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Evaluating the Performance of Transfer Function Models for Identifying Groundwa-
ter Disturbances in Infrastructural Projects
Predicting Groundwater levels at Haga Station construction site in Västlänken
Project
VIKTOR ALFREDSSON, ELLA BLOMQUIST
Department of Architecture and Civil Engineering
Chalmers University of Technology

Abstract
Hydrogeology is inherently challenged by the difficulty of making direct observa-
tions. To address this, numerical groundwater models are commonly developed to
simulate hydrogeological conditions at specific study sites. However, such models
require extensive input data and are often time- and resource-intensive. As a result,
alternative, data-driven modeling techniques are of growing interest.

This study evaluates the performance of a data-driven Transfer Function model in
identifying and analyzing groundwater head disturbances caused by underground
excavation activities. The transfer function model used for this project is the
open-source Python package Pastas. Focusing on the Haga Station site within the
Västlänken infrastructure project in Gothenburg, Sweden, the research compares
transfer function models with a numerical benchmark model developed using MOD-
FLOW. Synthetic and constructed disturbance scenarios in the form of excavation
shafts were modeled in the benchmark model to generate time series of groundwater
head, leakage and infiltration. These time series were then used to test the transfer
function model’s ability to detect controlled disturbances. To validate the results, a
qualitative assessment was also performed using observed field data.

The findings demonstrate that transfer function models developed using Pastas can
replicate general groundwater trends and detect some disturbance signals. However,
the models showed significant variation between different well simulations, with in-
consistencies in how disturbances were interpreted. Additional limitations include
the overestimation of recharge and the underestimation of leakage into shafts fol-
lowing transfer function model calibration. Despite these challenges, the transfer
function approach shows promise due to its low data requirements and its ability to
model complex hydrogeologic study sites. This work contributes to a better under-
standing of transfer function model capabilities and their potential application in
hydrogeological assessments of infrastructure projects.

Keywords: Transfer function models, Time series analysis, Data-driven modeling,
Pastas, MODFLOW, Groundwater Head Disruptions, Underground Infrastructure
Project, Residuals.
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1
Introduction

Groundwater plays a vital role in maintaining ecological balance, providing drinking
water, and supporting industrial and agricultural activities (Condon et al., 2021).
However, human activities such as urbanization, construction, and resource extrac-
tion can significantly alter groundwater conditions, leading to potential environmen-
tal and engineering challenges.

Common environmental and engineering challenges are tunneling and underground
excavation projects. A primary concern is groundwater leakage, where excavation
may create pathways for water intrusion, resulting in lowered groundwater levels.
This drop in the water table can reduce pore pressure, potentially causing ground
subsidence and structural instability (Wikby et al., 2024; Panda and Vipulanan-
dan, 2019; Omoko et al., 2018). Given the inherent complexity of hydrogeological
systems, comprehensive analysis is critical for understanding groundwater behavior
and mitigating associated risks.

Particularly in urban areas, groundwater modeling plays a crucial role in quantify-
ing and integrating available data, improving predictions, and supporting decision
making in hydrogeological studies (Anderson et al., 2015).
Groundwater models can range from simple to complex, depending on the problem,
but its methods and assumptions must be evaluated to ensure that they are ap-
propriate and produces scientifically defensible results (Reilly and Harbaugh, 2004).
Numerical process-based models such as MODFLOW and FEFLOW are widely used
in hydrogeological studies due to their ability to simulate complex groundwater sys-
tems (Sun et al., 2022). However, in complex hydrogeological areas, such models
typically require a lot of field data to conduct a reliable model, which raises the
demand for more cost- and time-effective modeling options.

Data-driven groundwater models mainly analyze historical data and the relation-
ship between groundwater level and other significant factors such as groundwater
recharge and groundwater withdrawal (Haaf et al., 2023; Collenteur et al., 2024).
Unlike numerical models, data-driven models do not attempt to replicate physical
processes and solve three-dimensional groundwater-flow equations but instead fo-
cus on empirical relationships. Data-driven models have been shown to be helpful
in simplifying complex physical hydrogeological systems, and this study is specifi-
cally focused on data-driven transfer function models in urban areas (Vonk et al.,
2024;Lindblom and Boström, 2021).
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1. Introduction

Transfer function model is a modeling method that is used to transform input data
in the form of a time series into an output result (Collenteur et al., 2021). One mod-
eling tool to utilize transfer function models is Pastas, which is code-based and built
using Python scripts. The advantage of using transfer function modeling tools such
as transfer function model is the low number of parameters needed to calibrate the
model (Bakker & Schaars, 2019). According to Collenteur et al. (2021), the transfer
function modeling tool, Pastas, is frequently used together with developing a numer-
ical model. Using a code-centered tool provides more transparency in the modeling
process than a numerical modeling tool with a graphical user interface (GUI), as
the user can see all inputs and is often required to perform all calculations manually.

1.1 Aim
The aim of this study is to evaluate the capability of a data-driven transfer function
model to identify and analyze groundwater head disturbances caused by infrastruc-
ture excavation, modeled in a synthetic benchmark model. By using data-driven,
transfer function models (TFM) to simulate time series of groundwater head, the
study investigates whether such models can detect changes in groundwater levels as-
sociated with specific subsurface activities, such as shaft construction. The project
also aims to assess whether TFMs can complement, or in some cases, replace numer-
ical groundwater flow models in hydrogeological analysis. A data-driven approach
may offer a more cost-effective, time-efficient, and less complex alternative for mod-
eling groundwater leakage in infrastructure projects.

1.2 Research questions
This study focuses on evaluating the effectiveness of data-driven transfer function
modeling in detecting and interpreting groundwater disturbances caused by infras-
tructure excavation. The research questions below aim to explore the capabilities of
the transfer function model compared to traditional process-based models and its
potential as a practical tool in groundwater assessments for infrastructure projects:

• To what extent can transfer function models distinguish between groundwater
disturbances caused by different disturbances, such as those caused by deep
excavations?

• How accurately can transfer function models attribute each groundwater dis-
turbance to its source?

• What are the limiting factors for evaluating groundwater disturbances with
transfer function models.

2



1. Introduction

1.3 Limitations
This study is limited to evaluating the ability of transfer function models to analyze
and identify disturbances in the groundwater head. The analysis focuses specifically
on transfer function models developed with TFMs at the Haga station site with a
MODFLOW model as a benchmark model.
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2
Data and Methods

2.1 Modeling workflow

To assess the capability of a transfer function model (TFM) to identifying and eval-
uating groundwater disturbances, multiple TFMs are developed using input data
generated by a numerical model of the Haga area in Gothenburg. This numerical
model serves as a benchmark framework, simulating various scenarios where all de-
tails of the system are known. Its primary function is to generate time series data
for groundwater head, leakage into the modeled shafts, and infiltration flows from
wells integrated into the system. These generated time series for different leakage
scenarios, along with recharge data in Section 2.2.4, are used as input stresses for
the TFMs.

The shafts in the benchmark model are based on the observed values of groundwater
head, leakage, and infiltration provided by the Swedish Transport Administration
(Trafikverket) ensuring a realistic representation of site conditions. The data sources
are presented in Section 2.2.3. The same observed values are used to qualitatively
validate the numerical model as a benchmark model, by simulating the observed
values in a TFM and comparing the results to ensure the validity of the results. A
flowchart illustrating the structure and integration of input time series used in the
models is presented in Figure 2.1.
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2. Data and Methods

Figure 2.1: Flowchart illustrating the structure and integration of input time series
used in the modeling process.

2.2 Study site
The selected study area is the Haga district in Gothenburg, which includes the Haga
Station section of the Västlänken project and its surroundings. The Haga area
was chosen due to its comprehensive and well-documented hydrogeological data,
including groundwater head measurements from wells, as well as infiltration and
leakage measurements.

2.2.1 Haga Station
The Västlänken project involves an 8 km double-track railway through central Göte-
borg, with approximately 6.6 km in tunnels excavated through rock and clay (Sund-
kvist and Wallroth, 2016). It includes three underground stations at Gothenburg
Central, Haga, and Korsvägen. Construction began in 2018 and is expected to fin-
ish by 2030 (Trafikverket, 2021). One of the three entrances to the underground
train platform will be at the School of Business, Economics and Law at the Uni-
versity of Gothenburg, locally referred to as ”Handels”. Therefore, the shaft that
is constructed for this entrance is called the Handels shafts and will be the central
disturbance and the reference point for other fictional disturbances modeled for this
study.

2.2.2 Hydrogeological conditions
Sweden’s bedrock primarily consists of ancient Precambrian crystalline rocks that
form part of the Baltic Shield. The oldest formations are over 2.5 billion years old
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2. Data and Methods

(SGU, 2020). Most of these rocks formed during the Svecokarelian orogeny (2,000–
1,650 million years ago), while the southwestern region of Sweden was later shaped
by the Sveconorwegian orogeny.

The ground topography in Gothenburg is characterized by low-lying, soil-covered
areas along the Göta River (north) and Mölndalsån (east), while the southern parts
feature hilly terrain with elevated bedrock areas intersected by narrow, soil-filled
valleys (Sundkvist and Wallroth, 2016). In the southern highlands, bedrock is ex-
posed at the surface, whereas in the lowlands near rivers and valleys, it is overlain
by thick clay deposits. The general soil profile consists of surface fill overlying soft
clay, under which a friction soil layer rests on bedrock. Figure 2.2 shows a profile
view of the soil layers along the Västlänken tunnel route.

Figure 2.2: Profile view of the planned traverse of Västlänken with soil and bedrock
layer (Trafikverket, 2020).

The site area is naturally divided hydrogeologically into a northern section, including
Haga, and a southern section, including Annedal (Sundkvist and Wallroth, 2016).
In the northern part, thick soil layers are bordered by high rock formations to the
south. Within this area, there are two hydraulically interconnected lower ground-
water reservoirs in the soil: the Masthugget–Haga reservoir in the north and the
Olivedal–Annedal reservoir in the south. These reservoirs consist of frictional soil
layers positioned above the bedrock. Bedrock levels within the Haga site vary sig-
nificantly, with elevations ranging from approximately +60 m in higher areas to -60
m northwest of Skansberget, representing a total variation of at least 120 m. Figure
2.3 shows an overview of the study site and its groundwater flow directions.
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2. Data and Methods

Figure 2.3: Overview of the study site and its groundwater flow directions (Sund-
kvist and Wallroth, 2016).

Groundwater levels in the rock are influenced by existing draining rock structures,
leading to locally disturbed conditions (Sundkvist and Wallroth, 2016). Measure-
ments from rock boreholes indicate groundwater levels between +15 m and +21
m. Hydraulic conductivity values in the rock, based on core borehole testing, range
from 2×10−9 to 1×10−7 m/s. The West Link route in this area passes through an
area with high thickness of soil deposits, including Stora Hamnkanalen and Rosen-
lundskanalen. The Haga area is also prone to subsidence in areas with soft clay if
groundwater drawdown occurs (Wikby et al., 2024). This subsidence poses a sig-
nificant risk to the value, functionality, and structural stability of buildings within
the drawdown zone, which can extend several hundred meters from the construction
site. In some cases, permanent protective infiltration may be necessary to prevent
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2. Data and Methods

the impact of underground constructions on the built environment.

2.2.3 Observation wells and time series

The benchmark model and transfer funtion model (TFM) is calibrated on ground-
water head from wells. The information used is time series, which describes the
groundwater head over time. Infrequent observations of the groundwater head have
been made, beginning from year 2000 for a few number of wells. Higher frequency
of data points starts in 2018 for the remaining wells.

The observed head is collected from the well data given by Trafikverket’s measure-
ment database for environmental impact (TMO). Observed data includes measured
data from wells taking active measurements during the ongoing construction. The
observation also encompasses measurement of flow of water leaking into the Handels
shaft and flow of water from the infiltration well. The input data are given in time
series with a variation of time sequences from before construction start to finished
project.

A section of wells is used to represent the groundwater heads in the study area. The
selection is based on choosing wells distributed at varying distances from the shaft.
This is to create a good overall picture of the entire area. Boreholes with a large
amount of data points were prioritized to provide reliable data. The location of the
wells can be seen in Figure 2.4 and Table 2.1. Wells closer to the wells may be
more affected by leakage disturbances. The coordinates for the wells are taken from
Trafikverket with estimation made for the shaft where the coordinates for the closest
wells is used to asses the location. Several wells are used for the transfer function
model for analysis purposes to get a broad view of the infliction of the stresses on
the groundwater in the area.
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2. Data and Methods

Figure 2.4: Map of the location of the wells. The Handels shaft is in the center
with faint marking of fictional shafts and the tunnel. Wells, infiltration well (INF)
and the Handels shaft are labled.

Well label Depth (m) Diameter (cm) Aquifer placement
HH4001H 35 11.5 Bedrock
HH4003H 52 11.5 Bedrock
HH4107U 15 5.1 Lower soil layer
HH4117U 16 5.1 Lower soil layer
HH4226U 2 5.0 Upper soil layer
HH4302U 28 5.1 Lower soil layer
HH7454U 14 6.3 Lower soil layer
HH7455U 6 6.3 Lower soil layer

Table 2.1: Details about measurement of groundwater head at observation wells.
Missing values of wells HH4279B and HH7453U.

2.2.4 Climate data
External influences on the fluctuating groundwater level, caused by environmental
factors, include primarily recharge. It describes the amount of rainwater that can
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2. Data and Methods

effectively add to the groundwater, with a reservation on the amount that can be
evaporated. Recharge, R is calculated by the equation (2.1)(Collenteur et al., 2019),
as follows.

R(t) = P (t) − E(t) (2.1)

• R - Recharge
• E - Evapotranspiration
• P - Precipitation
• t - time

The input data is based on observations at the station Göteborg A (Gothenburg A)
for all climate parameters except for solar radians, Rs, which is gathered from the
station Göteborg Sol (Gothenburg Sun). Values are provided by Swedish Meteoro-
logical and Hydrological Institute (SMHI)(SMHI, 2025). Both weather stations are
located in the center of the city and are chosen due to its high continuous measure-
ment frequency and long timespan. The data are collected as time series with the
daily mean value per day during the time period January 1, 2000 and November 30,
2024.

To estimate Evapotranspiration, the data undergoes processing to enhance consis-
tency and comparability. For instance, relative humidity, Rh and solar radiance,
Rs are given in hourly measurements and compressed into daily mean values. Solar
radiance (Mj/m2) is gathered from multiplying radiation (W/m2) with the amount
of sun time [s] and altered from how it is given from the source SMHI, to fit the
needed units for later. See Appendix B.1 for further explanation of modifications
made.

For calculations of recharge, the parameter evapotranspiration needed is done using
the open-source Python package ETo is employed to determine the Potential Evap-
otranspiration (PET). Meteorological data is utilized in the FAO Penman-Monteith
equation (Allen et al., 1998). The Python code used to calculate potential evapo-
transpiration (ETo) is provided in Appendix B.1.

To make the PET calculation feasible, additional parameters such as the mean sat-
uration vapour pressure, es and the actual vapour pressure, ea must be defined. To
calculate this, the saturated vapor pressure e0 is required and depends on temper-
ature, as shown in equation (2.2). The actual vapor pressure, ea is used in PET
calculations as an average over one day which is defined needing the mean satura-
tion vapour pressure, es. This is defined using maximum and minimum temperature
with the saturated vapuor pressure in equation (2.3) (Allen et al., 1998). The air’s
relative humidity, RH is a ratio between ea and es, which can be converted to equa-
tion (2.4) and used to conclude the needed parameter for further Pet calculations
in the Python package Eto (see Appendix B.1).

e0(T ) = 0.6108 ∗ e
17.27∗T
T +237.3 (2.2)
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es = e0(Tmax) + e0(Tmin)
2

(2.3)

ea = Rh ∗ es

100
(2.4)

• e0 - saturation vapour pressure (kP)
• es - mean saturation vapour pressure (kPa)
• ea - Actual water vapour pressure (kPa)
• Rh - Relative humidity (-)
• T - Temperature (Celsius)

The amount of evapotransporation that totals during one day can be seen in Figure
A.1 in the Appendix A.1.

Calculations contribute to the input data used for the simulation of the benchmark
model and the TFM. Figure 2.5 shows the calculated daily amount of recharge (m)
with the start date of January 1, 2000. The recharge is calculated by subtracting
the evapotranspiration from the precipitation by the equation 2.1, which results in
negative recharge during periods of very little precipitation. The data points are
changed to weakly mean the total amount of recharge over one day, as elaborated
in Appendix B.2.

Figure 2.5: The amount of recharge (m/day) over time.

2.3 Benchmark modeling
MODFLOW is a modular finite-difference groundwater flow modeling software de-
veloped by the United States Geological Survey (USGS) (Harbaugh, 2005). It sim-
ulates the movement of groundwater through aquifers by solving the groundwater
flow equation in three dimensions. MODFLOW is free to use and is widely regarded
as the international standard for simulating and predicting groundwater and surface
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water systems (USGS, 2022). There exist several versions of MODFLOW, this study
uses MODFLOW-NWT because of its flexibility in adjusting model parameters and
rewetting implementations (Niswonger et al., 2011).

Initial configuration of MODFLOW models requires defining geometry, initial ground-
water head, soil properties, e.g. hydraulic conductivity (Winston, 2023). In addition
to these factors, external properties that influence and define groundwater head and
flow must also be considered. Once relevant data have been collected, the model
can be subjected to disturbances caused by load, such as tunneling and excavation
(Winston, 2023). For this work, the ModelMuse GUI was used for pre- and post-
processing MODFLOW.

2.3.1 Site-based numerical groundwater flow model

The base numerical model used as benchmark for this project was developed us-
ing MODFLOW-NWT. The initial aim of this model was to study the importance
of explicitly representing measurements of hydraulic head from open boreholes in
crystalline rocks (Haaf et al., 2025). The same model was also modified to analyze
groundwater leakage into the Västlänken tunnel (Lilja and Zander, 2024). While
based on the same hydrogeological data and climate data, the later model represents
three years of data, 2020 to 2023, divided into two 18-month periods before and after
tunnel construction, to assess and quantify leakage.

The benchmark model covers the Haga area in central Gothenburg, including parts
of the Port of Gothenburg, with a particular focus on the planned location of the
Haga Station for Västlänken, as shown in Figure 2.6 below. It is discretized into
18 numerical layers representing coarse-grained fill, underlain by a layer of clay and
coarse-grained fill, followed by the bedrock which is further divide into 14 separate
layers (Haaf et al., 2025).

The initial model had MODFLOW time steps set to one-week intervals to manage
computational complexity for the two 18-month periods (Lilja and Zander, 2024).
One-week intervals are also used to analyze disturbances in this project, but over
an extended period of six years. The validated model has been calibrated using
observed groundwater head data from five wells, employing the Multi-Node Well
(MNW2) package and Head Observation (HOB) package in MODFLOW (Haaf et
al., 2025). Additionally, it incorporates the recharge (RCH) package to simulate
precipitation during the study period with data from SMHI, accounting for natural
infiltration processes described in Section 2.2.4. To represent stormwater manage-
ment in the area, the Drain (DRN) package is included to drain excess water from
the top layer.
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Figure 2.6: Map of the benchmark model domain, bordered in black. Located in
the Haga area in Gothenburg.
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2.3.2 Synthetic benchmark model
The objective of recalibrating the initial numerical model and add additional dis-
turbances is to generate different time series that will be used as an input to the
TFM. Because the aim of the study includes testing the accuracy of transfer function
models to identify different disturbances, multiple different model versions must be
modeled with different sets of disturbances.

The disturbances incorporated into the model is in the form of various shafts, except
the previously modeled Västlänken tunnel, which is modeled as a one-dimensional
drain. Since the goal is to analyze potential disturbances and test TFMs to identify
and quantify their effects against a benchmark, not all modeled shafts need to exist
or be planned in reality. However, their impact on the system must be realistically
represented to reflect potential future infrastructure projects.

To establish a reference case, the Handels shaft is modeled first, which is a com-
pleted shaft with fixed dimensions. This shaft is selected because several boreholes
surrounding it have provided continuous groundwater level measurements before,
during, and after construction. Instead of modeling the shaft with detailed input
to estimate the future potential impact, the shaft is modeled to reflect the observed
impacts that have been measured. These observed groundwater levels from nearby
boreholes as well as the leakage data provided by Trafikverket, serve as a baseline,
allowing direct comparison with the simulated results. By aligning the model output
with real-world data, the accuracy and reliability of the simulation in representing
groundwater responses to shaft construction is improved.

Several approaches are available for modeling a shaft in MODFLOW, and the op-
timal method depends on the specific objectives of the model and the physical pro-
cesses being represented. One commonly used and computationally simple method
involves representing the shaft as a zone of high vertical hydraulic conductivity. In
this approach, the shaft is modeled as a vertical column of cells with significantly
elevated vertical conductance values, which facilitates a rapid downward movement
of water from the surface to the bottom of the shaft zone. This setup allows water
entering the shaft through horizontal inflow or precipitation to quickly move down-
ward through the model layers.

In the case of the Handels shaft, water that infiltrates into a shaft is captured and
removed through pumping systems and drainage infrastructure. With the high-
conductivity method, water remains within the model, just migrating downward
rather than being extracted. To better represent actual conditions, the MODFLOW
Drain (DRN) package was utilized instead. The DRN package allows for the specifi-
cation of a zone or boundary condition where water is removed from the model once
the groundwater head exceeds a defined elevation. This functionality mimics the
physical process of pumping or draining water from the shaft, effectively removing
it from the modeled system.

To quantify the volume of water removed via the DRN package within the shaft

15



2. Data and Methods

region, the Zone Budget package was utilized. This package enables the definition
of custom zones within the model, allowing detailed water balance calculations for
specific areas, in this case, the zone surrounding the shaft. Once a zone is defined
and the model is run, the Zone Budget package generates output files that report the
volumes of water entering and exiting the zone at each time step. These outputs are
broken down by flow components, including those associated with the Drain pack-
age. As a result, it is possible to isolate and extract the volume of water removed
through the drains at each time step, which is one of the necessary inputs to the
TFM to assess its capability.

The Drain (DRN) package in MODFLOW allows the user to specify drain con-
ductance, either per unit length or area, which directs the rate at which water is
removed from the model area. This conductance value is a parameter that typically
must be calibrated empirically if the objective is to simulate the shaft for predictive
purposes for hydrogeological scenarios. In the case of the Handels shaft, however,
the volume of water leakage into the shaft is already known from measurements,
provided by Trafikverket (Hagman et al., 2024). This prior knowledge enables a
more targeted calibration approach. Rather than beginning with arbitrary conduc-
tance values, the conductance was set to equal the horizontal hydraulic conductivity
(Kx) of each model cell intersected by the shaft.

The neutral conductance for the DRN package was kept as the horizontal hydraulic
conductivity and instead the shaft walls and bottom were modeled separately to
more accurately represent the structure of the Handels shaft. The shaft walls are
built of 1-meter-thick concrete, reinforced with corrugated steel frames, and the bot-
tom of the shaft lies against bedrock that has been sealed through concrete injection.
The bottom of the shaft was modeled with low hydraulic conductivity cells to sim-
ulate the concrete injected bedrock while the shaft walls were represented using the
Horizontal Flow Barrier (HFB) package with a thickness of one meter.

In conjunction with the construction of the Handels shaft, three infiltration wells are
installed to mitigate drawdown effects caused by the excavation by pumping water
into the ground. (Hagman et al., 2024). These wells are designed to infiltrate water
to a specified level using a tilt mechanism, controlling the flow of water according
to the current groundwater level (Hagman et al., 2024). Therefore, these wells were
modeled using the Multi-Node Well Package 2 (MNW2), which is a head-dependent
flux boundary that also enables positive infiltration rates depending on the current
groundwater head at the well location (Niswonger et al., 2011). The resulting infil-
tration rates for the benchmark model is presented in section 3.1.

2.3.3 Synthetic shafts and event time line
To assess the transfer function model’s capability to identify groundwater distur-
bances, three synthetic shafts, named A, B, and C, are incorporated into the numer-
ical benchmark model developed in MODFLOW. These synthetic shafts are equal
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in their geometry and assigned identical hydraulic properties to those of the exist-
ing Handels shaft. However, each shaft is extended vertically down to the bedrock
interface and therefore differs in total depth due to the varied thickness of the over-
lying soil layers. Each shaft is introduced in three successive vertical segments, with
a temporal lag of two weeks between the addition of each segment. This stepwise
approach is intended to reflect realistic construction dynamics and enable temporal
resolution of the model’s response to incremental disturbance. The shafts are posi-
tioned at different locations across the model area to capture a range of hydraulic
responses from different observation wells, see Figure 2.7. By distributing the syn-
thetic shafts at varying distances from the boreholes used as observation points,
the model enabled the monitoring of resulting drawdown patterns. This setup is
designed to evaluate the performance of the transfer function model in detecting
temporally distributed disturbances to the groundwater system in the area.
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Figure 2.7: An overview of the study area with the Handels shaft and the fictional
shafts, marked as A, B and C in the figure. The purple and red line consists of the
railway tunnel.

The original model was designed to cover a three-year period, from October 1, 2020,
to September 30, 2023 (Lilja and Zander, 2024). However, to achieve an effective
step response and a realistic model fit, the transfer function model required a longer
calibration period before it could accurately analyze and detect disturbances. There-
fore, the time span of the numerical model was extended to cover the period from
September 28, 2017, to November 28, 2024, providing more than enough time for
proper calibration for the TFM. This change was made by extending the recharge
data calculated in Section 2.2.4 with the measured data from SMHI, and incorpo-
rating it into the RCH package in MODFLOW. Figure 2.8 shows a timeline of the
MODFLOW-NWT model, visualizing when each major component is incorporated
into the model.
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Figure 2.8: Timeline of the benchmark model with extended time for calibration of
TFM. The single letters and numbers indicates when each shaft layer is incorporated
into the model.
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2.4 Data driven modeling using Pastas
TFMs are used to predict the groundwater head using time series of groundwater
head from observed values to calibrate the it. The Modeling method is object-
oriented, meaning that simulations are made on singular observation wells. Indi-
vidual models are made for each observation well that is analyzed and repeated for
every additional observation well. Time series refers to the observed groundwater
level measured in a specific well over time (Collenteur et al., 2019). Stresses are
added to the model to replicate real-life disturbances that effects the groundwater
table.

2.4.1 Response functions
The groundwater head, h(t) is calculated on the base elevation, d, meaning the
initial groundwater head in a base scenario without disturbances (Collenteur et al.,
2019). The sum of inflict on the groundwater head that all of the disturbances
sources have, results in the theoretical groundwater head. The initial elevation is
used with the impact of groundwater change to predict and calculate the affected
head.

h(t) =
M∑

m=1
hm(t) + d + r(t) (2.5)

• h(t) - observed groundwater head.
• hm(t) - head contribution from stresses
• m - stresses
• d - initial elevation
• r(t) - residuals

The disturbances are used in the calculation based on their contributions, meaning
their effect on the height difference in the groundwater level. A response function
is used to transform the stresses into appropriate stress models (Collenteur et al.,
2019).

2.4.2 Time series modeling process
Individual TFMs are developed for each well to initiate the time-series analysis. The
influence of external stresses on groundwater head is represented using the following
two stress models. Recharge was incorporated through the RechargeModel, which
simulates the effects of precipitation and evapotranspiration (Collenteur et al., 2019).
Leakage and infiltration were represented using the WellModel, which accounts for
the distance between the stress source and the observation well (Collenteur et al.,
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2019). The stress models are then applied to each model and simulated as a response
function.

2.4.3 Evaluation of time series fit
To the coefficient of determination, R2 is used to evaluate the reliability of the sim-
ulation made in the TFM. The value of R2 ranges between 0 and 1, with 1 being
a result with strong correlation and 0 meaning that there is no correlation to input
data (Onyutha, 2022). A R2 value greater than 0.5 verifies that the simulated value
can prove its authenticity by comparing them to external time series. It is impor-
tant to note that the coefficient of determination does not quantify the bias of the
simulation (Onyutha, 2022). For the current project, an R2 value around 0.8 and
higher is desired to ensure accurate modeling results.

2.5 Model evaluation
A parallel modeling workflow has been applied for applying the TFM. The first sets
of models are calibrated using observed values, while the second are calibrated using
values from a benchmark model. In the first approach, observed data are used in the
modeling simulation to evaluate its ability to replicate the actual impact of the ex-
cavation of the shaft, as measured in nearby wells. The second approach, introduces
synthetic shafts to test whether the transfer function model can detect and quantify
the disturbances they cause. These synthetic shafts are created in the benchmark
model and subsequently used as time series input to calibrate the transfer function
model.

2.5.1 Synthetic scenario data
Simulation of TFMs with synthetic benchmark input data is done with the base
scenario, meaning when only the Handels shaft is built and then when the synthetic
shafts are implemented. It is important to note that shaft A, B and C are repre-
sented as leakage when added to the TFMs. However, the shafts existence affects
the simulation in its entirety, ergo also the time series with groundwater level and
infiltration. Therefore, benchmark data of groundwater head, leakage, and infiltra-
tion are extracted in two separate versions, one with only the Handels shaft and
one with all of them. Consistent input data is needed to allow the contracts of the
simulation to reflect correctly in the results.

The groundwater head is used to calibrate and validate the model with further
simulation where the TFM’s calibration on the groundwater head is limited to a
certain time. The TFM predicts the groundwater head on its own accord for the
remaining simulation sequence. Time series from the benchmark model is used to
validate the simulation done in TFMs to analyze its usability of the simulation
method.
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2.5.2 Observational time series
To qualitatively assess the reliability of the numerical benchmark model, multiple
TFMs were simulated using observed field data, based on measured groundwater
head, recharge, leakage, and infiltration. The purpose of this assessment is to high-
light the limitations of the benchmark model as a base for modeling disturbance
scenarios in TFMs. When running the models, a selection of the borehole results in
more accurate time series simulations of groundwater head than others.

The model uses time series of groundwater levels, construction leakage, and infil-
tration as input. To assess the TFM’s ability to simulate real conditions, it is run
using actual well data. The results are then compared to observed groundwater
drawdowns to evaluate the correlation. Extended explanation on how can be seen
in the Python code in Appendix B.3

The observed leakage caused by the construction of the Handels shaft is shown in
Figure 2.9. Measurements of actual leakage include the time span between October
2020 and February 2025. Observation of the construction site concludes a time series
of the infiltration, however, because of inconsistency in data quality, an average is
chosen. Therefore, infiltration is set to 1.5 (m3/day) with daily data points from
January 1, 2017 to December 30, 2024.

Figure 2.9: Graph of the observed leakage over time.

The leakage occurs primarily during the construction process and is measured at
just over 10 (m³/day) at its highest point. It can be seen in Figure 2.9 that the flow
decreases after 2024, which may indicate that measures have been taken to improve
values. To seal the problem areas, concrete is injected with the purpose of filling
the spaces, which counteracts and stops the flow of water (O. A. Chaudhari and G.
Zirgulis, 2025).

2.5.3 Benchmark time series
Simulations in MODFLOW provide time series of both groundwater head as well
as the flow of leakage and infiltration as described in Section 2.3.2. The benchmark
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leakage time series is determined by the resulting flow value from the benchmark
model and can be seen in Figure 2.10. Large disturbances originating from the
Handels shaft had the greatest impact during a spike at the end of 2020 with up to
0.005 (m3/s). Leackage data from the benchmark model is higher than the observed
values with a mean leakage of around 7 (m3/s) from the Handels shaft.

Figure 2.10: Graph of the groundwater leakage into modeled shafts from the
benchmark model with logarithmic scale. Including the Handels shaft and shaft A,
B and C.

2.5.4 Scenarios with synthetic shafts
To systematically evaluate the capability of the TFMs to detect specific distur-
bances to the groundwater head, multiple scenarios were introduced by including
different combinations of the synthetic shafts, named A, B and C. The synthetic
shafts are implemented in the benchmark model with similar hydraulic properties
as the Handels shaft, but incorporated at different times and located at different
locations to test the TFMs capabilities. This setup allows for controlled testing
of the TFM’s ability to detect and distinguish multiple stress signals. Figure 2.7
shows an overview of where the synthetic shafts are located and Figure 2.8 shows
a timeline of when each of the shafts are incorporated into the benchmark model,
with a two-week temporal lag between each of the three modeled shaft segments.

The purpose of modeling time series with different combinations of synthetic shafts
in different observation wells is to analyze how well the models can identify the
disturbances from different distances. Table 2.2 presents all the tested scenarios for
the different synthetic shafts. Identifying the influence of a specific shaft becomes
increasingly challenging when multiple disturbances occur in a close time frame.
Therefore, comparing scenarios with single and multiple shafts provides insight into
the model’s accuracy and reliability. The performance of the TFMs in these sce-
narios is evaluated by analyzing residuals and model fit, as described in Section 3.3.2.
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Scenario Handels Shaft Shaft A Shaft B Shaft C
Base x
A x x
B x x
C x x
AB x x x
AC x x x
BC x x x

Table 2.2: Table of all tested scenarios for the synthetic shafts A, B and C.
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3
Results and Discussion

The following chapter presents the outcomes of the groundwater modeling made
in the numerical model which serves as a benchmark model for a TFMs, as well
as the results from the TFMs. Evaluations are presented and discussed of TFMs
using both values from generated time series of constructed disturbances, fictional
disturbances and also measured values to qualitatively assess the model.

3.1 Calibration of benchmark model

A benefit of using the DRN package to model the leakage into shafts is that the
volume of water removed at each time step is recorded in MODFLOW’s output
files. This enables quantitative tracking of the drainage process throughout the sim-
ulation period. Additionally, drain volumes were visualized using ModelMuse by
post-processing the cell-by-cell (CBC) output file. This allows the plotting of the
drain rates in individual time steps across the model layers. The DRN package is
also used to model storm water management within the modeled area. Previous
calibrations inserted a large polygon above the model surface to stabilize the model
and mimic storm water management, removing excess water that does not infiltrate
the soil layers (Lilja and Zander, 2024). Figure 3.1 illustrates the drains during the
one-week time step 259, starting 2022-09-08, in model row 71. The figure shows
that the cell within the Handels shaft with the highest DRN flow has a flow of
about 1.5×10−5 m3/s while the Drains that represent the storm water management
are about ten times lower. The entire Handels shaft has a total leakage flow of
1.65×10−4 m3/s during the same time step, 259.
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Figure 3.1: Groundwater flow out from the MODFLOW model caused by DRN
package during one week, starting 2022-09-08, in model row 71 in m3/s. Plotted in
ModelMuse through the model layers and cells, represented in black.

Through iterative calibrations, the model was adjusted to match the observed leak-
age rates into the shaft. A satisfactory match was achieved when the shaft bottom
was assigned a hydraulic conductivity of 1×10−8 m/s, and the shaft walls, repre-
sented by the HFB package with a thickness of one meter, were assigned a conduc-
tivity of 1×10−10 m/s. These values fall within the range reported for similar engi-
neered structures in other hydrogeological modeling studies (Dada and Uchechukwu,
2016, Luca et al., 2024). The resulting model configuration produced an average
simulated groundwater leakage into the Handels shaft of approximately 3.8 l/min.
Figure 2.10 shows the numerical simulated leakage into both the Handels shaft and
the synthetic shafts that are modeled with the Handels shaft as a reference.

The most effective of the three infiltration wells at the site, HH7449U, was con-
figured to infiltrate when the groundwater level ranged between +12.5 and +12.8
m (Hagman et al., 2024). By the end of October 2023, the mean infiltration rate
from this well was approximately 5.1 l/min . However, when implemented in the
benchmark model with a fixed groundwater level of 13 m, the resulting infiltration
was significantly lower, about 0.005 l/min due to the already elevated groundwater
head in the area. As a result, only the most effective infiltration well, HH7449U,
was included in the model.

3.2 Observational time series
Figure 3.2 shows a TFM calibrated on measured values for the well HH4117U, lo-
cated south east of the Handels shaft (see Figure 3.3). An extract of a borehole
has been made to only the borehole HH4117U with the extended list of borehole in
Appendix C.1. The correlation coefficient R2 for the HH4117U model was calculated
to 65.78 %, indicating a moderate agreement between the measured and simulated
groundwater levels. The residuals plots show localized deviations between modeled
and observed head, especially during sharp peaks in the measured values. These
deviations may reflect disturbances that are present in reality but not fully cap-
tured by the MODFLOW benchmark model. For instance, temporary construction
activities or changes in drainage infrastructure could cause fluctuations not included
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in the benchmark simulation.

Figure 3.2: TFM simulation based on measured values for borehole HH4117U.

The TFM based on measured data are missing several significant real-world distur-
bances, which is evident across all simulations. This highlights a key limitation of
modeling based on a benchmark model when the purpose of the model is to de-
tect and distinguish specific disturbances. Recharge produces significant responses
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in the TFM simulations based on measured values, sometimes resulting in larger
modeled effects on groundwater levels than what is observed in the measured data.
This suggests that the TFM may overestimate the influence of recharge when other
disturbances are not fully captured or included as stresses. Although still having
significant limitations, the model simulates the groundwater head with appropriate
magnitude, indicating that the TFM can be used for some limited case scenarios at
a study site.

Figure 3.3: Situation map of the TFM simulated borehole HH4117U together with
the Handels shaft and infiltration well.

3.3 Scenarios with synthetic shafts
This section presents the modeling results of the TFM, based on time series gener-
ated by the benchmark model. Scenarios involving different combinations of syn-
thetic disturbances (as shown in Table 2.2), are simulated and compared.

3.3.1 Plotted transfer function models with all synthetic
shafts

Figure 3.4 shows the results of the TFM simulation for borehole HH4117U, where all
synthetic shaft disturbances (A, B, and C), as well as the Handels shaft, recharge,
and infiltration, are included as stress inputs. The model achieves a high correlation
coefficient of R2 = 87.00 %. The models including the synthetic shafts in differ-
ent combinations have in general a similar correlation coefficient, compared to the
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models only including the constructed disturbances. Additional models include the
synthetic shafts are presented in Appendix C.3.

Figure 3.4: TFM simulation based on benchmark generated values for HH4117U
with fictional disturbances of A,B & C shafts.

3.3.2 Identification of impact of synthetic shafts
The first graph in Figure 3.5 show the residual for all six scenarios. For example,
scenario A consists of a TFM simulation in which the Handels shaft and shaft A
constitute leakage stress.

To be able to detect outliers or deviations, the values are compared to the base
scenario, with only the Handels shaft included. The difference in residuals conducts
abnormal effects on the groundwater head. A positive value in residual means
that the groundwater head from input data is higher than the simulation with TFM
related to variation in leakage stresses. Figure 3.6, 3.8 and 3.11 therefore describe the
deviation in groundwater head from the base scenario, generated in the benchmark
model, to the TFM simulation with the variance of leakage based on scenarios.
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Figure 3.5 and 3.6 shows results from the previously established HH4117U, located
close to shaft B and furthest to shaft A. Declines in the groundwater head occurs
in the year 2021 with further reduction when adding shaft C (see Figure 3.5). The
greatest disturbances occur in scenario C, with groundwater levels depress 0.3 m
lower than when only the Handels shaft is constructed. The change can be seen
as insignificant compare to the total loss of 2 m when all disturbances are active,
shown in section 3.3.

Figure 3.5: Residuals from TFM simulations with different scenarios for HH4117U.

Figure 3.6: Difference in residuals from the scenarios compared to the base scenario
for HH4117U. Values are taken from the benchmark model.

The well HH4266U is located north of the Handels shaft, partially further away
from shaft B in the south. Results of simulations of the different scenarios for
well HH4266U are presented in Figures 3.7 and 3.8. The similar result in residuals
between base scenario and scenario A and B proves that the synthetic shafts A
and B are not causing additional disturbances in the groundwater table for this
well. Scenario C accounts for more significant disturbances compared to the other
scenarios, as shown in Figure 3.8.
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Figure 3.7: Residuals from TFM simulations with different scenarios for HH4266U.

Figure 3.8: Difference in residuals from the scenarios compared to the base scenario
for HH4266U. Values are taken from the benchmark model.

Figures 3.10 and 3.11 show results from HH7453U, located east of the Handels shaft
(see Figure 3.9). The well has the same distance to shaft A, B and C. Scenario B
for the well has a trendline with a residual close to 0 shown in Figure 3.10. Similar
results are found in the scenario without shaft A and the scenario without shaft C.
In Figure 3.11, Scenario B deviates significantly, with values reaching up to 0.8 m
above the base scenario. However, due to the large distance between the borehole
and the stress source, shaft B, this deviation may not necessarily indicate a true
disturbance. Figure 3.11 show that scenarios A and C are close to the base scenario.
The impact that shaft A and C have on this well’s groundwater head is insignificant.
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Figure 3.9: Situation map of the TFM simulated borehole HH7453U together with
the Handels shaft, infiltration well and synthetic shafts.

Figure 3.10: Residuals from TFM simulation with different scenarios for HH7453U.
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Figure 3.11: Difference in residuals from the scenarios compared to the base sce-
nario for HH7453U. Values are taken from the benchmark model.

Shaft C has proven to affect the groundwater table the most for the first and second
presented wells, HH4117U and HH4266U. This suggests that the added stress of
shaft C, causes a drawdown in the groundwater table when constructed. However,
inconsistencies do present themselves for the last well, HH7453H, which is the one
closest to shaft C but did not show a clear drawdown.

3.4 Implications for transfer function analysis of
perturbed time series

The most significant advantages in developing transfer function models compared
to numerical models is their simplicity and low amounts of inputs needed. Transfer
function models could be implemented in the early stages of a project at an urban
site for preliminary impact assessments, without a large amount of field measure-
ments. However, the results indicate that the transfer function models developed in
TFM have limitations in assessing hydrogeological disturbances with high precision.

The TFMs based on time series from the benchmark model generally overestimated
the effect of recharge post calibration, as can be seen in Figure 3.12 and 3.13. Addi-
tional simulatoins can be seen in Appendix C.2.1. This could be due to the difference
in how the recharge is implemented in the TFM versus the benchmark model. The
numerical benchmark model uses the MODFLOW RCH package which takes both
runoff and evaporation into account; only the water that infiltrates through the un-
saturated zone recharges the groundwater (Winston, 2023). This is in contrast to
TFMs where all water that have been calculated as recharge stress, explained in
section 2.5, produces groundwater (Collenteur et al., 2019). As described in section
2.3.1, stormwater management is specifically modeled with the DRN package in the
benchmark model, which could be the reason for the overestimation of recharge post
calibration of the TFMs.
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Figure 3.12: TFM simulation with limited calibration based on simulated values
for HH4117U.

Figure 3.13: TFM simulation with limited calibration based on simulated values
for HH4266U.

Furthermore, the study relies on an existing numerical model. As such, its accu-
racy is constrained by the assumptions, simplifications, and structural limitations
inherent in that model. The reliability of the results also depends on the quality
of field measurements used for model calibration and validation, which may intro-
duce uncertainty. The scope of the study is also geographically limited to the Haga
Station site within the Västlänken infrastructure project and its immediate sur-
roundings. Findings may therefore not be directly generalizable to other geological
or hydrological contexts. Due to these constraints, a transfer function model could
be implemented in conjunction with a numerical model for preliminary impact as-
sessment of disturbances to the groundwater table.
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3.5 Outlook
The synthetic shaft scenarios were designed to isolate and evaluate the TFM under
simulated conditions. Although effective for benchmarking, they may not fully cap-
ture the complexity of real hydrogeological environments. Expanding this approach
to include more diverse geological settings, variable shaft geometries, and different
types of disturbances would help generalize the applicability of transfer function
modeling across a wider range of infrastructure projects. Future work should also
focus on integrating additional stresses and exploring automated methods for dis-
turbance detection based on variance recognition in residual time series. Finally,
further sensitivity analyses could be conducted to evaluate the impact of calibra-
tion periods on the transfer function model performance. These insights would help
refine the methodology for implementing data-driven groundwater models in infras-
tructure projects.
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4
Conclusion

This study evaluated the ability of a data-driven transfer function model, imple-
mented through the Pastas framework, to model groundwater head time series and
detect disturbances related to excavation. Transfer function models were developed
using both observed and synthetically generated data to assess their performances
in identifying the effects on groundwater of implemented excavation shafts. Haga
Station, part of the Västlänken project, served as the study site where a previously
validated numerical model developed in MODFLOW was extended. This numerical
model acted as a benchmark for generating time series of groundwater head, shaft
leakage, and infiltration flow. The transfer function models were calibrated and ap-
plied to a variety of scenarios involving both real and synthetic disturbances. These
simulations were used to compare model performance, particularly through analysis
of residuals to evaluate the model’s capability to detect and distinguish different
sources of groundwater disturbances.

The simulations demonstrated that the transfer function models are capable of repli-
cating groundwater head behavior by using initial groundwater levels in combination
with recharge, shaft leakage, and infiltration flow as stress inputs. TFMs based on
observed values from site studies concluded the rationale for using the numerical
model as benchmark for assessing the capabilities of transfer function models at the
study site. However, certain limitations were noted, including the absence of some
temporary real-world disturbances and a tendency to overestimate the influence of
recharge. When the TFMs for boreholes were calibrated on undisturbed time se-
ries and subsequently applied to simulate groundwater head during the influence
of constructed disturbances, they consistently underestimated the effect of leak-
age. This indicates that the transfer function model may have difficulty accurately
capturing the magnitude of the drawdown when disturbance stresses are introduced.

Introducing synthetic disturbances provided theoretical scenarios with comparisons
of the groundwater time series from base scenarios, outliers could be identified.
The transfer function model was useful to some extent in visualizing groundwater
fluctuations and identifying the sources of those disturbances. However, a large in-
consistency presented itself with iteration with additional wells. Low correlation of
how added disturbances could affect groundwater head in a close observation well
indicates imprecision in TFM as a modeling tool for this study.

Overall, this type of transfer function modeling tool has the potential to be valu-
able for predicting groundwater drawdown when affected by anthropogenic stresses,
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4. Conclusion

especially when considering the lower number of variables needed to calibrate it. Al-
though, significant irregularities in the model’s reliability raise concerns regarding
its application in real-world scenarios.
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A
Plotted graphs

A.1 Evapotranspiration
Evapotransporation, calculated by using Eto-package in Python can be seen plotted
in figure bellow.

Figure A.1: The amount of PET (m/day) over time.
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B
Appendix: Python code

Python code used for calculation Evapotransporation and to conduct the datadriven
Pastas model can be seen in appendix A. Code for plotting results and is also shown
for transparency.

B.1 Eto
The code for calculating PET is shown in the following Appendix. Input data in-
cludes solar radiation, Rs, Relative humidithy, Rh and tempretur within the time-
frame 2000-01-01 to 2024-12-31.
Convertion of the units and prefix is done to meet the correct required units of the
input data.

1 # Import packages
2

3 from eto import ETo, datasets
4 import openpyxl
5 import numpy as np
6 import matplotlib.pyplot as plt
7 et1 = ETo()
8 import math
9

10 # Import climate data
11

12 # Relative humidity [-]
13 R_h = pd.read_excel(r'C:Line-of-path-to-file\relative_humidity.xlsx',

parse_dates=[0], index_col=0)
14

15 # Solar radiation , Rs [J/m^2]
16 R_s = pd.read_excel(r'C:Line-of-path-to-file\solar_radiation.xlsx',

parse_dates=[0], index_col=0)
17

18

19 R_h = R_h.groupby("Dates") # Group by day
20 R_h = R_h["R_h"].mean().reset_index()
21

22

23 R_s = R_s.groupby("Dates") # Group by day
24 R_s = R_s["R_s"].mean().reset_index()
25

26

27 R_s['R_s'] *= 1e-6 # Multiply 'R_s' by 10^-6 to get unit [MJ/m^2]
28

III



B. Appendix: Python code

29

30 # Temperature , min and max, [celcius]
31 Temp = pd.read_excel(r'C:Line-of-path-to-file\temperature.xlsx',

parse_dates=[0], index_col=0)

Eto is then used calculate the vapotrasporation with the given climate data. Evap-
otransporation is concluded with datapoints for each day.

1 # Merge all dataframes on 'Dates' column
2 Eto= R_h.merge(R_s, on="Dates", how="outer") \
3 .merge(Temp, on="Dates", how="outer")
4

5 # Handle missing values (e.g., fill with mean or drop)
6 Eto =Eto.ffill().bfill()
7

8 Eto['e_s_min'] = 0.6108*np.exp((17.27*Eto['T_min'])/(Eto['T_min'
]+237.3))

9

10 Eto['e_s_max'] = 0.6108*np.exp((17.27*Eto['T_max'])/(Eto['T_max'
]+237.3))

11

12

13 Eto['e_s'] = ((Eto['e_s_min'] + Eto['e_s_max']) / 2)
14

15 Eto['e_a'] = ((Eto['e_s']* Eto['R_h']) / 100)
16

17

18 R_h = Eto["R_h"]
19 R_s = Eto["R_s"]
20 T_min = Eto["T_min"]
21 T_max = Eto["T_max"]
22 e_a = Eto["e_a"]
23

24 Eto.tail(30) #viewing dataframe

Geographical data is taken from SMHI (2025), descriptions of measuring station.
The dataframes inclused datapoints for each day in current calculations. For Rs ,
would this mean the total amount of solar radiance during the whole day in MJ/m2.
The frequenzy is theirfor defiend as daily in the code.

1 # Geographical data
2 freq='D' #frequency where ’’D stands for day
3 z_msl=3.038 #height above sealevel (weather station Goteborg A)
4 lat=57.7156 #latitude (weather station Goteborg A)
5 lon= 11.9924 #longitude (weather station Gteborg A)
6 TZ_lon=15 #time zone (weather station Gteborg A)

Calculations for evapotransporations require a dataframe with selected parameters.
The parameters used are relative solar, Rs (Mj/m2) the maximum and minimum
temperature (celsius) and vapour pressure, ea (-).

1 # Eto calculations
2 Eto_indata = pd.concat([R_s, T_max, T_min, e_a], axis=1) # fitting

data
3

4 # Create a new DateTime index starting from '2000-01-01'
5 Eto_indata.index = pd.date_range(start='2000-01-01', periods=len(

Eto_indata), freq='D')

IV
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6

7 # Set the name of the index
8 Eto_indata.index.name = "Dates"
9 Eto_indata

To obtain correct input data for the calculations and counteract missing values is a
test-code conducted. If values is missing from a parameter’s dataset, it can be filled
with mean values after investigation of faulty during extraction of values.

1 # Check for missing values in each data frame
2 print(R_h.isnull().sum())
3 print(R_s.isnull().sum())
4 print(Temp.isnull().sum())
5 print(e_a.isnull().sum())

1 # Create an instance of the ParamEst class
2 #et1 = ETo.ParamEst()
3

4 # Parameter estimation function
5 et1.param_est(Eto_indata , freq, z_msl, lat,lon,TZ_lon=None)
6 # view the first five rows of the estimated parameters
7 etlist=et1.ts_param.head()

1 # Calculation and plotting
2

3 evp=et1.eto_fao()
4

5 # ploting the results
6 evp.plot(label='ETo', figsize=(10,4))
7 plt.legend(ncol=1,loc=0)
8

9 # Save the dataframe as 'evap' in the specified location
10

11 evp.name = 'Evap'
12

13

14 evp.to_excel(r'C:Line-of-path-to-file\evap.xlsx')

B.2 Appendix: Recharge and plotting
Recharge is calculated in Python and with the forming cod. The results of the
calculation are used as stress in Pastas models.

1 #Evapotranspiration [m/day]
2 Evap = pd.read_excel(r'C:Line-of-path-to-file\evap.xlsx', parse_dates

=[0], index_col=0) # from Eto calculations
3 Evap = Evap.resample('7D').mean() # changing ot weekly data
4

5 # Precipitation [m/day]
6 Prec = pd.read_excel(r'C:Line-of-path-to-file\prec.xlsx', parse_dates

=[0], index_col=0)
7 Prec = Prec.resample('7D').mean() # changing ot weekly data
8

9 # Combine Evap and Prec into one dataframe
10 Climatedata = pd.concat([Evap, Prec], axis=1)

V
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11

12 # Rename columns
13 Climatedata.columns = ['Evapotranspiration', 'Precipitation']
14

15 # Calculate Recharge
16 Climatedata['Recharge'] = Climatedata['Precipitation'] - Climatedata['

Evapotranspiration']
17

18 # Defining dataframe
19 Rech = Climatedata['Recharge']
20

21 # Plot Recharge
22 plt.figure(figsize=(12, 4))
23 Rech.plot(color='green')
24 plt.xlabel("Time [years]")
25 plt.ylabel("Recharge (m/day)");
26 plt.legend(['Recharge'])

B.3 Appendix: Python code for measured values
The Pastas models for the measured values. The time series of the groundwater
head is based on the observed value which has occurred in real life. The following
code is behind the plots shown in 3.2. Further Pastas usage can be found in Mak-
ing mathematics and making pasta: From cookbook procedures to really cooking by
Schoenfeld (1998).

1

2 # Importing packages
3 import pandas as pd
4 import pastas as ps
5 import numpy as np
6 import matplotlib.pyplot as plt
7 import math
8 from scipy import stats
9 from scipy.spatial.distance import cdist

10 import matplotlib.pyplot as plt
11

12

13 # Read data from excel files
14 HH4117U = pd.read_excel(r'C:Line-of-path-to-file\HH4117U.xlsx',

parse_dates=[0], index_col=0)
15 HH4266U = pd.read_excel(r'C:Line-of-path-to-file\HH4266U.xlsx',

parse_dates=[0], index_col=0)
16 HH7453U = pd.read_excel(r'C:Line-of-path-to-file\HH7453U.xlsx',

parse_dates=[0], index_col=0)
17 HH7455U = pd.read_excel(r'C:Line-of-path-to-file\HH7455U.xlsx',

parse_dates=[0], index_col=0)
18

19

20 # Group the datapoints to remove multiple datapoints on one day
21 # Change them to weekly data points
22 # Remove all datapoints before the date 2020-03-01
23

24 # HH4117U

VI
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25 HH4117U = HH4117U.groupby("Dates")
26 HH4117U = HH4117U["HH4117U"].mean().reset_index()
27 HH4117U.set_index("Dates", inplace=True)
28 HH4117U = HH4117U.resample('7D').mean()
29 HH4117U = HH4117U.loc['2020-03-01':]
30

31 # HH4266U
32 HH4266U = HH4266U.groupby("Dates")
33 HH4266U = HH4266U["HH4266U"].mean().reset_index()
34 HH4266U.set_index("Dates", inplace=True)
35 HH4266U = HH4266U.resample('7D').mean()
36 HH4266U = HH4266U.loc['2020-03-01':]
37

38 # HH7453U
39 HH7453U = HH7453U.groupby("Dates")
40 HH7453U = HH7453U["HH7453U"].mean().reset_index()
41 HH7453U.set_index("Dates", inplace=True)
42 HH7453U = HH7453U.resample('7D').mean()
43 HH7453U = HH7453U.loc['2020-03-01':]
44

45 # HH7455U
46 HH7455U = HH7455U.groupby("Dates")
47 HH7455U = HH7455U["HH7455U"].mean().reset_index()
48 HH7455U.set_index("Dates", inplace=True)
49 HH7455U = HH7455U.resample('7D').mean()
50 HH7455U = HH7455U.loc['2020-03-01':]
51

52

53 # Fill NaN values with mean value for HH4117U
54 HH4117U = HH4117U.fillna(HH4117U.mean())
55

56 # Fill NaN values with mean value for HH4266U
57 HH4266U = HH4266U.fillna(HH4266U.mean())
58

59 # Fill NaN values with mean value for HH7453U
60 HH7453U = HH7453U.fillna(HH7453U.mean())
61

62 # Fill NaN values with mean value for HH7455U
63 HH7455U = HH7455U.fillna(HH7455U.mean())
64

65

66 # Check for NaN values in the dataframes
67

68 nan_values_HH4117U = HH4117U.isnull().sum().sum()
69 nan_values_HH4266U = HH4266U.isnull().sum().sum()
70 nan_values_HH7453U = HH7453U.isnull().sum().sum()
71 nan_values_HH7455U = HH7455U.isnull().sum().sum()
72

73

74 nan_values_HH4117U , nan_values_HH4266U , nan_values_HH7453U ,
nan_values_HH7455U ,

The Recharge stress is added with calculated evapotransporation and input data of
precipitation from SMHI (2025).

1 # Recharge
2 # Evapotranspiration

VII



B. Appendix: Python code

3 Evap = pd.read_excel(r'C:Line-of-path-to-file\evap.xlsx', parse_dates
=[0], index_col=0, ).squeeze("columns")

4

5 # Precipitation [m/day]
6 Prec = pd.read_excel(r'C:Line-of-path-to-file\prec.xlsx', parse_dates

=[0], index_col=0).squeeze("columns")
7 # Group by every 7th day or by week
8 Evap = Evap.groupby(pd.Grouper(freq='7D')).mean()
9 Prec = Prec.groupby(pd.Grouper(freq='7D')).mean()

10

11 # Creating stresses
12 recharge_stress = ps.RechargeModel(prec=Prec, evap=Evap, rfunc=ps.Gamma

())

1 # Leakage and Infiltration
2

3 # Importing Leakage [m^3/day]
4 Leak_raw = pd.read_excel(r'C:Line-of-path-to-file\leakage.xlsx',

parse_dates=[0], index_col=0)
5

6 Leak = Leak_raw.groupby(pd.Grouper(freq='7D')).mean() # Weakly data
7 Leak = Leak.fillna(Leak.mean()) # Fill NaN-values
8 Leak["Leakage"] = Leak["Leakage"].replace(0, 0.001) # Removes 0-values
9

10 # Infiltration is set to 7.2 [m^3/day]
11 Infiltration = pd.DataFrame({'Dates': pd.date_range(start='2017-01-01',

end='2024-12-31', freq='D'), 'Infiltration': 7.2})
12 Infiltration = Infiltration.set_index('Dates') # Set index to Dates
13

14 # Distances from well to stress sorce
15 # (longitude , latitude or X, Y)
16

17 # Coordinates for wells
18 Coord4117=[147645,6397480]
19 Coord4266=[147754,6397646]
20 Coord7453=[147667,6397579]
21 Coord7455=[147813,6397589]
22

23 obs_wells = np.array([Coord4117 , Coord4266 , Coord7453 , Coord7455])
24

25

26 # Coordinates "Handelsschaktet" or the point of Leakage sorce
27 Cord_H = np.array([[147764,6397558]])
28

29

30 # Coordinates infiltration well
31 Cord_inf = np.array([[147714.5986,6397535.101]])
32

33

34 # Calculate distances matrix
35 distances_leak_H = cdist(obs_wells , Cord_H, metric='euclidean').flatten

()
36 distances_inf = cdist(obs_wells , Cord_inf , metric='euclidean').flatten

()

A Pastas model is created with the name ”MeasuredModelHH4117U”. Stesses for
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Reacharge is added as a stressmodel. Leakage and infiltration are also made with
distance incorporated as WellModels. This segment is copied and made for all of
the wells.

1 MeasuredModelHH4117U = ps.Model(HH4117U)
2

3 # Distances from well to stress sorce
4 H_HH4117U = distances_leak_H[0].item()
5 inf_HH4117U = distances_inf[0].item()
6

7 # Creating stressmodel
8 leak_stress_H_HH4117U = ps.WellModel([Leak], name="Leakage", distances

=[H_HH4117U], rfunc=ps.HantushWellModel(), up=False, settings="well
")

9 inf_stress_HH4117U = ps.WellModel([Infiltration], name="Infiltration",
distances=[inf_HH4117U], rfunc=ps.HantushWellModel(), up=True,
settings="well")

10

11 # Adding stress models
12 MeasuredModelHH4117U.add_stressmodel(recharge_stress) #

Recharge stress, same stress for every borrhole Pastas model.
13 MeasuredModelHH4117U.add_stressmodel(leak_stress_H_HH4117U) # Leakage

"Handelsschaktet"
14 MeasuredModelHH4117U.add_stressmodel(inf_stress_HH4117U) #

Infiltration
15

16 # Solve and plotting
17 MeasuredModelHH4117U.solve()
18 MeasuredModelHH4117U.plots.results(tmin='2020',figsize=(12,7) )

B.4 Appendix: Python code for benchmark gen-
erated time series

The following section includes the code for Pastas model using MODFLOW sim-
ulated values. Both the base scenario and A, B and C shaft are described in the
following code. The example shown is for when all of the shafts are added including
A, B and C. Simulation for when only the Handels shaft is implemented is identical
but other input data files and excluded A B and C as leakage stresses. The following
code is behind the results shown in 3.3

1

2 # Importing packages
3 import pandas as pd
4 import pastas as ps
5 import numpy as np
6 import matplotlib.pyplot as plt
7 import math
8 from scipy import stats
9 from scipy.spatial.distance import cdist

10 import matplotlib.pyplot as plt
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Simulated MODLOW values for groundwater data is added as one excel with Pandas
series defined from it.

1 # Read data from an excel file
2 ModelMuse_head = pd.read_excel(r'C::Line -of -path -to -file\

modelmuse_sim_head.xlsx', parse_dates=[0], index_col=0)
3

4 # Defines dataframes
5

6 # For reference modeling
7 ModelMuse_HH4001H = ModelMuse_head["HH4001H"].to_frame()
8 ModelMuse_HH4003H = ModelMuse_head["HH4003H"].to_frame()
9

10 # Wells included in simulation for project
11 ModelMuse_HH4117U = ModelMuse_head["HH4107U"].to_frame()
12 ModelMuse_HH4117U = ModelMuse_head["HH4117U"].to_frame()
13

14 ModelMuse_HH4266U = ModelMuse_head["HH4266U"].to_frame()
15 ModelMuse_HH4297B = ModelMuse_head["HH4297B"].to_frame()
16

17 ModelMuse_HH7453U = ModelMuse_head["HH7453U"].to_frame()
18 ModelMuse_HH7454U = ModelMuse_head["HH7454U"].to_frame()
19

20 ModelMuse_HH7455U = ModelMuse_head["HH7455U"].to_frame()
21

22 # Dataframes:
23 # ModelMuse_HH4001H , ModelMuse_HH4003H , ModelMuse_HH4117U ,
24 # ModelMuse_HH4266U ,
25 # ModelMuse_HH7453U , ModelMuse_HH7454U , ModelMuse_HH7455U
26

27 # Leakage [m^3/day]
28 LeakLeak = pd.read_excel(r'C::Line-of-path-tofile\Leakage_sim_only_h.

xlsx', parse_dates=[0], index_col=0)
29

30 # Defining datafames
31 Leak_handels = LeakLeak["Leakage"].to_frame()
32 Leak_H = Leak_ABC["Handels"].to_frame()
33 Leak_A = Leak_ABC["A"].to_frame()
34 Leak_B = Leak_ABC["B"].to_frame()
35 Leak_C = Leak_ABC["C"].to_frame()
36

37

38 # Infiltration [m^3/day]
39 inf = pd.read_excel(r'C:\:Line-of-path-to-file\simulated_inf.xlsx',

parse_dates=[0], index_col=0)
40

41 # Cordinates Infiltration
42 Cord_inf = np.array([[147714.5986,6397535.101]])
43

44 # Distances Infiltration
45 distances_inf = cdist(obs_wells , Cord_inf , metric='euclidean').flatten

()

Pastas model is created using using simiulated MODFLOW input data an all ABC
shafts. The Leakage is added in a Matrix for the value of amount of flow and its
respective distance between sorce and well.
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1 # Create Pastas Model
2 # HH4117U
3

4 ModelMuse_ModelHH4117U_ABC = ps.Model(ModelMuse_HH4117U_ABC)
5 ModelMuse_ModelHH4117U_ABC.add_noisemodel(ps.ArNoiseModel())
6

7 # Distances from well to stress sorce
8 HH4117U_H = distances_leak_H[2].item()
9 HH4117U_A = distances_leak_A[2].item()

10 HH4117U_B = distances_leak_B[2].item()
11 HH4117U_C = distances_leak_C[2].item()
12 HH4117U_inf = distances_inf[2].item()
13 # It takes out the desired value from earlier created distance matrix.

The matrix starts from 0 with well HH4117U being replresented as a
"2" as the thid well in the column.

14

15

16 Leak_distances_HABC = [HH4117U_H , HH4117U_A , HH4117U_B , HH4117U_C]
17

18

19 # Creating stressmodel
20 leak_stress_HABC_HH4117U = ps.WellModel(Leak_HABC , name=['Handels', 'A'

,'B', 'C'], distances=Leak_distances_HABC , rfunc=ps.
HantushWellModel(), up=False, settings="well")

21 inf_stress_HH4117U = ps.WellModel([inf], name="Infiltration", distances
=[HH4117U_inf], rfunc=ps.HantushWellModel(), up=True, settings="
well")

22

23 #Adding stress models
24 ModelMuse_ModelHH4117U_ABC.add_stressmodel(recharge_stress)
25 ModelMuse_ModelHH4117U_ABC.add_stressmodel(leak_stress_HABC_HH4117U)
26 ModelMuse_ModelHH4117U_ABC.add_stressmodel(inf_stress_HH4117U)
27

28 # Solve and plotting
29 ModelMuse_ModelHH4117U_ABC.solve()
30 ModelMuse_ModelHH4117U_ABC.plots.results()

Another way to model a confined aquifer with pasta is by using a lasagna model.
The pasta sheets in the lasagna serve as confining layers, while the flow of béchamel
sauce can be modeled through the minced meat medium.
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C
Pastas models plotted graphs

The following appendix includes plotted graph of Pastas models. The wells used in
the final results inludes HH4266U, HH7453U and HH7455U.

C.1 Pastas, measured values

Figure C.1: Pastas simulation based on measured values for HH4266U.
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C. Pastas models plotted graphs

Figure C.2: Pastas simulation based on measured values for HH7453U.
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C. Pastas models plotted graphs

Figure C.3: Pastas simulation based on measured values for HH7455U.
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C. Pastas models plotted graphs

C.2 Appendix: Pastas models, simulated values
with constructed disturbances

Figure C.4: Pastas simulation based on simulated values for HH4266U.
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C. Pastas models plotted graphs

Figure C.5: Pastas simulation based on simulated values for HH7453U.

C.2.1 Estimated groundwater head with constructed distur-
bances

Simulated Pastas with limited time of calibration. Values from MODFLOW with
the constructed disturbances have been used for the calibration.
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C. Pastas models plotted graphs

Figure C.6: Pastas simulation with limited calibration based on simulated values
for HH7453U.

Figure C.7: Pastas simulation with limited calibration based on simulated values
for HH7455U.

C.3 Appendix: Pastas models, simulated values
with synthetic disturbances from A, B and C
shaft

The following appendix includes Pastas simulations with all of the shafts modeled as
disturbances. Shafts A, B, and C are added to the model in addition to the Handels
shaft.
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C. Pastas models plotted graphs

Figure C.8: Pastas simulation with shaft A, B and C on simulated values for
HH7453U.
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C. Pastas models plotted graphs

Figure C.9: Pastas simulation with shaft A, B and C on simulated values for
HH7455U.
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