change model that will be used to evaluate 

how the groundwater head will change. To evaluate the hydrogeological connections in the area, 

baseflow separation and groundwater observations will be evaluated.  

3.2 Field campaign 
To gather data observations absolute pressure transducer were placed in existing groundwater wells. 

A pressure transducer is a device that functions as a datalogger. At set intervals it takes a 

measurement of chosen parameters. In this case, pressure, temperature and in one case 

conductivity. The installation was done on two different dates due to a lack of time during the first 

excursion. Four transducers were installed on the 7th of 

December 2022 and 3 more were installed on the 22nd the 

same month.  

Of the seven total pressure transducers 6 were placed in 

groundwater wells and one was placed in a slitted 

standpipe in the center of Getåbäcken for measuring 

changes in stream stage over time, see figure 9. The 

standpipe was installed by pushing it in to the stream bed 

allowing it to stay in place despite the stream flow. The 

installation causes the streambed to be displaced by the 

tip of the portion of the standpipe and the pressure 

induced being installed slightly below stream bed. Stream 

stage measurements therefore must be corrected for the 

deepened streambed at the point of measurement if they 

are to be evaluated as stream depth.  

The pressure transducers were programmed to take a 

measurement every three hours. Furthermore, before 

installing the pressure transducers a manual measurement 

of groundwater level in each well was done. This was done 

both to ensure that the transducers were placed below the groundwater level and to allow for 

translation of the pressure to the more conventional unit, meters above sea level, m.a.s.l.  

 At one of the wells a pressure transducer was installed to measure changes in barometric pressure 

at the same interval as pressure transducers logging groundwater and stream stage. The data from 

the transducer was used to compensate the measured groundwater levels to usable data. The 

compensation is done as the instrument measures absolute pressure, the sum of the atmospheric 

Figure 9 - Picture of the well installed in 
Getåbäcken. 
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pressure and the pressure of the water column above it. Given that the atmospheric pressure differs 

with elevation the compensation is done to simply get the value of the pressure that the water above 

the measurement instrument exerts. In this project all data that is presented has been barometrically 

compensated.  

The data was compensated in the program Diver Office by Van Essen [31], the company which also 

manufacture the pressure transducers used in the project. The compensated data is presented as 

water level above the instrument. With this value it is possible to translate the data to m.a.s.l using 

the following equation  

𝐺𝑟𝑜𝑢𝑛𝑑𝑤𝑎𝑡𝑒𝑟 ℎ𝑒𝑎𝑑 𝑚. 𝑎. 𝑠. 𝑙 [𝑚] = 𝑅𝑒𝑓 − 𝑀𝑂 − 𝐷𝑂1 + 𝐷𝑂𝑛 

Where: 

• Ref = Reference level of the well, in m.a.s.l [m] 

• MO = Manual observation, in meters from well head to groundwater level [m] 

• DO1 = The first Diver observation, as close to MO as possible in water level above diver [m] 

• DOn = Further Diver observations, in water level above diver [m] 

Due to a lack of certainty regarding the reference level for the slitted standpipe installed in 

Getåbäcken, the data from this measurement point has not been converted into m.a.s.l and is 

presented as water level above the instrument. In table 2 the measurement instrument placements 

are presented along with necessary information to successfully compensate the data. The reference 

level of Getåbäcken an approximation of its location. Figure 10 shows a map of the area with 

locations of the installed pressure transducers. The colors indicating what type of aquifer the well is 

connected to. Well 15S113GU does not have a pressure transducer installed but is of interest to this 

report.  

Table 2 - Presenting necessary information to convert pressure transducer measurements to 
m.a.s.l and to compensate the data. 

Well Installation date 
GW level from 

top of well [m] 

Reference level 

[m.a.s.l] 

Getåbäcken 2022-12-07 --- 54.6 

22S107GU 2022-12-07 15.55 75.86 

22S108GU 2022-12-07 12.31 75.78 

16S113GU 2022-12-22 1.59 97.64 

17HB102 2022-12-22 2.04 102.94 

17HB103 2022-12-22 3.16 140.33 

17S1KB15 2022-12-07 16.83 95.32 
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Figure 10 - Circles indicate locations of relevant wells, and a line indicating the tunnel route. 

In the result chapter the range of the observation data varies due to various circumstances such as 

the different installation dates and that other investigations have been done in the wells which have 

resulted in some unusable data. For example, in figure 18 in the plot for well 22S107GU there is a 

period of time from 2022-12-15 and some time forward where a sharp decrease is observed. As this 

is not natural behavior in groundwater flow and clashes with the rest of the observations these 

observations were raised to be more in line with the natural fluctuations. Removing clear faulty 

measurements and correcting for when the pressure transducer has been moved are the only 

measures done on the observation datasets.  

3.3 Discharge estimation in Getåbäcken 
To estimate discharge in Getåbäcken tracer tests were carried out using a salt tracer [32]. The goal of 

the tracer tests is to determine the flow in Getåbäcken at different times to be able to create a 

function which describes the relationship between groundwater head in nearby wells and the creek 

flow. A successful connection between the two waterbodies would be used to evaluate the change in 

flow in the creek as a result of groundwater drawdown” [32]. 

Before starting the tracer test a specimen of water from the stream was collected in to a 5L bucket. 

In this bucket the background conductivity measured to 85 μS using a handheld ec-meter. Into the 

bucket salt was then added to increase the conductivity by 2000 μS. After 7 grams of salt was added 

to the bucket the conductivity measured 2080 μ . As this was occurring the streams flow was 

assumed to be 100 l/s. Given the assumed flow value and the 7 needed grams of salt to increase the 

conductivity by 2000 μS in the bucket it was concluded that 1 kg of salt was to be added to the 

stream to increase stream conductivity by 200 μS, the aim for a successful test.  

Salt was added in a dissolved state to the middle of the stream and measurements were taken at a 

point about 80 meters downstream. At the measuring location the conductivity was measured using 
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both the handheld conductivity-meter as well as an EC-diver made by Van Essen allowing for more 

precise results. Measurements were done from when the salt was put into the stream until the 

conductivity returned to background concentrations. The gathered data was plotted over time and 

the integral of the conductivity over the time of the test was calculated using the trapezoidal rule. 

This area was the used to divide the mass of the salt inserted in the stream to achieve a calculated 

stream flow.  

𝑆𝑡𝑟𝑒𝑎𝑚 𝑓𝑙𝑜𝑤 [
𝑚

𝑠
] =  

𝑀𝑎𝑠𝑠 𝑠𝑎𝑙𝑡 [𝑔]

𝐴𝑟𝑒𝑎 𝑢𝑛𝑑𝑒𝑟 𝑐𝑢𝑟𝑣𝑒 [𝑔 ∗
𝑠

𝑚3]
 

3.4 Groundwater level and discharge modelling 
To create the groundwater model, Pastas was used. Pastas is an open-source extension made to 

analyze hydrogeological time series [33]. The extension is made to work in Python which is the 

programming language used throughout the project. Pastas enables application of multiple TFN-

models as wells provides simple ways to apply stresses to the models. Pastas was not the only 

Python-extension used during the project. Baseflow and ETo are two other packages used for 

baseflow separation and evapotranspiration respectively. The three models were used in conjunction 

with observed data analysis to achieve a result. How the data and modelling are applied together can 

be seen in figure 11.  

 

Figure 11 - Describes the workflow of the modelling process.  

3.5 Baseflow separation 
Baseflow separation is a method for dividing streamflow into components based on processes 

feeding the stream. Baseflow separation is performed in this thesis both to evaluate the connections 

between groundwater and Getåbäcken and to create a timeseries of base flow stream stage which is 

used in modelling. Methods are selected which separate the streamflow into quick flow, water from 

precipitation which contribute to stream flow shortly after such an event, and baseflow. Baseflow 
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can be described as water which reaches the stream after a delay [34]. This delay can for example be 

snow storage or groundwater storage.  aseflow is sometime referred to as “dry weather flow”.  

Multiple methods of baseflow separation exist. Graphical methods wherein the low points on a 

hydrograph are connected by different methods or digital filter methods are two groups of methods 

to achieve separation [35]. This project tested multiple methods of baseflow separation using a 

Python extension called Baseflow [36]. The extension takes a flow timeseries and catchment area 

size as input and returns the baseflow timeseries. The baseflow separation was done on the time 

series of modelled flow from SMHI making it to reach back until 2010 and is presented on a daily 

scale. 

The extension runs through several different methods, and then indicates what method works best 

based on the Kling-Gupta efficiency of the results. Kling-Gupta efficiency or KGE is a metric used to 

summarize model performance [37]. Traditionally the Nash-Sutcliffe Efficiency, NSE has been used 

but in recent years KGE has been gaining more use due to it addressing several shortcomings of the 

NSE. Both methods aim to express the model performance in one number. Kling Gupta Efficiency 

calculates the model performance using the following equation 

𝐾𝐺𝐸 = √1 − (𝑟 − 1)2 + (𝛼 − 1)2 + (𝛽 − 1)2 

Where r is the linear correlation between simulated and observed values  α describes flow variability 

error and β is a bias term described by the equation below. In it σ is the standard deviation and μ the 
mean.  

𝐾𝐺𝐸 = 1 − √(𝑟 − 1)2 + (
𝜎𝑠𝑖𝑚

𝜎𝑜𝑏𝑠
− 1)2 + (

𝜇𝑠𝑖𝑚

𝜇𝑜𝑏𝑠
− 1)2 

The result of Kling-Gupta Efficiency varies between -∞ and    with   being a perfect match between 

observed and simulated. When evaluating KGE the model result is presented as a value between the 

two extremes. A model is preferable to use if it would be better than simply using the mean of 

observations. For NSE the result which indicates that the model is better than mean values is 0. Any 

positive NSE value indicates that the model is preferable to the mean of observations. For KGE 

however that value is equal to 1 − √2  ≈  −0.41 [37]. The code for baseflow separation can be 

found in appendix A.  

3.6 Evapotranspiration model 
Evaporation was estimated based on Penman-Monteiths equation using the Python extension ETo 

[38]. The extension is provided input of temperature, sun hours, shortwave radiation, wind speed 

and relative humidity for each modelled day see table 3. The Penman-Monteith equation uses more 

parameters than that to calculate the evapotranspiration [39] but the ETo extension uses these 

datasets to estimate the rest of the required parameters based on the guidelines UN-FAO report 

[39]. The timeseries datasets were extracted from SMHI’s meterological stations. Temperature, 

relative humidity and wind speed were measured at the station Kolmården-Strömsfors A [29] [40] 

[41] whilst observations of sun hours and shortwave radiation were taken from the station 

Norrköping Sol [42] [43] as these datasets were not collected at Kålmorden-Strömsfors A.  
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Table 3 - Beginning of table containing input data for the evaporation model. Table has data until 2023-05-
01. 

 

 

The output from the evaporation model is a timeseries of evapotranspiration on a daily scale during 

the modelled timeframe where temperature data was available. The modelled result is presented in 

figure 20 in the Results chapter. As evapotranspiration is inherently difficult to accurately model the 

results are a rough estimate of evapotranspiration from the given study period. When applied in the 

groundwater model the parameter kv in the recharge model was allowed to vary, something it does 

not do by default. The idea was taken from the example of snowmelt implementation in the Pastas 

example documentation [44]. The kv parameter is part of the recharge model FlexModel, which is 

described in the following chapter, and is vegetation coefficient which aims to explain the variation in 

groundwater recharge because of different types of vegetation compared to a single type of 

vegetation [45]. The code for the evaporation model can be found in appendix B.  

3.7 Groundwater model setup and workings 

3.7.1 Transfer function noise models 
Transfer function noise models or TFN models are a subdiscipline of time series analysis [13] and 

have been shown to be successfully applicable to model groundwater head using time series data 

[46]. TFN models aim to use several input time series datasets, or impulses, to output a modeled 

series of a single parameter basically explaining the observed time series [13]. For groundwater head 

evaluation these impulses can be parameters such as daily precipitation, hourly evaporation or 

several other datasets. 

A basic TFN model structure is described by Collenteur et al [13] as:  

ℎ(𝑡) =  ∑ ℎ𝑚(𝑡) + 𝑑 + 𝑟(𝑡)

𝑀

𝑚=1

 

Where h(t) is what the model aims to simulate, which in the example is groundwater head. hm(t) is 

the contribution of a stress, m, to the head, r(t) are residuals and d is the models base elevation. The 

stress, M, is a parameter that is added to the model to indicate that the simulated result is affected 

by this parameter. These stresses are the impulses mentioned above. The stress’ contribution to the 

result is calculated through the equation below:  

ℎ𝑚(𝑡) =  ∫ 𝑆𝑚(𝜏)𝛳𝑚(𝑡 −
𝑡

−∞

𝜏)𝑑𝜏 
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In the equation Sm is a time series of the stress m and ϴm is the impulse response function associated 

with the stress m. Transfer function models will be used in this project. The project will also take 

advantage of existing impulse response functions. This will be further explained in the Method 

chapter.  

The use of TFN models in impulse response modelling allows for modelling of complex 

hydrogeological systems as impulse response functions have been created for various conditions. 

Non-linear response functions have had an upswing during the last two decades as the previously 

used linear functions was shown not to be able to sufficiently model the water in the root zone [47]. 

Improvements such as these indicate an evolving methodology that most likely will see improvement 

to the precision and adaptability of the models available.  

The TFN-model uses inputs of observed groundwater head, precipitation and stream stage. During 

the project two groundwater models were calibrated on two datasets as the response may differ 

withing the catchment area depending on the aquifers. Models were created and calibrated on 

observations in well 15S113GU, and well 16S113GU see figure 10. The datasets are plotted in figure 

12. The model for 15S113GU is henceforth referred to as Model 15GW. The model calibrated on the 

time series observed in well 16S113GU will be referred to as Model 16WL. Both models evaluate the 

same parameters and use the same stresses, the only difference being the groundwater head time 

series used for calibration. 

Well 16S113GU was chosen as a calibration well due to there being a pressure transducer installed in 

the well, allowing for clear validation, and the time series being sufficiently long to calibrate against. 

This well is also located in an area sensitive to groundwater drawdown, a wetland. Well 15S113GU 

does not have a pressure transducer installed but is the longest available time series and connected 

to a glaciofluvial aquifer where wells with pressure transducers are installed. The other wells part of 

this project that would be interesting to evaluate such as 17HB103 and 17HB102 have below 10 

measured datapoints before this project installed instruments making their datasets insufficient to 

effectively calibrate the model on. 

 

Figure 12 - Time series of groundwater head. These series are used for model calibration. 

 

3.7.2 Recharge and stress models 
Two stress models that were used in this project and they apply the stresses of stream stage and 

groundwater recharge. Throughout the project multiple combinations of recharge models and 

impulse functions were evaluated. Applicable models show good results for multiple combinations. 
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In the end however the most optimized model was found using the settings presented in the 

following parts of the report.  

Both Model 15GW and Model 16WL use the FlexModel recharge model. FlexModel was created by 

Collenteur et al in 2021 [45]. FlexModel is, according to the authors based on the FLEX conceptual 

modelling system used in stormwater modelling. FlexModel simulates a soil-water storage concept to 

simulate the root zone storage of water. It conceptualizes a system as two connecter reservoirs, see 

figure 13. 

 

Figure 13 - Conceptual model for FlexModel [45]. 

The model takes precipitation and fills the interception basin until capacity is exceeded. In this 

conceptual reservoir water can evaporate which introduces nonlinearity to the groundwater 

recharge. Further information regarding the model creation can be found in “Estimation of 

groundwater recharge from groundwater levels using nonlinear transfer function noise models and 

  mp           y  m         ” [45]. 

Both the recharge models and the stress models apply response functions which govern the response 

of the dependent variable, in this case groundwater head, to an independent variable such as 

precipitation [48]. In this project all recharge models and the stress model use the Gamma response 

function which is widely applied and very versatile when investigating hydrological response [48]. 

This stress model uses precipitation and evaporation data to simulate the effect of these parameters 

on the groundwater head.  

Together with the recharge model, a stress model which applies a stress in the form of Getåbäckens 

stream stage is added to the groundwater model. As the stream and the groundwater is assumed to 

have a significant connection, patterns noticed in the stream head is expected to be emulated in the 

groundwater levels. This assumption is only possible as long as the stream is gaining. The assumption 

of a gaining stream is evaluated via the baseflow separation but it is strengthened by the fact that 

there are no major waterbodies in the catchment area, see figure 14. This indicates most water in the 

stream is either groundwater or precipitation. The stress model representing Getåbäcken uses 

stream stage as input and uses the Gamma response model for both aquifer types.  
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Figure 14 - Catchment area for Getåbäcken [20]. No major waterbodies allow for the assumption that most 
of the water in the stream comes from groundwater. The orange dots indicate well 16S113GU and well 

15S113GU. 

At the start of the project a timeseries of stream stage was unavailable. The project therefore 

installed a pressure transducer in Getåbäcken to observe the stream stage. The observations were 

then correlated against the modelled data from SMHI’s  Y  -model. A high correlation allows for 

translations of modelled flow to stream stage via an exponential trendline, creating a time series of 

stream stage going back to when the HYPE-model was initiated in 2010.  

3.7.3 Noise model 
The recharge and stress models are applied to the groundwater time series model together with a 

noise model. As a modelled system will never completely match a set of observed datapoints the 

difference in the observed and simulated timeseries can be used to create a timeseries of its own. 

This timeseries is usually called a residual timeseries. The residuals, the difference, occur due to 

errors such as modelling parameters, simplifications or errors with observations to name a few [49].  

A model residual at a timestep is often correlated with an earlier timestep observation. Modelling 

the residual timeseries can have several purposes among which is predicting residuals at unobserved 

timesteps. This allows for optimal use of model prediction and observations which increases the total 

model accuracy [49]. The model of the residual time series is called the noise model. The noise model 

is a vital part of the transfer function noise models and is provided via Pastas. This project uses a 

standard noise based on Modelling irregularly spaced residual series as a continuous stochastic 

process [49].  

3.8 Application of the groundwater model and scenario simulation 
When calibrating the model, the mentioned stress models take input of the time series of 

precipitation, stream stage and evaporation. The datasets of precipitation, temperature and 

evaporation have data spanning back until 1995. Whilst stream stage only spans back to 2010. 

Calibration ran from the start of the dataset until 2022-09 after which validation will begin. Three 

settings will be used when calibrating Model 15GW and Model 16WL. The difference between the 

three settings is the dataset used in the stream stage stress model. In table 4 the different settings 

are presented.  
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Table 4 - The tested calibration settings 

Well Stream stage data used.  

15S113GU Observed stream stage 

Baseflow stream stage 

No stream stage stress model 

16S113GU Observed stream stage 

Baseflow stream stage 

No stream stage stress model 

 

Calibration is done from the start of the datasets until 2022-09. As calibration completes the model 

was used to simulate the groundwater change from 2022-10 until 2023-05. 

Evaluation is carried out on the coefficient of determination, R2, which indicates the proportion of 

the variance in the dependent variable that can be explained by the independent variable [50]. 

Generally, it can be considered a goodness of fit variable where a high value indicates that the model 

is a good fit for the provided data. Along with the coefficient of determination the root mean square 

error (RMSE) and the Akaike Information Criteria (AIC) will be presented. The RMSE indicates model 

accuracy and allows comparison between similar models. As RMSE is scale dependent the main use is 

in comparing models using similar variables [51].  The AICs goal is similar, it is a value which helps 

comparing different models. The AIC will not indicate how good a model is, simply indicate which of a 

set of models is the best [52].  

The model which shows the best performance was then used in model application to evaluate 

different leakage rates into the East Link tunnel. The different recharge scenarios were simulated by 

a decrease in precipitation. The leakage amounts were arbitrarily chosen and are not representative 

of any expected leaks. Applying the leakage scenarios was done by having the model calibrate on 

datasets which does not differ during the period of calibration. However, from the 1st of October 

2022, the month after calibration concludes, the precipitation dataset will begin to differentiate for 

the 3 scenarios. A fraction of the precipitation relative to the leakage rate evaluated will be removed 

from that point until the end of the simulation.  

The fraction of precipitation removed was calculated based on the fact that 212 days pass between 

01-10-2022 and 01-05-2023 during the catchment area, which is 12 300 000 m2, received 389 mm 

precipitation. As the tunnel spans 4 km within the catchment area and an assumption was made to 

use 70% of the area to calculate the total precipitation. This was done to take precipitation falling 

and not reaching the tunnel and the precipitation leaving via overland waterflows into account. Total 

precipitation was then compared to the different leakage scenarios, see table 5.  

Table 5 - Leakage scenarios 

Leak per 100 m 30 70 [l/min] 

Leak within catchment 1200 2800 [l/min] 

Total leak within area 6912000 16128000 [m3] 

Fraction of precip 21.13% 49.29% [-] 

The leakage rates were, as stated, arbitrarily chosen to evaluate the response. Once a tunnel is 

constructed measures are usually taken to inhibit leakage into the excavation. This results in, if 

measures are successful, the leakages being significantly lower than the ones investigated in this 

report. However, as this project simply aims to evaluate the effect of leakages on the groundwater 

head in the area it assumes no measures have been taken before tunneling beings. As such, the 
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chosen rates are a large fraction of the recharge in the area over the modelled time period.  The code 

for the groundwater model is found in appendix C. 
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4. Results 
This chapter presents the results from the different evaluations done throughout the project. It 

begins by presenting the result specifically tied to Getåbäcken such as discharge estimation, baseflow 

separation and stream stage time series. It then presents the observed groundwater head 

fluctuations before concluding by presenting the results of the groundwater head model.  

4.1 Discharge estimation 
Tracer tests were carried out 6 times at three different dates for different flow conditions, see table 

7, appendix D. One of the tests on 2023-03-06 was negatively affected by the creek being frozen and 

was therefore disregarded. Figure 15 the tracer breakthrough curve from each occasion when tests 

were done is presented.  

 

Figure 15 - Plots of tracer results 

  

Given that the dataset is so small the uncertainties tied to this method are deemed too large to allow 

conclusions to be drawn from the data. The method itself is sufficient to be applied to describe the 

relationship between groundwater head and stream flow but it requires more datapoints before it is 

applicable. The fitted trendlines in figure 16 does not indicate a reasonable relationship but may, 

with more observations be more applicable. The same situation is seen when plotting the tracer tests 

against the modelled flow in figure 16. 
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Figure 16 - Presents the results of the discharge estimation plotted against groundwater head and modelled flow. 
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4.2 Baseflow separation results 
For the input time series, the Baseflow extension indicated that Boughton method was the preferred 

method to use on the dataset, having the highest KGE-value among the methods the extension tests 

(0.76). The optimal method and its parameters can vary depending on the input dataset and the 

conditions found at the observation site [53]. Boughtons method is a digital filter method using two 

parameters. It works by applying a low pass filter to a hydrograph where the parameters of the filter 

are estimated so that baseflow does not exceed the hydrograph [54]. More information on the 

method can be found in [55]. 

With the baseflow separation done the baseflow index (BFI) of the stream was calculated by first 

calculating the fraction of the flow at every timestep that is made up of baseflow. During only 

baseflow this fraction is 100%. Averaging these fractions for each observed timestep gives the BFI 

and an indication on how tightly connected the stream flow is to surrounding delay structures.  

 

Figure 17 - Results of the baseflow separation. 

Figure 17 shows that the baseflow follows the actual flows pattern of fluctuation in flow but 

disregards the shorter peaks. It is expected as the baseflow is not as affected by precipitation events 

that the actual flow is. From this dataset the baseflow separation index for Getåbäcken was 

calculated. The resulting BSI was 0.66 indicating that 66% of the water in the creek is delayed flow 

from, for example, groundwater, snow storage or other delay mechanisms.  

The baseflow separation strengthen the assumption that Getåbäcken is a gaining stream. With 66% 

of the flow being baseflow the connection to the stream flow from the surrounding groundwater 

aquifers are substantial. From the plot in figure 17 it is also clear that the baseflow ignores large parts 

of the quickflow and only increases when the flow spends a longer period on an elevated level. In the 

same figure can also be seen that the creek has regular increases in flow during the winter which 

indicates that snow storage is not a large factor in the delay precipitation reaching the stream, 

confirming the information from SMHI.  
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Figure 18 - Comparison between modelled baseflow and calibration time series'. 

The lowest flows occur without fail during the summers. Evaluating the plotted baseflow compared 

to the low frequency datasets in figure 18 seasonality of the baseflow can be seen. Comparing the 

groundwater fluctuations with the baseflow fluctuations show indications of baseflow being tied to 

groundwater recharge of the previous year which was expected and explains the lack of flow in the 

summer when recharge is at its lowest and the consistent increase during fall when recharge peaks.  

However, even with the baseflow separation indicating baseflow a major part of the stream flow 

there isn’t complete certainty around the stream being gaining throughout the year. As the 

groundwater e filtration in to streams isn’t a linear relationship [56] and there may be times in a 

given year when the stream is not gaining but losing instead, where water infiltrates through the 

creek bed to groundwater [6]. Even so, over a time period of a year the assumption that the creek is 

driven in large part by baseflow stands.  

4.3 Pressure transducer observations  
In figure 19 the well heads for each well is shown for the entirety of the study period. The occasions 

at which data were collected are only of interest for the tracer tests and has no vital role in the 

evaluation of the other timeseries. Unfortunately, when collecting data on the 6th of March it was 

noted that data from the instrument placed in well 17S1KB15, connected to the fracture aquifer, was 

unusable due to complications with its installation. Therefore, data from this well is missing for the 

first part of the study period.  
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Figure 19 - Plotted time series data from pressure transducer measurements 

Well 16S113GU is located in a wetland and connected to an assumed confined glacoifluvial aquifer. 

Wells 17HB102 and 17HB103 connect to the wetland aquifer. Wells 22S107GU and 22S108GU 

connect to the confined glacifluvial aquifer located in the middle of the catchment area. The 

difference in color simply indicate that the wells are connected to, or exist in similar environments.  

In the observed data, clear similarities in the patterns of groundwater fluctuation between the 

different wells can be seen. Throughout Getå Nature Reserve clear increases of groundwater head is 

observed, in both the fracture aquifer wells and well 16S113GU a quick response to a recharge event 

initiated by a few days of precipitation is seen, precipitation for the observation period is presented 

in appendix E. At the same time a recharge initiates in the glaciofluvial wells 22S107GU and 

22S108GU however at a slower pace. All recharge events identified in figure 19 for the different wells 

have clear origins in the precipitation events seen in appendix E indicating that aquifer recharge isn’t 

delayed rather it happens rapidly after a precipitation event takes place.  

It is reasonable that the rock aquifer would have a similar response throughout the area. However, 

the speed of the response is worth noting. A quick response to the recharge event is clearly indicated 

in the fracture rock aquifer. This pattern is also seen in Getåbäcken as well as 16S113GU indicating 

that there may be strong connections between the rock fracture aquifer, the creek and the 

glaciofluvial aquifer deposit connected to 16S113GU. 

Correlations between the datasets were evaluated to further understand how the different aquifers 

are connected. The correlation was done using Spearman method ranking the observations and in 

table 6 the correlation coefficient for the available data is presented.  

Table 6 - Correlation between measured data for all wells 
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  Baseflow 17HB102 17HB103 16S113GU 22S107GU 22S108GU 17S1KB15  Getåbäcken 

Baseflow - 0.91 0.79 0.77 -0.05 -0.01 -0.54 0.79 

17HB102 0.91 - 0.79 0.77 0.07 0.12 -0.60 0.76 

17HB103 0.79 0.79 - 0.43 -0.40 -0.32 -0.76 0.84 

16S113GU 0.77 0.77 0.43 - 0.35 0.37 -0.15 0.57 

22S107GU -0.05 0.07 -0.40 0.35 - 0.98 0.97 -0.32 

22S108GU -0.01 0.12 -0.32 0.37 0.98 - 0.99 -0.27 

17S1KB15  -0.54 -0.60 -0.76 -0.15 0.97 0.99 - -0.82 

Getåbäcken 0.79 0.76 0.84 0.57 -0.32 -0.27 -0.82 - 

 

The indications of hydrological connections are strengthened by the correlation analysis in table 6. 

The correlation between 17HB102 and 17HB103 is, as expected, high at 0.79. Noteworthy is the high 

correlation from the rock aquifer wells to other observations points in the area such as 16S113GU 

which has a 0.77 correlation coefficient with 17HB102 and Getåbäcken which has high correlations 

with both fracture aquifer wells, 0.76 and 0.84 for 17HB102 and 17HB103 respectively. Just as the 

actual flow in Getåbäcken the baseflow has high correlation with the indicated wells. All in all, it 

paints a picture of quick responses throughout the groundwater aquifers as well as the surface water 

bodies in the area. Especially as a similar response identified because of a recharge event in the 

middle of March and in the middle of April.  

This pattern is however not noticed in the glaciofluvial aquifer below wells 22S108GU and 22S107GU. 

In the observation time series for these two wells the recharge events are clearly indicated by an 

initiation of a slow groundwater head increase. In figure 19 its observed that the runoff from the 

aquifers occur at different rates. Wells 22S107GU and 22S108GU has a slow increase in groundwater 

head after a recharge event takes place whilst the others wells exhibit a decrease back towards pre-

recharge levels. This indicates a difference in runoff rates and a lack of connection between these 

groups of aquifers. Similairy, the quick responses seen in the groundwater levels throughout the 

Nature Reserve and in Getåbäckens baseflow indicates that there may be a hydrological connection 

between these aquifers and the creek. This means that the groundwater drawdown found during 

model application would have an apparent impact on the flow in Getåbäcken.  

As the correlations between the different aquifers differ depending on what specific well is being 

evaluated it may be that high correlations depend on other things than direct hydrological 

connections. As 16S113GU has a higher correlation to 17HB102 than 17HB103 it may be that the 

connections are tied to geographical distance. All the wells may also simply have quick responses to 

precipitation which would drive the correlations as they all quickly rise once precipitation occurs. 

However, the fact that they decrease at similar rates through large parts of the catchment area 

indicate that there may be connections between the aquifers as if the decrease instead occurred 

from several unconnected aquifers the rates would be more varied.  

However, even though the quick responses in many wells strengthen the connections uncertainty 

still exists as the time of observation only spans a few months. To properly evaluate seasonality and 

validate these models a longer time period should be observed to properly see the response to all 

types of stress event. Unfortunately, the low frequency of the older time series make them 

unsuitable for this evaluation due to the fact that quick changes are observed by the pressure 

transducers. For example, the entirety of the peak occurring in January occurs and returns to pre-

peak levels over the span of 20 days meaning that a 30-day frequency dataset may miss it entirely. 
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4.4 Creating a stream stage timeseries 
A correlation analysis of the observed daily average creek head and the modelled creek flow by S-

HYPE from SMHI resulted in a correlation coefficient of 0.92, calculated using Pearson. The high 

correlation indicates a clear relationship, see figure 20. 

 

Figure 20 - Correlation and trendline of measured head versus SMHI modelled flow. 

The equation of the exponential trendline that was fitted to the dataset was then used to calculate 

the stream stage for the entire timeline that S-HYPE has been active resulting in the stream stage 

time series presented in figure 21.  

 

Figure 21 - Time series of Getåbäcken head after conversion from SMHI modelled flow. 

4.5 Evapotranspiration model output 
The figure below presents the output of the evapotranspiration model in the form of a plotted 

timeseries. The model produces a timeseries of daily evapotranspiration in the evaluated area.  
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Figure 22 - Time series of evapotranspiration in Getå Nature Reserve for the last 10 years. 

The modelled evapotranspiration is on a yearly average higher than the values that SMHI presents 

for the area. With an average yearly evapotranspiration of 584 mm, it exceeds SMHI’s values by 

about 20%, being measured at 450 during the last 12 months, but is still deemed applicable in this 

project. In figure 22 its clear that the evapotranspiration peaks around July which is expected as it is 

the warmest month of the year in the area. Figure 22 presents the total yearly evaporation according 

to the model.  

4.6 Model calibration and validation 
Along with the calibration time series of observed heads both models take input of the parameter 

time series’ shown in appendi  F. These are used as input in recharge models and are necessary to 

use the model for forecasting. The results of model calibration are presented below along with the 

observation time series and the coefficient of determination. Fit reports for all presented models are 

found in appendices G and H. 

 

Figure 23  - Results of Model 15GW calibration on data from well 15S113GU. 

The three time series models fitted to well 15S113GU showed varying results with coefficients of 

determination, R2, ranging from 0.72 to 0. R2=0.82 indicates that of the varying model outputs, 84% 

have been explained by predicting the outcome using the model.  

Looking at figure 23 the results when using the observed stream stage indicate a good fit with the 

calibration time series. It follows both the highs and the lows of the observations. Using baseflow 

values for the stream stage stress model results in a similar result regarding R2, AIC and RMSE as the 

observed stream stage, see appendix G. It does however result in smoother groundwater 

fluctuations with less quick changes. This is more in line with what is expected as this aquifer 

indicates slow changes throughout the observation period. Disregarding stream stage as a stress 
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model entirely results in a worse result than applying in looking at all parameters and it is thus 

disregarded for further analysis. For application the AIC, the RMSE and the R2 were evaluated along 

with the validation plot found in figure 24. The validation in figure 24 was done against data collected 

manually once every month. In the figure its seen that the model using observed stream stage 

expects a groundwater rise way beyond what has been seen previous years whilst the model with 

baseflow stream stage expects a rise similar to that of previous years. Due to this the model using 

baseflow stream stage is continued to application.  

 

Figure 24 - Validation of Model 15GL. 

 

 

Figure 25 - Results of Model 16WL calibration on data from well 16S113GU 

The same calibration was done for well 16S113GU, the result of that calibration is presented in figure 

25. The calibration indicates similar results for all of the three models. The coefficient of 

determination is similar for each model and so are the values of AIC and RMSE, see appendix H. The 

calibration plot found in figure 25 is also present very similar results. The observed stream stage is 

the most different of the three exhibiting relatively large, quick changes in groundwater head. 

Evaluating the validation plot in figure 26 its clear that the observed stream stage model is the best 

for application as in the figure it is the only model following the pattern of groundwater fluctuation 

observed by the pressure transducers.  
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Figure 26 - Validation of Model 16WL. 

From the modelling results the important stresses for each of the chosen models were evaluated. In 

figure 28 contributions to the model result from the different stresses are displayed. In figure 28, its 

seen that Model 15GW, calibrated on observations in a well connected to the same aquifer as 

22S107GU and 22S108GU which had very poor correlations to stream head, does not take much 

input from the baseflow time series which resulted in only diffuse recharge being selected as a stress. 

As the data observations indicate that no quick connection exists between the two waterbodies this 

is deemed a likely result. For Model 16WL, connected to a well with high correlation to the stream 

stage the stress applied by the stream stage is more significant and has a clear impact on the model 

result. This can also be seen where the higher stream stage has a clear impact on the result of the 

model in figure 28. Observed stream stage settings makes the model follow the peaks much more 

accurately than the Baseflow settings which most likely has to do with that the impact of the input of 

observed stream stage follows a less monotone pattern which results in it having a larger impact on 

the model calibration than the baseflow stream stage would have.  

 

Figure 27 - Presenting the contribution of each stress model to the groundwater model result. Model 15GW 
on the left and Model 16WL on the right. 

4.7 Groundwater level forecast  
Changing the precipitation from 2022-10 and onwards to represent the different leakage scenarios 

and recalibrating the model resulted in the modelled results presented in figure 28 and 29. For 

Model 15GW the baseflow stream stage settings are used and for Model 16WL observed stream 
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stage was used. The leakage scenarios being 30 
𝑙

𝑚𝑖𝑛∗100𝑚
 , 70 

𝑙

𝑚𝑖𝑛∗100𝑚
 and no leakage, in the figure 

described called Actual Recharge.  

 

Figure 28 - Presenting the results from Model 15GL of different recharges in the glaciofluvial aquifer. Dashed 
line indicates when recharge starts to differ 

In figure 30 the consequence of the leakage is clearly presented as a decrease in groundwater head. 

Actual recharge is forecasted to rise to the levels a little higher than previous years which is 

reasonable as according to SMHI the precipitation in the area the last 6 months have been more 

plentiful than an average year. At a leakage rate of 30 liters per minute and 100 meters a significant 

recharge of the aquifer is still expected. However, below that the aquifer clearly does not reach the 

expected head level looking at previous years. At the max leakage investigated no head increase 

occurs at all and the groundwater aquifer is simply decreasing throughout the period of the year 

where it would be expected to increase significantly. 
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Figure 29 - Presenting the results from Model 16WL of different recharges in the wetland aquifer. Dashed 
line indicates when recharge starts to differ. 

Unlike for the model discussed previously the aquifer connected to well 16S113GU does not seem to 

be as sensitive to the decrease in recharge. In figure 29 it is clear that the groundwater heads 

decrease significantly but recharge still occurs during the highest leakage scenario. As the aquifer 

where well 15S113GU is placed receives less recharge, see the groundwater head increase in figure 

19, it is reasonable that it shows a more drastic response to a lack of recharge than the aquifer where 

16S113GU is located which seems to receive more recharge.  

If recharge is affected to this extent, the area of Getå nature reserve may see some serious impact as 

a consequence of the tunnel construction. As reduced, or in the worst case, a completely removed 

recharge will negatively affect eventual groundwater wells, root zones and as the stream is 

groundwater fed it will affect the stream flow. Especially as the decrease has not stopped as of the 

end of the simulation. Figure 30 and 31 presents the difference in groundwater head between the 

leakage scenarios and the actual recharge. In it the drawdown has not stopped as the differences are 

continuously increasing over time. This indicates that the full consequence of the leakage may not be 

fully visible until early in the year after leakage begins. For Model 16WL there is not as clear of a 

trend of increased head difference over time as the head difference decreases during the period 

where quick changes occur. However, over the entirety of the modelled period an increase can be 

seen in the higher leakage scenario whilst the smaller leakage scenario indicates that a relative 

steady state has been reached.  
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Figure 30 - Head difference between actual recharge and the leakage scenarios for Model 15GW 

 

Figure 31 - Head difference between actual recharge and the leakage scenarios for Model 16WL 

While this clearly indicates the long-term consequences of the tunnel construction it also establishes 

that there is time during construction to apply measures to the leakage before the it becomes 

unsustainable. The difference between the model results also clearly indicates that whilst the area is 

responding to recharge events simultaneously the response is different depending on the aquifer 

evaluated. Even within the area of Getå the fluctuations of groundwater head differ significantly. 

When applying time series modelling the model needs to be validated at the specific site to ensure 

that the result is applicable.  
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5. Discussion 
The models made in this project can further be compared to other time series models from other 

projects. Finding this specific e ample of leakage application isn’t simple but the model result can be 

compared to other hydrogeological time series models by evaluating the Nash-Sutcliffe Efficiency, 

NSE. This project has only calculated NSE of the model based on well 16S113GU as well 15S113GU 

doesn’t have a validation time series allowing it. Model  6W  has an N   of 0.46.  ompared to other 

hydrogeological time series models this value is relatively low. Compared to the models trialed in 

[45]  which reach an NSE of around 0.8 and in [57] where the models reach 0.84, 0.86 and 0.58. The 

models in these reports have longer and more accurate calibration time series which could explain 

the variation in results.  

However, even with an improved calibration time series there are other improvements tied to this 

project which could be made. Such as further improving the evaporation model and confirming the 

conceptualization of the site. Throughout the project the assumption has been that the creek is 

gaining from the groundwater in nearby groundwater wells and evaluations done strengthen this 

assumption. They are however not enough to undoubtedly confirm the conceptual model. An 

improved understanding of the conceptual model may also allow for further input of stress models 

for stresses unidentified in this project resulting in further improvement.  

Important to keep in mind when running the different calibrations is that the assumption of 

everything being the same when using baseflow stream stage or observed stream stage may not be 

true. In reality the baseflow of Getåbäcken would correspond to another set of groundwater 

observations than those that have been applied in calibration in this report. Furthermore, given that 

baseflow is considered dry-weather-flow its application in the model without adjusting the recharge 

model to correctly represent the conditions where baseflow is naturally found creates a model of a 

not entirely realistic scenario. If continued work aims to use the model for more detailed application 

and as a basis for decision making this may need to be addressed via further conceptualization of the 

site and improved detail when creating the model.  

5.1 Precipitation storage in snow  
An important part of the water cycle in subzero environments is storage of precipitation in the forms 

of snow and ice. Addition of snow storage to the model is simple to do in Pastas if FlexModel is the 

recharge model used. It can, as of yet, only be applied when using FlexModel and, if applied, snow 

storage is considered according to the Degree-Day-Based snow model detailed in Model smoothing 

strategies to remove microscale discontinuities and spurious secondary optima in objective functions 

in hydrological calibration [58]. 

However, as the case study area has varying positive and negative temperatures throughout winter 

no major snowmelt occurs as there would in an area with consistent negative temperatures 

throughout winter. Furthermore, as the baseflow analysis show flow increases throughout winter 

and data of snow layer depth from the closest SMHI station shows that throughout the winter the 

snow layer fluctuates in thickness [59] it is assumed that snowmelt occurs throughout winter and not 

all at once in spring. As applying snow storage to Model 15GW and Model 16WL mainly brings more 

uncertainties and less accuracy along with the data indicating that snow storage is not a major factor 

in Getå Nature Reserve this project does not take snow storage into account in the recharge models.  

5.2 Uncertainties 
None of the models forecast a situation perfectly in line with the observations used for validation. As 

models are never e act representations of reality this isn’t surprising.  owever  uncertainties may be 
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amplified by observation data handling. In figure 32 the diver data and the manual observations 

which the models are calibrated on are displayed.  

 

Figure 32  - Comparison of manual and diver observations 

The figure shows that the measurements carried out manually with a dipper do not match those 

collected with the automatic pressure transducer.  The assumption is that this would simply have to 

do with miscalculations in the diver data transformation from water above the diver to m.a.s.l. 

However, given that the manual observations are not consistently below or above the diver data an 

error in manual data collection may be the issue. As the model calibrates on these datasets 

uncertainties as a result of this is applied into the model.  

Furthermore, as the model is in part based on the modelled S-HYPE flow uncertainty tied to that 

model is adopted into this project. SMHI apply the S-HYPE model, which, being a model, is not a 

perfect representation of reality. One situation where errors in the HYPE model may affect this 

project is the highest peaks visible in figure 20. The peak affecting the calibration of this project 

visible in 2021 has no clear basis in the other meteorological parameters in the area. No major rain or 

snowmelt occurred but even, so HYPE presents a major peak which affects the stream stage stress 

model.. The assumption is that none of these uncertainties affect the result of the groundwater 

model to a large extent, but they help explain some of the errors the model may present in its result.  

Further uncertainties are tied to the application of leakage in the modelling process. A removal of 

precipitation assumes linear affect of leakage throughout the area. This is of course not the case. The 

leakages will result in local drawdown which will spread outward creating a cone of depression in the 

groundwater surface. As the size, depth and specific location of this cone is unknown it is not 

possible to state how exactly the area will react. It may be that the result of this project is accurate 

but it may also end up being irrelevant as reality is not governed by an equal, non-geographical, 

drawdown. During the project attempts were made to conceptualize the leakage as pumping wells. 

This however was dropped in favor of the decrease in precipitation as the information of leakage 

amount, location and rate were difficult to accurately estimate.  

Furthermore, using precipitation as the leakage simulation along with FlexModel creates a situation 

where the recharge is further decreased beyond what the only the leakages would result in. This is 

due to the conceptualized interception basin requiring a specific volume of water before it allows for 

further percolation. Given that a decrease in recharge by increasing evaporation also affects the 

interception basin a string of wells may be the most accurate way to model an elongated leakage 
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point as a tunnel would represent. However, with the difficulties stated before associated to this 

concept this project did not further attempt it.  

5.3 Continued research and future studies 
To improve on this work further observations should be completed in the area. Creating a longer, 

high frequency dataset which can cover seasonal changes and allow for observations of quick 

groundwater head changes can achieve a more complete picture of the future groundwater head. 

Figure 33 shows the calibration of Model 16WL on the diver data. This calibration achieves an RMSE 

of 0.05 and an R2-value of 94.05, a significantly better fit than the model calibrated on monthly 

values. However, as this dataset is not long enough to alleviate uncertainties application of this 

model is unsuitable. It does however indicate that with high frequency datasets model results may 

be significantly improved. The fit report for this calibration is found in appendix J.  

 

Figure 33 - Result of model calibrated on diver observations. 

To tie the groundwater head change to the flow in the creek the tracer tests should also be 

continued to create a more solid dataset. This would allow for the planned interpolation of a 

trendline in the dataset which can, with more certainty, describe the relationship between 

groundwater fluctuations and stream flow variations.  

As hydrological systems are highly dependent on seasonality a dataset that covers this needs to exist 

to ensure successful calibration. In places where such datasets do not exist prior to modelling 

initiation it may be more applicable to use other modelling methods. Further research should 

therefore include studies in to whether sites with similar parameters can borrow time series data 

from each other. In other words, could the time series from Getå nature reserve be applied in 

modelling in an area which is geographically different from Getå but hydrogeologically similar? 

Research in to this topic is underway, see [60], more time and input in to this area of study could 

help unlock the full range of applications for time series analysis and help bypass the need for local 

data sets.  

Time series analysis applications should also be done in areas where the situation is dissimilar to that 

of Getå Nature Reserve. How does time series modelling and Pastas specifically function in an area 

where snowmelt fills a bigger role? Would the uncertainties found when applying snow in this 

project remain? Time series modelling has been successfully applied evaluate artificial infiltration 

[46] and in this project to evaluate the change in surface water head, both projects do evaluations 

because of tunnel leakage. Further applications of time series modelling within the field of 

hydrogeology could be found.  
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6. Conclusions 
The responses to recharge in Getå Nature reserve can be observed to occur simultaneously 

throughout the area in multiple underground aquifers as well as the surface waterway Getåbäcken. 

Hydrogeological connections between the flow in Getåbäcken and nearby groundwater aquifers are 

hinted at by the baseflow separation analysis, the correlation analysis made between the baseflow as 

well as the groundwater head fluctuations observed.  

Applying the groundwater head model to evaluate leakage scenarios indicate that leakages into the 

East Link tunnel will result in significant drawdown in aquifers where the tunnel traverses. It also 

hints that the glaciofluvial aquifers in center of the catchment area is more sensitive to recharge loss 

than the glaciofluvial aquifer located in the west of the catchment area. A leakage rate of 30 
𝑙

𝑚𝑖𝑛∗100𝑚
 results in groundwater drawdown in both evaluated aquifers, whilst a leakage of 70 

𝑙

𝑚𝑖𝑛∗100𝑚
 makes the aquifer in the areas center suffer a complete loss of recharge. The aquifer to the 

west simply suffers additional drawdown. It is also shown that the drawdown has not finished at the 

end of the simulation. Further drawdown is expected as a result of the leakages before a new steady 

state is achieved.  

As the connections between groundwater aquifers and stream flow are clear measures should be 

taken to limit the leakages in to the tunnel as quickly as possible. The area exhibit quick responses to 

recharge stresses and the geology allows for quick groundwater flows. From the modelling there is a 

time of respite before the drawdown reaches problematic levels in both leakage scenarios. Before 

this time is up measures should have been taken, otherwise the East Link project runs a significant 

risk of lowering the flow in Getåbäcken due to groundwater drainage.  
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Appendices  

Appendix A – Baseflow separation code 

  

Importing relevant packages used to run the model.  

 

Importing the dataset as well as using the extension to convert the data into the streamflow time series. 

 

Extension runs on the dataset and presents the best method for baseflow separation based on the 

dataset. Printing the resulting parameters b and KGEs gives 12 different columns of data for b and a row 

of 12 elements for KGE which corresponds to each column. Highest KGE column is the baseflow used.  

 

 

Figure 34 - Full baseflow time series plot 
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Appendix B – Evaporation model code.  
Importing relevant packages used to run the model and export result into csv file.  

 

Cell reads the input file Eto.csv and prints the head of the table.  

 

Cell with further input data, z_msl is meters above sea level, lat is latitude both referring to the station 

where data is collected. Freq indicates what frequency the model output is.  

  

This cell uses functions in the python extention to estimate other parameters needed than the once 

manually inputted.  

 

Executes the code with the estimated and inputted parameters to present the results.  

 

Appendix C – Groundwater model code  
The groundwater model was, as mentioned, made with the Pastas extension, specifically version 1.01 

which released during February of 2023. Certain aspects of the modelling were done before the update 

was live, but all parts of the code are ran on the 1.01 version. Pastas has a certain number of 

dependencies, other Python packages, that are required to run the extension. The aim of the modelling is 

as stated to create a model which can accurately model and predict groundwater changes in an area with 

input of sufficient quality. The only difference between the code for Model 15GW and Model 16WL is the 

groundwater dataset.  
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Import relevant packages and show the versions of the packages used.  

 

Import datasets and determine frequencies.  

 

Running the model twice allows for further optimization. During the first calibration noise is not applied. 

This too increased the final optimization. Tmax simply indicates how long the calibration will run. If no 

value is presented it will end when the calibration series ends. Cells below are is the code used to apply 

stress models and run the model itself. For each of the three cells the only difference is the stressmodel 

pertaining to stream stage.  
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Code for the plot seen in figure 23 and 24.  
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Code for plot seen in figure 25 and 26.  

 

Application of models reads in new precipitation data.  

 

Application creates new stressmodels and applies them to the same model as previously presented.  
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Code for the plot in figures 27 and 28.  

 

Code for the plot in figures 29 and 30.  



  

vii 

CHALMERS - Master Thesis – Architecture and Civil Engineering 

 

 



  

viii 

CHALMERS - Master Thesis – Architecture and Civil Engineering 

 

Fit report presented by pastas showing the responses, stresses, results and the standard deviation of the 

different parameters. This only presents values as long as time series data of the calibration series is 

available. Further simulations can be done by using  

 

This uses the optimized parameters to simulate the variable until tmax. Relevant results are only available 

as long as data for the stress models is available.  

Appendix D – Tracer test results and dates 
Table 7 - Results and dates of tracer tests 

 

 

 

 

 

Appendix E – Precipitation during observation period.  
  

Date of test Flow [l/s] 

2023-04-27 137 

2023-04-27 144 

2023-03-06 73 

2022-12-07 52 

2022-12-07 64 
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Figur 35 - Plot with precipitation in Getå Nature Reserve summed every 3 days for figure clarity. 

 

Appendix F – Input time series’ for model calibration 

 

Figure 36 - Presents the input timeseries used in model calibration. 
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Appendix G – Calibration fit reports for Model 15GW 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 38 - Fit report Observed stream stage Model 
15GW. 

Figure 37 - Fit report Baseflow stream stage Model 
15GW. 

Figure 39 - Fit report no stream stage Model 15GW. 
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Figure 41 - Fit report 30 L leakage scenario Model 
15GW. 

Figure 40 - Fit report 70 L leakage scenario Model 
15GW. 
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Figure 42 - Calibration of Model 15GW for the different leakage scenarios. 

Appendix H – Calibration fit reports for Model 16WL 

   

  

Figure 44 - Fit report Baseflow Stream Stage Model 
16WL 

Figure 45 - Fit report no stream stage Model 16WL. 

Figure 43 - Fit report Observed stream stage Model 16WL. 
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Figure 48 - Presenting the calibration of Model 16WL used to evaluate different leakage rates. 

  

Figure 47 - Fit report 30 L leakage scenario Model 16WL Figure 46 - Fit report 70 L leakage scenario Model 16WL. 
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Appendix I – Calibration fit report for model calibrated on pressure transducer 
data 

 

 

Figure 49 - Fit report Model 16WL setting calibrated on transducer observations in well 16S113GU. 
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