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Quantifying groundwater-surface water interactions with transfer function models
Assessment of a data-driven method applied to a case study of a tunnelling project
in Kolmarden, Sweden

JOAQUIM ALTIMIRAS GRANEL

Department of Geology and Geotechnics

Chalmers University of Technology

Abstract

This project aims to develop and evaluate a data driven method for analysing
groundwater-surface water interactions. These interactions are analysed by using
time-series analysis and transfer function modelling to create models for ground-
water head, stream flow and stream level. The method is applied to a case study:
a tunnelling project in Kolmarden, Sweden, where a recipient stream in a nature
reserve risks being aledted by tunnel-induced groundwater drawdown due to leak-
age. The method consists of two modelling stages. In the first stage groundwater
head models (GWMs) are developed. In the second stage, the GWMs are used to
extend existing groundwater head time series and develop three types of models:
models that estimate baseflow (BFM), stream total flow (TFM), and stream level
(SLM). Additionally, the results are simulated using 18 di[erknt methods for esti-
mation of potential evapotranspiration, to see how di Lerent methods impact results.

Results from the first modelling stage indicate higher model performance for models
representing groundwater level in soil, compared to rock, and for models using longer
calibration periods across all four seasons. Results from the second modelling stage
present very poor results for the stream baseflow models (BFMs), which is proba-
bly related to the baseflow separation procedure’s inability to account for specific
local conditions. Total stream flow models (TFMs) and stream level models (SLMs)
perform much better, with R?-values around 0.6 in validation. However, all models
show signs of overfitting, with R?-values above 0.8 in calibration. The contribution
from groundwater head to the variations seems to be higher for the SLMs.

The developed method constitutes a simplified and data driven approach for analysing
groundwater-surface water interactions, making it possible to study, e.g., how tunnel-
induced groundwater drawdown might al[edt a watercourse. Further development
is recommended, e.g., using additional model evaluation metrics and simulating dif-
ferent leakage rate scenarios with pump test data. The method shows promise for
allowing e [edtive modelling of the dynamic response of groundwater-fed surface wa-
ter to hydroclimatic variables, and can be seen as an additional tool for representing
hydrogeological systems.

Keywords: hydrogeological modelling, groundwater-surface water interactions, time
series analysis, transfer-function models, impulse response models, Pastas, Python
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Introduction

While hydrology is the broader study of all the water on earth, the eld of hydro-
geology relates to all the water under the surface of the Earth and relationship of
its processes with geologic materials (Fetter & Kraemer, 2022). Understanding the
complex three-dimensional hydrogeological system at a site can be challenging, as
the available information is limited to measurements at a few points (Bakker & Post,
2022). Creating models to describe these systems and understand the behaviour of
the groundwater is therefore a common approach in the eld of hydrogeology.

In projects that require construction underground, it is important to understand
how the groundwater will be a ected. Constructions under the groundwater level
are exposed to the risk of groundwater in ow, which can cause groundwater draw-
down (Sundell et al., 2019). Tunnelling-induced drawdown is a well-known issue and
can have signi cant impacts on the environment and activities at the surface. The
properties of the hydrogeological system including the distribution and connectivity
of aquifers, as well as groundwater dependent ecosystems, will determine the magni-
tude of negative consequences induced by leakage into an underground construction,
e.g. atunnel (Yoo, 2016). For tunnels excavated in rock, it is di cult to predict how
the water moves due to natural rock formations like dykes and fractures (Zarei et al.,
2011). The extent of the groundwater in ow can be mitigated by using grouting
technigues, which consists of injecting cement and chemical compounds in cavities
along the tunnel walls to prevent groundwater from owing in (Swanson & Babcock,
2023). Groundwater head can be measured with pressure transducers, commonly
called divers, which are placed inside groundwater wells under the water table and
measure absolute pressure exerted by the water column and the atmosphere.

This type of groundwater drawdown is interesting when studying interactions be-
tween groundwater and surface water bodies. The areas in the subsurface where
the groundwater and the surface water meet are called hyporheic zones and is where
there is an exchange of water (Fetter & Kraemer, 2022). Water can either move from
the groundwater into the stream, creating a gaining stream, or from the stream into
the groundwater, creating a losing stream (Kalbus et al., 2006). The characteris-
tics of this water exchange are related to hydraulic head, and can vary over time
due to, e.g., seasonal precipitation patterns. The interactions are complex as other
factors, like geological conditions, have a signi cant impact on the uxes (Sopho-
cleous, 2002). By understanding this interaction at a site, it is easier to predict how
changes in the groundwater head might impact the surface water, which can be used
to protect the ecological values of surface water courses.



1. Introduction

Another challenge in these types of projects is to accurately estimate the natural
hydrological processes, e.g. recharge, and how the hydrogeological conditions will
be a ected by changes imposed by construction (Collenteur, Bakker, Klammler, &
Birk, 2021). A common tool for handling these challenges is to develop models that
are a simpli ed representation of the complex real system (Bakker & Post, 2022).
Groundwater models are often used to quantify groundwater head at di erent points
at a site (Anderson et al., 2015). Two categories of such mathematical models can
be identi ed, process-based models and data-driven models. Process-based models
are based on physical principles and processes to estimate the ow of groundwater.
They are solved numerically, meaning that an unknown variable is approximated
using methods that solve partial di erential equations like nite-element (FE) or
nite-di erence (FD) (Anderson et al., 2015). In hydrogeology, these models can
be used to represent the whole hydrogeological system in an area, but they usually
require a signi cant amount of data and conceptual understanding of the site, and
are therefore time-consuming to develop (Haaf et al., 2023). Data-driven models
use empirical or statistical equations and existing data-series of known variables to
calculate values of an unknown variable. They can be considered simpler since they
can be solved analytically, i.e., an exact value for the unknown dependent variable
Is obtained. The choice of which model type to use depends on the type of problem
at hand. This project aims to apply a data-driven approach using transfer function
(TF) modelling and time series analysis, i.e., variations over time, to describe the
interactions between groundwater and surface water.

1.1 Aim

The aim of this project is to develop a method constituting a data-driven approach
for describing the relationship between groundwater levels and discharge in surface
water recipients. The approach will be based on time series analysis and, speci cally,
transfer function models. It will be developed and demonstrated using data obtained
from an existing investigation program for a tunnelling project in the Geta nature
reserve in Kolmarden, Sweden.

1.2 Specic Objectives

Gather, process, and interpret eld data to ensure adequate data quality for
modelling.

Develop local models for simulation of groundwater head at the points where
pressure transducers measuring groundwater head are installed at the site, by using
climate stresses such as precipitation and potential evapotranspiration.

" Analyse how di erent methods for estimating potential evapotranspiration a ect
the results.

2



1. Introduction

" Develop models describing the relationship between groundwater head and ow in
the stream, using the developed groundwater head models as input stress in addition
to climate stresses.

Evaluate model performance across calibration and validation periods by com-
paring simulation results and observed values, and optimise the models by adjusting
parameters iteratively.

" Identify sources of uncertainties to understand limitations of the method and draw
conclusions regarding signi cant model parameters based on the model performance.

Ensure that the developed method constitutes a streamlined work ow that is
comprehensible, applicable and that improves conceptualisation of the hydrological
system.

1.3 Project Limitations

The project will focus on developing and optimising models to understand the re-
lationship between surface water and groundwater and does not aim to speci cally
quantify the in ow rate to the planned tunnel. Additionally, it does not aim to
evaluate or propose measures to mitigate the in ow of groundwater, or treatment
or use of the water that enters the tunnel. These issues might be relevant to study
in future research and are brie y discussed in Chapter 5.
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Case Study Description

The case study used to evaluate this data-driven modelling approach for groundwater-
surface water interactions is a tunnelling project planned in Kolmarden, outside the
city of Norrkdping in Sweden. The tunnel will be approximately 8 km long, and is
part of a larger infrastructure project, the East Link, which consists of a new 160 km
long double-track railway between Stockholm and Linkdping (Tra kverket, 2024).

2.1 Project Background

In 2022, the Swedish government decided that new main railway lines were to be built
to connect the three largest cities, Stockholm, Gothenburg and Malmo (Tra kverket,
2023a). One of the main parts of this development is the 160 km railway in the
project called Ostlanken, which connects the cities of Stockholm and Linkdping
(Tra kverket, 2023b). In the area of Kolmarden, near the city Norrkoping, an 8
km long tunnel will be excavated approximately 100 m underground (Tra kverket,
2022). The tunnel passes through a ravine of a few hundred meters at Getd, which
is in a nature reserve and has a stream, Getdbacken, that leads to the recipient,
the bay Braviken. The Swedish National Transportation Agency, Tra kverket, is
the project owner and due to the speci c conditions of the site, there is a risk that
groundwater could ow into the tunnel and cause groundwater drawdown, which
could a ect the recipient stream at the Getd nature reserve (Tra kverket, 2023c).
The stream is considered to be groundwater-fed and has a high ecological value for
the nature reserve and should therefore be protected.

2.2 Case Study Area

The area is mainly covered by nature with a main highway, the E4, passing through
south of the planned tunnel route. There are also several minor roads with houses
alongside. The terrain in the area is quite hilly and has pronounced topographical
gradients towards Braviken in the south. The Getd stream comes down from the
lakes in the north and passes the area in a pronounced ravine, meaning that higher
elevations can be found on both sides of the ravine. The stream then continues down
in a southeastern direction until it reaches the recipient. In the middle of the area,
north of Algutsbo, another stream called R6dmossebacken merges with Getabacken
and continues downstream. The stream is mostly 2-3 meters wide and has a mean
ow of 90 I/s at the point leading out to Braviken (SMHI, 2020).
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