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Abstract

Over the past five years, an ongoing study at INES, Lund University, have examined the encroachment of
trees and vegetation into a bog ecosystem in northern Scania, Sweden. While several factors have been
identified as contributing to this ecological transformation, including, nutrient availability, and climate, the
hydrological aspect remains a key area of investigation. This thesis aims to deepen our understanding of how
the groundwater table in the bog changes over time in response to various environmental factors.

To achieve this aim, extensive fieldwork was conducted during the late winter and early spring, during 2023,
to measure the water table and gather data on rainfall and evapotranspiration. The measurements were
taken using a combination of manual techniques, such as pressure transducers, and automated data loggers.
These measurements were then combined with existing data on the bog’s hydrological regime, as well as data
from SMHI (Sveriges meteorologiska och hydrologiska institut) covering the local area, to create a model of
the groundwater table.

The model revealed several important insights into the hydrological dynamics of the bog. Firstly, it showed
that the water table responds rapidly to rainfall, with a sharp increase in water levels observed following
periods of heavy precipitation. Additionally, there is also occasionally an unknown source pushing the water
tables to even higher levels. Secondly, it demonstrated the importance of evapotranspiration in regulating
the water balance of the bog. Thirdly, it revealed a steady rate of water runoff, indicating that the bog acts
as an important water regulator for the surrounding landscape.

These findings have important implications for the management and conservation of bogs and wetland ecosys-
tems. The model created in this thesis allows forecasting of fluctuations in the groundwater table through
numerical analysis of the given data, thus enabling the tracking of water table changes. Furthermore, the
model can be adapted for use in other bogs and wetlands with minor adjustments, providing a valuable tool
for future research in this field.



Popular Science

Water flow has been studied for decades by scientists in many fields of natural science for many reasons. It is
necessary to have a solid understanding of physics, such as classical mechanics and fluid dynamics and have
passed a number of levels in university mathematics in order to comprehend the movement of water.

Peat often develops as a result of incomplete decomposition of vegetation that grows in waterlogged envi-
ronments. This is a result of either standing water, such as lakes or the edges of slow-moving watercourses,
or areas that have consistently received heavy rainfall. Partially decomposed plant debris builds up and
becomes densely compacted, which causes peat to form and alter the substrate’s chemical composition and
physical characteristics. Peatlands or mires are the names for these ecological systems.

Peat typically forms when less organic matter is lost through decomposition than is gained through photosyn-
thesis. The vegetation succession that results is known as hydrosere. Although these ecosystems are found
all over the world, the Northern Hemisphere is where they are most prevalent. Fluid dynamics, hydrology,
and chemistry have a significant influence on studies of peatlands. These ecosystems are also closely related
to studies in biodiversity and vegetation.

Bogs and fens are two different types of peatlands. Although the two types of wetlands are very similar to
one another, what sets them apart from is where they get their water from. While bogs are enclosed and
only supplied with water by precipitation, fens are typically supplied with water from the ground water flow.

Long-term global climate change means that ice ages and their counterpart, interglacials, occur in even in-
tervals over thousands of years. We are currently in the heating phase, the interglacial part, of this naturally
occurring cycle. However, the global emission of greenhouse gases has been rising dramatically since the in-
dustrial revolution in the early 20th century, which raises the global temperature and affects all life on Earth.
This subsequently leads to the unavoidable interglacial potentially peaking with a lot higher temperatures
than without the influence of anthroprogenic presence.

This project focuses on vegetation encroaching on mires. The mire in question is known as Fajemyren and is
referred to as a bog. It is situated in the northern part of Scania, Sweden. One might anticipate that there
will be few to no trees growing here because there are no nutrients added to it other than what is found
in the precipitation. In some regions of Europe, the precipitation contains enough nitrogen and phosphor
to supply bogs and fens with the minerals the vegetation need to flourish. Studies show a decline in these
minerals in the precipitation in the majority of Scandinavian regions, dating as far back as the middle of
the 20th century. Despite this decline, trees began moving in at Fajemyren sometime in the 1960s, and as a
result, the bog has lost up to 200 meters of wetland to forest.

Numerous factors, not to mention the fact that farmers turned peatlands into agricultural fields in the late
1800s and early 1900s, could have an impact. Could it be that climate change is to blame for the longer
droughts, which helps the tree seedlings’ root systems to grow sufficiently and become hardy enough to with-
stand subsequent rainy periods?

The study at Fajemyren explores various topics, and this thesis specifically focuses on developing a model to
predict changes in groundwater levels over time. These changes are influenced by factors that vary daily and
seasonally, such as rainfall, evaporation, water uptake by plants, and water runoff. By using data collected
from instruments at the research site and information from the Swedish Meteorological and Hydrological
Institute, it is indeed possible to make these predictions. Of course, the predictions aren’t perfect, as no data
collection is ever flawless, whether it’s done by machines or humans. This model allows us to understand
water flow in the area and might even spark a conversation about a possible fifth unknown factor contributing
to the water supply in the bog.
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1. Introduction

When the decomposition of vegetation growing in waterlogged conditions is incomplete, the remains often
form peat. This is a result happening in both standing water (meaning lakes or margins of slow flowing
water courses) or areas being exposed to consistent high rainfall. Remains of vegetation which is partially
decomposed accumulate and become densely compact, hence leading to peat formation which in turn alters
the substrate’s chemical composition and physical properties (“Peat Formation”, |2019). These ecosystems
are referred to as peatlands or mires.

Generally, peat is formed when the loss of organic matter is less via decomposition, than that produced
through photosynthesis (Fath, 2018). This resulting vegetation succession is referred to as hydrosere.

While these ecosystems can be found around the world, they are most common in the Northern Hemisphere.
Needless to say, fluid dynamics, hydrology and chemistry are big influential areas in the studies of peatlands.
They are also strongly associated with biodiversity, flora and vegetation (Fath, [2018]).

Peatlands, or mires, occur as two different types: bogs and fens. Although the two types are very similar
types of wetlands, what makes them different from each other is the source of their water supply. While fens
typically has a stable source of water through the ground water, bogs are enclosed and are solely fed water
by precipitation (Sjors, [1959).

The climate of the planet is fluctuating over time, meaning that it passes through ice ages and its counterpart,
interglacials. This is a naturally occurring cycle and we are currently in a heating phase which ultimately will
lead to a peak in the interglacial (Lindsey & Rebecca, [2022)). However, with the industrial revolution during
the, beginning early 20th century, the globally emitted green house gases has been increasing dramatically
which has boosted the heating process dramatically and is affecting all life on Earth, thus affecting ecosystems
such as peatlands.

The research of this project focuses on vegetation overtaking mires. The name of the mire which is focused
on is Fajemyren, which is defined as a bog and is located in northern Scania (Sweden). Since there are no
nutrients fed to this, except of that which is in the precipitation, one could expect little to no trees at all
growing here. In some parts of Europe the amount of nitrogen and phosphor in the precipitation is high
enough to provide bogs and fens with minerals for the trees to thrive (Verhoeven et al., [1990), still in most
parts of Scandinavia studies shows a decline in these minerals in the precipitation, as far back as the mid
1900s (Moore Jr. & Miller, [1994). Despite the observed decline, tree encroachment has been occurring at
F&jemyren since the 1960s, resulting in the loss of up to 200 meters of wetland, from the edge of the peatlnd,
to forested areas.

There are anthropogenic factors that may contribute to this, including the conversion of peatlands to agricul-
tural fields during the late 19th and early 20th centuries (Berglund, 2000). This is someting that happened
all over Sweden.

The issue of the encroachment subject if an ongoing research project at INES (Lund University), co-led by
Veiko Lehsten, which investigates the hypothesis that climate change-induced longer drought periods enable
tree seedlings to develop robust root systems, allowing them to withstand subsequent rainy periods.

This research project has been subdivided into distinct branches, one of which centers on investigating the
response of the groundwater table in the bog to rainfall patterns. This branch aims to explore the mechanisms
of rainwater absorption by the peat substrate, the rate of flow of water away from the bog, and the contri-
bution of evapotranspiration processes to these hydrological processes. These questions are central to the
research objectives of this thesis. Through the utilization of diverse meteorological information, an endeavor
is undertaken to construct a model aimed at replicating the observed fluctuations in the water table.



2. Method and Equipment

The location of the area of investigation at Fajemyren is 56°15’47.5"N, 13°32’58.4"E (WGS84), which is
the southern most area of the bog as a whole. Fijemyren has a total area of roughly 2 km?, whereas the
INES research area covers roughly 0.21 km? of land (Figure . Due to the complexity when carrying out
the creation of a computational models, such as this one, it is necessary to initially start by delimiting the
changing variables. When carrying out calculations on ecosystems, it becomes most representative when not
simplifying it too much. The water flow varies a lot depending on the soil. For this model, only the green
area labeled "Study area" (Figure [1) was selected for the calculations. This is because obtaining updated
parameters for stomata in various forest-dwelling flora is currently unattainable, in addition to requiring
intersecting measurements for non-peat soil permeability. By employing Lantméteriet’s data and comparing
the soil type layer with satellite imagery, an accurate estimation of the tree encroachment and soil transitions
can be achieved, thus justifying the focus on the study area.

. ® Wells

© Manual samples
3 Study area
OIResearch area

Soil Types

[ Bog Peat

[ Glacial Sediment
B Marsh Peat

B8 Primeval Rock
m Sandy Moraine

150 m
—

(a) A satellite image of the study area (b) A soil map of the study area

Figure 1: Maps showing the delimitations of the area. Loggers (red dots) from the top: 1. HOBO 20796674,
2. ReefNet 15617, 3. ReefNet 15592, 4. ReefNet 15606, 5. ReefNet 15543, 6. HOBO 20796679, 7. ReefNet
15610, 8. ReefNet 15566, 9. ReefNet 15566, 10. HOBO 20796630, 11. ReefNet 15585, 12. ReefNet 15545.
Source of layers: Lantméteriet

Typical for a bog in this region is a bottom consisting of a mineral soil composed of sand, silt and clay
particles. The peat soil is almost completely saturated, with a saturation level greater than 95% and the
depth of the soil fluctuates through out the bog with measurements varying with meters across the bog. The
area is mainly covered in a variety of heather (Figure and short grass plants (Figure and only a
few tree species spread around; mostly scotts pine and birch. Despite the age of the trees, some as old as 60
years (Figure [A5)), their vertical growth remains stunted, reaching no more than a few meters above the
ground level (FigurdAg| @ This observation indicates that the soil’s nutrient availability is substantially
restricted, impeding the possibility for greater plant growth, thus proving the soil’s nutrient deficiency in a
bog. Féjemyren is situated at an elevation of around 142-144 meters above sea level. The temperature of
the water spans between 5 °C' and 10 °C', with occasional fluctuations outside the range.

The methodology employed for obtaining measurements primarily involves the utilization of fixed instrumen-
tation, the data from which are acquired on site, as there are no remotely surveyed instruments. To ensure
the reliability and validity of the measurements, manual readings are also conducted alongside the instru-
mental measurements. A weather station has been operational since 2015, continuously recording pertinent
meteorological parameters. In 2019, supplementary hydrological monitoring devices were installed to further
enhance data collection. Subsequently, in 2021, a selection of these devices was upgraded to more advanced



logging instruments to maintain contemporary data acquisition standards.

During a typical day in the field, carrying out measurements and readings generally takes approximately four
hours, depending on weather conditions. Given that navigating the terrain is akin to traversing a colossal
sponge (Figure|AS]), the physical demand warrants intermittent short breaks, thereby extending the duration
of the stay.

In order to ascertain the depth of the water table, a variety of scientific instruments and apparatus are
employed to monitor fluctuations in pressure. The ensuing section will expound on the specific equipment
utilized during this investigation and detail the methodology for their application.

2.1. "The Spear", the water probe and the GPS

The so called Spear, a versatile handmade instrument, serves to facilitate the measurement of subsurface
water levels. Comprising a hollow shaft with a pedal, this device allows for the penetration of the soil with
foot-induced force, reaching the underlying aquifer. Additionally, a small platform positioned at the pinnacle
of the shaft enables the attachment of a GPS device to obtain precise x, y, and z coordinates of the measure-

ments (Figure [A9).

After the spear has been firmly secured in the ground, the water probe is subsequently lowered down the
shaft, and upon initial contact with the water, an audible alarm is promptly triggered. From reading the
length units on ribbon to which the probe is attached, the depth can be determined. The probe device name
is ELWA PLS 15 (Figure and detects the water level based on the principles of electrical conductivity.
The probe of the device contains two electrodes, which are separated by a small gap. When the probe is
lowered into the spear and reaches the water level, the water completes the electrical circuit between the two
electrodes (PLS 15-20,2013)).

Once the water level is recorded, the GPS data is obtained using a remote PC connected to the GPS device
via Bluetooth (Figure . Acquiring satellite signals can occasionally be a time-consuming process, de-
pending on the terrain. In open fields, the connection typically establishes within seconds, whereas obtaining
a signal in densely vegetated or forested areas may require waiting for several minutes.

GPS devices determine location by receiving signals from satellites orbiting Earth, which continuously broad-
cast their position and time data. Generally, with d = ¢ - ¢, the distance is determined. The d is the distance
between the device and the satellite, ¢ is time in seconds and ¢ is the speed of light in vacuum (Kaplan &
Hegarty, [2017)).

The device used in the research is a HiPer HR, developed by Topcon. The Topcon HiPer HR, a high-
performance GNSS receiver, is designed for surveying, construction, and geospatial experts. Equipped with
452-channel Vanguard Technology, the HiPer HR tracks and processes signals from all satellite constellations,
maximizing performance in challenging environments like urban canyons or dense tree coverage. Its integrated
inertial measurement unit enables tilt compensation and quick initialization, reducing the need for precise
leveling during setup. The device also features advanced fence antenna technology, minimizing multipath
interference and improving accuracy. Real-Time Kinematic corrections provide real-time centimeter-level
accuracy for surveying and mapping. Lastly, the HiPer HR supports multiple satellite constellations, such
as GPS, GLONASS, Galileo, BeiDou, QZSS, and SBAS, ensuring improved accuracy, signal availability, and
redundancy in challenging conditions or during system disruptions (Topcon, [2016)).

The error margin can vary depending on factors like satellite visibility, signal quality, and environmental
conditions. In optimal conditions with clear line-of-sight to the sky and minimal obstructions, the accuracy
is generally at its best. The uncertainty is read on the display of the reader and at optimal levels on site it
varies between £1.3 cm.



2.2. Water Level Loggers

To retrieve data from the loggers, they are pulled up from the wells (Figure and connected to a PC
(Figure . The accompanying software for the device is used to generate a CSV file containing the data.
Simultaneously, manual measurements using a ruler are taken with the well lid removed (Figure . These
manual measurements are needed for estimating the direction of the water flow, the runoff rate of the water
flow and to varify the logger measurements.

The HOBO U20 Water Level Logger and the Reefnet Sensus Ultra are both water logging instruments which
are used to continuously monitor the water levels (Figure [A14]).

The HOBO U20 has a measurement range of up to 9 m. It has a measurement accuracy of +0.1% full scale,
which translates to a maximum potential error of £0.009 m for a full scale water level measurement. The U20
also includes a temperature sensor to compensate for temperature changes, which can affect the accuracy of
water level measurements (U20 Water Level, |2018)).

The Reefnet Sensus Ultra has a much larger measurement range of up to 200 m. It has a measurement
accuracy of +£0.05% full scale, which translates to a maximum potential error of £0.1 m for a full scale water
level measurement (SENSUS ULTRA, 2018).

Both instruments measures the water level by measuring the pressure with a piezoresistive pressure sensor,
which are, due to their elastic nature, compensated for changes in the water temperature to ensure accurate
water level measurements. The density of water changes when the temperature changes, and this change in
density is directly proportional to the pressure.

A piezoresistive pressure sensor works based on the principle of piezoresistivity, which refers to the phe-
nomenon of changes in electrical resistance of a material in response to mechanical stress. Piezoresistive
pressure sensors typically consist of a pressure-sensitive material, which is usually a semiconductor, such as
silicon or germanium, that is doped with impurities to create areas of either excess or deficient electrons.
The pressure-sensitive material is typically formed into a thin diaphragm, which deforms under the influence
of pressure. When the diaphragm is deformed by pressure, the spacing between the impurity atoms in the
semiconductor lattice changes, which alters the number of free electrons available for conduction in the ma-
terial. This change in electron density leads to a change in the material’s resistance, which is then detected
as a change in voltage across the sensor. The magnitude of the voltage change is proportional to the amount
of pressure applied to the diaphragm. By measuring this voltage change, piezoresistive pressure sensors can
accurately measure pressure (Staib, [2015).

According to the HOBO U20 manual, the instrument may experience a drift of up to 0.2% full scale per
year. To minimize the risk of drift, the manual recommends recalibrating the instrument at least once per
year, or more frequently if the instrument is deployed for extended periods of time or in harsh environmental
conditions (U20 Water Level, [2018). Similarly, the Reefnet Sensus Ultra manual acknowledges the potential
for drift to occur in the pressure sensor over time, and recommends regular calibration and maintenance to
ensure the accuracy of water level measurements (SENSUS ULTRA, |2018).

2.3. The Weather station

The on-site weather station acts as a sophisticated meteorological data collection system, designed to acquire
a wide range of atmospheric information (Figure . Although it contains numerous instruments, only
few are relevant to this specific research. The station is connected to a computer, and data is accessed by
removing a CF-card and copying its contents, which must be reformatted due to their unique structure.

This research primarily focuses on the sensors and the devices that measure radiation, humidity, water
temperature, air temperature, and air pressure. Additional atmospheric data, such as precipitation and wind
speed, are sourced from the Swedish Meteorological and Hydrological Institute’s (SMHI) publicly available
database (SMHI, 2023) and integrated into the study. This information is gathered from two nearby stations,
Bjarnum and Héstveda, both within 23 km of the bog. While the Bjarnum SMHI station (which is within



10 km) provides wind measurements, it lacks information about precipitation, hence the need of data from
the Hastveda SMHI station as well.

2.3.1. Vaisala PTB210

The Vaisala PTB210 barometric pressure sensor is employed for the quantification of atmospheric pressure.
This instrument is characterized by its high precision, with an uncertainty margin of +0.3 hPa. Similar to
HOBO U20 and ReefNet Sensus Ultra, the Vaisala PTB210 utilizes a piezoresistive pressure sensor for its
measurements (Vaisala, [2021)).

2.3.2. Rotronic MP102H

To measure the realtive humidity Rotronic MP102H uses a capacitive humidity sensor, with an accuracy of
+1.7 %. These sensors operates based on changes in capacitance resulting from the interaction between a
dielectric material and water vapor in the surrounding environment (Technologies, [2011). Capacitance (C)
can be described using the formula:

C=c¢ 2, (1)

SIS

where € is the dielectric constant of the material, A is the area of the conductive plates, and d is the distance
between the plates (Figure .
The change in capacitance is proportional to the change in humidity, allowing the sensor to provide a mea-
surement of relative humidity.

With an acuracy of £0.1 °C' the Rotronic MP102H uses a Pt100 resistance temperature detector (RTD) to
measure the temperature (Technologies, [2011)). The sensing element in an RTD is made of a thin platinum
wire, which is chosen due to its high stability, nearly linear temperature-resistance relationship, and low
electrical noise. Platinum also exhibits excellent corrosion resistance, making it suitable for various envi-
ronmental conditions (ProcessParameters, [2023)). The electrical resistance of the platinum wire changes as
a function of temperature. This change in resistance is primarily due to the increased thermal motion of
electrons and lattice vibrations within the material as the temperature increases. These factors lead to an
increase in the resistivity of the material and, subsequently, the resistance of the wire. Stating the resistance
R(T) as a function of temperature:

R(T) = Ro(1+a-T) (2)

Ry is the resistance at 0 °C' (for a Pt100, Ry = 100 ohm). The « is the temperature coefficient of resistance
(for platinum, « is approximately 0.00385°C~1). This linear approximation works well for relatively small
temperature ranges (Childs, 2001)).
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Figure 2: Anatomy of the Rotronic MP102H sensors. To the left the capacitive humidity sensor. To the right
the Pt100 resistance temperature detector
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2.3.3. Kipp & Zonen CNR 4

Kipp € Zonen CNR 4 is the name of the instrument which measures the net radiation as

R, = (R - Rsref) - (Rld - Rlu)7 (3)

Sinc
where R, . and R, is the incoming and reflected short wave radiation, respectively, and R;, and R,, is
the downwards facing and upwards facing long wave radiation, respectively. The sensor measuring the short
wave radiation flux is a pyranometer with an error margin of 10 Wm ™2, detecting radiation in the 0.3 to
2.8 um range. The sensor for detecting the long wave radiation flux is a pyrgeometer with an error margin
of £20 Wm ™2, detecting radiation in the 4.5 to 42 ym range (Klip&Zonen, [2015).

A pyranometer measures global solar radiation using a thermopile placed beneath a blackened sensing surface
that absorbs solar radiation uniformly across the entire solar spectrum. The sensing surface is covered by
a transparent dome that protects it from external influences and ensures a cosine response to incoming
radiation. As the sensing surface absorbs solar radiation, it heats up, creating a temperature difference
between the hot and cold junctions of the thermocouples in the thermopile. This temperature difference
generates a voltage proportional to the absorbed radiation due to the Seebeck effect, which is a manifestation
of thermoelectric phenomena originating from the redistribution of charge carriers (electrons or holes) in the
presence of a temperature gradient. At a quantum level, the temperature difference causes a change in the
electron distribution across the junctions, resulting in a voltage difference. The voltage is then amplified
and converted into an electrical signal proportional to the solar radiation, which can be recorded by a data
logger or monitoring system. The pyranometer is calibrated using a reference standard to ensure accuracy
in field measurements (Kipp&Zonen, 2015). What makes a pyrgeometer different from a pyranometer is to
which sensitivity the device is set. Normally the protective glass is made of different materials, in which it
allows selected wave lengths of the electromagnetic spectra to pass through. The coating also posses varying
features.

Incoming Energy

AR ERE

Protective glass

Hot Junction

Black Coating

Cold Junction

Thermopile l u,

@ N / Heatsink \'

Figure 3: The anatomy of a pyranometer and a pyrgeometer

2.4. Data Acquisition and Analysis

After collecting the data, it was subjected to analysis using Python as the principal tool. Utilizing various
modules, the data is organized, processed, and visualized. Each dataset from the individual devices and
the data from SMHI, has its own distinct format. Notably, some datasets employ imperial measurements,
necessitating conversion to metric units. The Pandas module plays a leading role in consolidating the various
datasets into a unified data frame with a consistent structure. For numerical analysis and processing, the
Numpy module is predominantly employed. Lastly, data visualization is achieved through the use of the
Matplotlib module, which facilitates the creation of informative plots to effectively represent the findings.

During the examination of maps and interpolation of areas, QGIS software was employed as the principal
tool. Built on Python, QGIS offers a user-friendly graphical interface and the capability to write and apply
code to maps, making it a highly versatile and potent instrument. In this study, QGIS is primarily used
to generate a vector field for visualizing water flow patterns. The map layers utilized in this research are



sourced from Lantméteriet, the Swedish Land Survey authority. These layers provide essential geospatial
information, enabling accurate analysis and interpretation of the study area.

3. Modelling and Theory

The water balance equation is a fundamental tool used in hydrology to quantify the inputs, outputs, and
storage changes of water within a system, such as a peatland. This equation provides a simplified represen-
tation of the complex hydrological processes that govern water movement and storage in these ecosystems.
The basic water balance equation for a peatland can be expressed as:

Ah = P, — ET), — Qp, (4)

Where Ah represents the change in the height of the water table (m/s), P, denotes precipitation (m/s), ET,
stands for evapotranspiration (m/s), and Qp refers to runoff (m/s). The water balance equation assumes
that the peatland is a closed system, and it provides a starting point for estimating the change in the water
table.

3.1. Precipitation

Rainfall plays a crucial role in determining fluctuations in the water table since it directly influences the
quantity of water available for replenishment. In a bog ecosystem, where the ground is saturated, the extent
of rainfall corresponds to the variation in the water table’s elevation. In peatlands, where the soil is almost
entirely saturated, precipitation can be considered a consistent source contributing to the rise in groundwater
levels (Holden, 2005). The unique soil composition, consisting predominantly of partially decomposed plant
matter, grants peatlands a remarkable water-retention capacity. This causes the soil to be near close to
fully saturated, and any further rainfall can help elevate the groundwater table (Limpens, Berendse, Blodau,
Canadell, et al., [2008). An analogy for peatlands could be that they function like sponges, holding and
retaining water, and any additional moisture they absorb contributes to raising the overall water level (Figure
. In situations not involving peatlands, additional factors need to be taken into account, like the soil’s
infiltration rate (I) and its hydraulic conductivity (k). The I and the kj, are vertically dependent on the
depth of the soil before reaching water table below. This results in the following equation:

APy = (P-1)/(kn - A), ()

However, when the soil saturated and the assuming that the rainfall is uniformly distributed across the area;
A =1, the change in the water table can be simplified to:

AP, = P, (6)

meaning that the amount of rain is equivalent to the positive change in the water table in a the bog (Dingman,
2015)).

3.2. Evapotranspiration

The Penman-Monteith equation (PME) is a complex and widely used method for estimating evapotran-
spiration (ET) that combines energy balance and aerodynamic concepts. It was developed through the
combination of the original Penman equation (Howard Penman, 1948), whose focus was on evaporation, and
the work of John Lennox Monteith, which incorporated the effect of stomatal resistance and transpiration
on ET (Monteith, [1965):z

A(Rn - G) + pacp(5e)ga
(A+y(1+4ga/gs)) Ly

ET = (7)



where A is the rate of change of saturation specific humidity with air temperature (PaK '), R,, is the net
radiation (Wm™2), G is the ground heat flux (Wm™=2), p, is the dry air density (kgm=3), ¢, is specific heat
capacity of air (Jkg= 1K ~1), 0. is vapor pressure deficit (Pa), g, is the atmospheric conductance (ms~1), g,
the conductivity of stomata (ms—1), 7 is the psychrometric constant (PaK ') and L, is volumetric latent
heat of vaporization (Jm™3). R, is the net radiation and is taken from measured data from the weather
station on site. The value for p, is 1.352 kg/m?, the dry air density, which, in this case, this value is taken
from a table (Engineering-ToolBox, 2003). The value for latent heat of vaporization (A,) at the range of
water temperature, which spans between 5 °C' and 10 °C is roughly 2484.3 k.J/kg (Engineering-ToolBox,
2010).

3.2.1. The Rate of Change of Saturation Specific Humidity (A)

The rate of change of saturation specific humidity with air temperature is calculated by
aPsa _ Psa'HL(T) (8)
or ¢, 1?7

where Py, is the saturation vapour pressure (Pa) and is calculated from the empirical formula Magnus-Tetens
equation (Lowe & Ficke, |1974)):

A:

Bgo - T
Psa:Asa'exp|: = :|

Cout T ©)

The As,, Bse and Cy, are all empirical constants derived from experimental data. A, has a value of
611.21 Pa and is a scaling factor that adjusts the overall magnitude of the saturation vapor pressure. By, is
dimensionless and has a value of 17.502. It controls the temperature dependence of the exponential term in
the equation. Cj, is also dimensionless, with a value of 240.97 and acts as a temperature scaling factor and
helps to set the temperature range over which the equation is most accurate (Murray, [1967)).

1

Hj is the latent heat of vaporization of water, which in our case, is roughly 2.5-10° Jkg~! and is calculated

by
H(T)=Ap - By -T+Cr-T> - Dy -T5. (10)

The constants Ay, Br, Cr, and Dy, are all constants derived from Gnielinski’s work (Henderson-Sellers, |1984).
Ap has a value of 2500.8 kJkg~—! and is an approximation of the latent heat of vaporization at 0°C. By, is
equal to 2.36 and is a dimensionless linear coefficient that represents the rate of change of the latent heat of
vaporization with respect to temperature. Cf, has a value of 0.0016 k.Jkg~'7~2 and is a quadratic coefficient
that represents the curvature in the temperature dependence of the latent heat of vaporization. Finally Dy,
is a cubic coefficient that represents higher-order changes in the temperature dependence of the latent heat
of vaporization and has a value of 0.00006 kJkg~1T~3.

Last in the equation for rate of change of saturation specific humidity with air temperature is ¢, is, again,
an empirical value. It is estimated from the following expression:

Q
—_— 11
mAT’ (11)
where @ is the energy (J), m is the mass (kg) and AT is the change in temperature. Without having any
experimental values for the mass of the air parcel, nor the energy needed to estimate a value for c,, one

has to refer to predetermined tables. In this case the value of ¢, is approximately 1005.8 Jkg='K~! (Urieli,
1984)) (Engineering-ToolBox, |2004]).

Cp:

3.2.2. The Ground Heat Flux (G)

Stating the expression for calculation of the ground heat flux (G):

or AT
= =k 0. 12
¢ 0z ly (12)



The thermal conductivity is denoted by k. and is low as peat moss has a lower thermal conductivity than
typical mineral soils due to its high organic matter content and low bulk density. In peat moss the thermal
conductivity is approximately 0.445 W/mK with an error margin of £0.045 W/mK (Kujala et al.,|2008).

The change in T is that which is between the soil temperature and the air temperature and [, is the depth of
the point where the soil temperature is taken. The depth [, is 0.5 m and has an uncertainty level of +0.1 m.

3.2.3. Vapor Pressure Deficit (J.)

The vapor pressure deficit represents the discrepancy between the saturation vapor pressure at a given air
temperature and the actual vapor pressure of the air. Measured in Pascals, it is a pressure unit and is
influenced by relative humidity. This metric is significant as it serves as an impetus for evaporation from the
Earth’s surface into the atmosphere (Baldocchi, |2014). The formula for calculating the vapor pressure deficit
is stated by

5e:Psa'T'(1_H7')7 (13)
where H, is the relative humidity.

3.2.4. The Atmospheric Conductance (g,)

Conductivity of air, atmospheric conductance, is directly linked to the aerodynamic resistance for a reference
surface (r,) and is stated by

(i) ()
Jo=— —Tq = — — (14)

Ta k‘%u

In the estimation of the aerodynamic resistance the z; is 2 m and is the reference height of the weather
station at the site. The zero-plane displacement height (d) is the height above the surface at which the wind
speed is effectively zero due to the presence of roughness elements such as vegetation. This can be estimated
at %5 of the surrounding vegetation height. A rule of thumb, regarding d is of an error margin on d is :l:%
(Graf et al.,|2014). The vegetation height of the area (z,) varies between zero and 0.6 m, hence setting the
error margin for the vegetation at +0.295 m. The k, is the von Karman constant, a dimensionless constant
at 0.4, with an error margin of +0.02 (Bailey et al.,[2014)). The u denotes the wind speed.

The parameter z,y, is the roughness length governing transfer of heat and vapour (m) and z,,, is the roughness
length governing momentum transfer, can be estimated from the crop height (m).

In order to get a good approximation for z,, and z,,, the decision to employ the widely recognized FAO56
Penman-Monteith equation (FAO56), a standardized version of the original PME, was made. Developed
by the Food and Agriculture Organization (FAO), this equation calculates reference ET for a hypothetical
reference crop with distinct characteristics, including being well-watered, actively growing, and covered in
short green grass. Notable similarities exist between the reference ecosystem in FAO56 and a peatland. Both
settings exhibit well-watered conditions, ongoing plant growth, and short vegetation (Pereira et al., |2015).
The FAO56 vegetation height falls within the range observed in peatlands, and the albedo measured at the
weather station on site aligns with that of agricultural land (Schaeffer et al.,|2006)). Referring to FAO56 zop,
can be determined by 0.123 - z,, and z,, subsequently by 0.1 z4p,.

3.2.5. The Conductivity of Stoma (g)

The stomatal conductivity is directly related to the bulk of of the growing vegetation (rs) and can be written
as

1 T
gs = — 7 Ts=

— 1
= =1 (15)



where r; is the stomatal resistance of a single leaf, which, according to FAO56 (Allen et al.,|1998), measures
about 100 s/m under well-watered conditions. The Leaf Area Index (L,) is a unitless measure representing
the ratio of leaf surface area (only the top side) to the corresponding ground area beneath it, usually denoted
in m? of leaf area per m? of ground area. The active L, refers to the portion of the leaf area that actively
participates in heat and vapor exchange processes, typically found in the sunlit upper section of a dense plant
canopy (Allen et al., |1998). Deriving L,:

2p-12=L—L-0.5= L,. (16)

12 is an empirical factor used to account for the daily cycle of sunlight and the proportion of the canopy that
is sunlit. 0.5 represents the proportion of the canopy that is considered active. This assumption simplifies
the calculation by assuming that only the top 50% of the grass is actively involved in the heat and vapor
transfer (Allen et al., |1998]).

3.2.6. The Psychrometric Constant (v)
The psychrometric constant is stated by the following formula:

Cp - Putm

e (17)

’Y =
Pyt is the atmospheric pressure (Pa) and e is the ratio between the molecular weight water vapor and dry
air, which is 0.622.

3.3. Water runoff rate

Darcy’s Law (DL) is frequently favored for calculating water flow in peatlands due to its dependability and
relatively straightforward approach to describing water movement through porous materials like peat. The
assumption underlying DL is that water flows through the porous medium in a laminar manner, signifying
that it travels in parallel layers without any interference between them. This is typically accurate for peatlands
since the flow velocities are generally low enough to sustain laminar flow conditions.

Henry Darcy established DL in the 19th century, linking fluid flow through a porous medium to the pressure
drop and the medium’s permeability. The mathematical expression for DL is:

oP  —kAAP Q kAP

Q:%_ 1 AxiQh:Z:;Az

(18)

where @ is volumetric flow rate (m3/s), k is permeability of the medium (m?), u is the dynamic viscosity
(Pa - s), which changes proportional to temperature. Due the measured temperatures fluctuating between
5°C and 9°C over the all periods p proportionally fluctuates between 1.52-1072 and 1.34- 1073, respectively
(Paar, 2023). A is the cross-sectional area perpendicular to the direction of low (m?). With the uncertainty
being too big in the depth of the aquifer, it is safer to assume that there is at least 1 m? at the top layer,
hence setting A = 1 m2. AP is the pressure drop throughout the medium (Pa) and Az is the distance of
the medium in the direction of flow (m).

In this study there is no accurate measure of the distance between the logging devices in the surface of the soil.
They are all lowered with a metal wire at approximate depths. However, one centimeter of water is roughly
equal to one hPa, hence the manually measured depths becomes imprtoant. Using Bernoulli’s principle to
prove this:
1 1

P+ §pvf + pghy = Py + ipvngpghg = P; + pghy = Py + pghs

AP

= P1+pg-0= P>+ pghs @Pl—Pznghz@hzzp—g

In this equation P is the pressure (Pa), p is the density of water (kg/m3), v is the flow velocity (m/s),
gravitational acceleration (9.82 m/s?) and h is the height above a reference point (m). This proves that 1 cm

(19)
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water = 1 hPa. Because the flow of the water is particularly slow in a peatland it’s safe to set v = 0, thus
canceling out that term (Holden, 2005).
Applying this proof to Equation [18] and we get:

OP _ —kAP _ —kpg Az (20)

Qh:%_ij o Ax

A key component of DL is the permeability of the medium (x), which accounts for the ease with which water
can flow through the porous material. In peatlands, the permeability can vary significantly due to factors
such as peat type, degree of decomposition, and water content. DL allows for this variability to be taken into
account when calculating water flow. Additionally, u also plays a role in the ease of the flow. Due to both
permeability and viscosity of the water being the main drivers in how well the water flows through the soil,
they are combined as the ratio between the two parameters; k = x/u and used to carry out the numerical
calculations in this study. Because the peat moss not being uniformly distributed, the most accurate way
of finding k through out the bog is to set the water balance equation as a function of k£ and in that way
establish a value for k as it varies on where the measurements are taken:

s-n-man- (G2 ()

3.4. The Chi-Squared technique

The chi-squared technique is a statistical method employed to assess the goodness of fit between observed
data and an expected model, proving especially useful for categorical data. In the context of determining an
appropriate k value for DL in a specific area, the chi-squared technique calculates the chi-squared statistic
(x?), which represents the sum of the squared differences between observed values (O) and expected values
(F) divided by the expected values:

X’ = Z % (22)

i=1

Observed values refer to collected data, while expected values correspond to predictions made by a model.
A lower chi-squared statistic indicates a better fit between the data and the model (Biswal, [2023)).

Applying the chi-squared technique involves calculating the expected values for fluid flow through a porous
medium for each k value being tested, based on a given model or theory. Subsequently, the chi-squared
statistic for each k value is computed using the formula mentioned above. The degrees of freedom are
determined by taking the total number of & values tested and subtracting one. A chi-squared distribution
table is consulted to identify the critical chi-squared value corresponding to a chosen significance level and
degrees of freedom. A calculated chi-squared statistic that is less than or equal to the critical value suggests
that the observed and expected values do not significantly differ, indicating that the k value in question
provides a good fit for the data.

A diagram displaying k values on the z-axis and the corresponding chi-squared statistic values on the y-axis
can be plotted. The optimal k value corresponds to the lowest chi-squared statistic value on the graph, as
this signifies a better fit between the observed data and the model employing that particular k£ value. An
example of what a resulting plot of this technique can look like can be seen in Figure [AT7]

3.5. Uncertainty calculations

When conducting this research, the Monte Carlo method was used to estimate as close to real-life scenarios as
possible, this meaning as close to the measured data as possible. The Monte Carlo method is a computational
technique that involves running a large number of simulations with random inputs to estimate the outcome
of a process or model. It’s widely used in within physics and mathematics to solve problems that involve
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uncertainty, complex systems, or probabilistic models.
In the context of the Monte Carlo method, standard deviation plays a significant role in quantifying the
variability or dispersion of the simulation results.

When using the Monte Carlo method a first step is to define input distributions. Input variables are often
represented as probability distributions that capture the uncertainty or variability of the inputs. The standard
deviation is a key parameter of many probability distributions, such as the normal distribution, which is
characterized by its mean and standard deviation. By specifying the standard deviation for each input
variable, it is possible to define the range and spread of possible values that the variable can take.

In a Monte Carlo simulation, generated random samples are drawn from the input distributions for each
variable. The standard deviation of the distribution influences the spread of the sampled values. A larger
standard deviation will result in a wider range of sampled values, while a smaller standard deviation will
produce a more concentrated range of values around the mean.

With the random samples for each input variable, the simulations are run, and the outputs are calculated.
This process is repeated a large number of times, generating a distribution of output values that represents
the possible outcomes of the model or process under study (Figure [A18).

3.6. Interpolating the water flow

The Triangulated Irregular Network (TIN) interpolation is a geospatial analysis instrument in QGIS, utilized
to produce a continuous surface from irregularly distributed points with known elevation values. It is mainly
used for creating digital elevation models (DEM) and analyzing topographical or environmental data.

TIN interpolation forms a network of non-overlapping triangles using input points as vertices. It applies the
Delaunay triangulation method to guarantee that no other points are within each triangle’s circumscribed
circle (Wikipedia, 2023). The elevation of a point within a triangle is calculated through linear interpolation
based on the weighted average of elevations at the triangle vertices.

To estimate the resulting vector of groundwater flow, DL is used in conjunction with the generated DEM by
examining each pixel and carrying out the following numerical calculations for each point. By calculating
the vector (V') between two points, find the magnitude (]|V]|) of the vector, then normalize the vector (U),
and finally sum them up in a resulting vector (V):

7 Z(mz —T1,Y2 —Y1,22 — Zl)v
VI =v/(z2 — 1)2 + (2 — y1)? + (22 — 21)2,
_ 14
v’

n

‘Z}:Z(Qi'm)

i=1
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4. Results and Discussion

The on-site weather station employs an array of instruments to gather meteorological data; however, sev-
eral of these instruments exhibit limitations. For instance, the humidity sensor is enclosed in a box (Figure
, preventing it from accurately measuring external relative humidity (Stull,|2017). Additionally, airborne
leaves, twigs and bird droppings occasionally clogs the funnel of the rain-measuring sensor. Consequently,
precipitation data from SMHI’s Héstveda weather station, located 23 km away, must be used. This discrep-
ancy can particularly affect rain gauge readings, especially during intense local showers in summer. Rainfall
measurement presents a significant challenge, even for well-established institutions like SMHI, due to factors
such as wind forcing rain to steep angle of incidence (Jiang et al., [2020). Additionallyr, heavy showers can
cause water to splash out of the collection cup, leading to big underestimations (Ciach, [2003]).

In the absence of data or information regarding the stomatal and aerodynamic resistance values specific
to Fajemyren, FOA56 values was utilized. While a perfect correspondence cannot be expected due to the
peatland’s diverse flora, FAO56’s consideration of short grass and well-watered conditions presents certain
similarities that justify its application as provisional data. The resistances incorporated in the FAO56 equa-
tion account for energy exchange and moisture flux between the surface and the atmosphere, aspects that
are also relevant to bog environments. Consequently, employing FAO56 resistances in the standard PME can
yield a reasonably accurate estimation of ET for bogs, while recognizing potential deviations stemming from
site-specific characteristics.

The on-site weather station lacks a wind-measuring instrument, necessitating the use of data from SMHI’s
Bjarnum station, situated 10 km away. Wind conditions varies significantly at a local level due to factors such
as vegetation-induced friction and the formation of eddies in diverse landscapes (Donald Ahrens & Henson,
2015). However, across a cross-sectional distance of £20 km, wind conditions should be relatively consistent
(DeGaetano, [1996)), justifying the usage of data that may seem to be taken very far away.

Despite the potential for not fully precise data, conducting an experiment is still valuable from an experi-
mental standpoint. Moreover, even approximate data can provide insights into underlying physical processes,
which can then be refined through further experimentation and analysis.

While the SMHI data was complete, the on-site ReefNet logger data contained substantial gaps, some lasting
up to a year. Although the weather station’s water logger had tracked water table changes since 2015, it
doesn’t track water temperature, a crucial parameter for calculating ET. As a result, the combined data
from the weather station and loggers was restricted to two summer and two winter periods, with climate
conditions that, unfortunately, were quite similar. Both summer periods were characterized as hot than the
average, with seasonal rain normal or slightly lower than the average. The winter periods were charactarized
as mild and normal, with slightly more precipitation than usual.

e Period 1 (P1): The summer of 2019 (SMHI, |2019))
o Period 2 (P2): Winter 2020/2021 (SMHI, [2021)

e Period 3 (P3): Summer 2022 (SMHI, [2022a)

e Period 4 (P4): Winter 2021,/2022 (SMHI, 2022b)

During periods P1 and P3, the measured data shows a consistent rise in water temperature, while the opposite
trend is observed during P2 and P4, with temperatures exhibiting a steady decline. Due to observation, the
value for viscosity u is selected to be a constant mean, equal to 1.43 - 1073, which allows for a simplified
representation of the varying temperature effects on viscosity when computing DL as a driver for the periods.

Regardless of the measured data having the interruptions, the loggers are known to exhibit drift (Section
over a longer period of time (years), selecting shorter time periods is expected to minimize this issue. However,
even within these shorter time intervals, the loggers exhibit considerable variation in their behavior. Given
the current size of the study area, it is not very likely that the observed peaks in the data are attributable
to localized precipitation events (Yuter & Houze Jr, [1995)).
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Figure 4: Data measured by the ReefNet loggers within the study area. By limiting the data plotted to the
1h based intervals and that which is continuous, the plot starts on the 4th of April, 2021. All the data are
adjusted to start at zero, to get a better picture of how they vary.

The water table changes exhibit distinct individual behavior at each coordinate, as illustrated in Figure 4]
It is evident that some loggers display individual peaks above and below the average, and there are instances
where loggers intersect, with one suddenly indicating significantly higher pressure than another. Given this
behaviour, it is important to point out that the runoff rate, calculated with DL, in real time scenarios indeed
have small fluctuations, as the height difference between point 1 and point 2 most likely does not change in
a similar fashion. The fluctuations are not significant, due to the small height difference, compared to the
dinstance between then, still they should not be forgotten.

Given this variability, it is not crucial to focus on each logger’s data; rather, highlighting the fact that the
water is not uniformly represented in the bog suffices. Consequently, three representative loggers are featured
in the diagrams: the northernmost logger (ReefNet 15562, later replaced by HOBO 20796674 in 2022), the
central logger (ReefNet 15606), and the southernmost logger (ReefNet 15610).

4.1. Period 1 - May-Aug, 2019

A critical challenge encountered during the development of the model pertains to the configuration of the
ReefNet loggers. For P1, all instruments, except for 15610, were programmed to record data every 12 hours.
In contrast, logger 15610 was set to log data hourly. While the water not being uniformly distributed across
the bog remains a fact, it can prove in this one case, displayed in Figure[5] that the logger tracks measurements
quite differently when being set to log on an hourly basis. 15562 and 15606 both shows a steady increasing
trend during the whole period and after around the 5th of May never showing a negative result of the pressure,
contrary to 15610 which shows an entirely different trend.
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Model vs. Measured Data (May-Aug, 2019)
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Figure 5: Examples of the data measured by the loggers compared to the created model on Period 1; 1st of
May, 2019 to 28th of August, 2019. The loggers ReefNet 15592 and 15543 has a 12h logging interval, while
the ReefNet logger 15610 conducts hourly logging.
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Even if the model shows to be a slightly better fit for 15610 in this period, it still generates k =1-107°°.
The issue originates in the ET being estimated to be a lot higher from around the 6th of June, a point where
the precipitation never comes up to the same levels as ET. With this estimation, the runoff would virtually
be zero, as can be seen in Figure [B] something that is highly unlikely.

To accurately estimate ET on both daily and seasonal scales, it is essential that instruments record data at an
as high diurnal resolution as possible, preferably down to 1 hour intervals (Lundquist & Cayan, . This
necessity is demonstrated in Figure The 12-hour logging intervals of the other loggers are inconsistent,
with some recording at 3:00 and 15:00, while others log at 4:00 and 16:00. None of the selected diurnal
timestamps for logging are guaranteed to capture the positive or negative peaks in the data essential for
estimating ET. When writing the model, this data proved to be not at all useful as can be seen in Figure [6]
where the runoff driver is zero everywhere.
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Figure 6: Plot showing the main drivers of Period 1. Run off is zero at every point.

4.2. Period 2 - Nov-Feb, 2021/2022

This period shows very interesting results. Analyzing Figure [7] the deviations are still pronounced, but the
model follows the curvature rather smooth in both the 15562 and the 15610 case. The peaks could be due to
the precipitation data not completely reflecting the precipitation to that of Fajemyren. 15606 shows a huge
deviation during December. This increase of the water table could potentially show the water flowing greatly
temporarily in this direction, as it normalizes in January where the deviation is not as pronounced anymore,
when comparing it to the other two cases. Even though there are large deviations it still, in comparison to
P1, shows an a lot better fit. Snow may also be a reason for the peaks. With the snow being registered as
precipitation at SMHI’s weather station, the loggers in the bog wouldn’t register the change in the water
table until it thaws. With the area of study being situated in Scania, there are no longer periods of snow
cover, whereas when the precipitation is snow, it has most likely thawed within two weeks. Moreover, the
model produced values for the permeability as well, which are all in range of the soil in a peatland (Price,

2003).

16



Model vs. Measured Data (Nov-Feb, 2020/2021)
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Figure 7: Examples of the data measured by the loggers compared to the created model on Period 2; 1st of
November, 2020 to 9th of February, 2021.
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The figures generated for this winter seasons (Figurem indicate that ET is virtually negligible. During
sub-zero periods, when soil freezing occurs, this observation holds true (Lafleur et al., 2001), and as temper-
atures approach zero, ET substantially decreases.

With an assumption is that ET constitutes 2/3 of the precipitation (Waddington & Roulet, , it is crucial
to acknowledge that this is an annual estimation, implying that the majority of ET takes place during the
summer half of the year. Additionally the months with the lowest ET output is typically November, through
February (Brutsaert, [2005). This discontinuation is simulated and visualized in Figure Consequently,
the water runoff rate becomes the primary negative driver (Figure [§) during winter months (Woo & Young,
. As the nature of viscosity changes proportional to temperature, a natural change in the runoff drivers
would show a slight curvature instead of a linear increase. Worth pointing out is the lack of small fluctuations
in the runoff drivers as well, which is mentioned earlier.

Morever, the period shows an over all decline in the water table which can be seen in both Figure[7]and [§] In
the latter mentioned figure, it can be seen since the runoff rate exceeds the precipitation in two of the cases.

Water Table Drivers (Nov-Feb, 2020/2021)
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Figure 8: Plot showing the main drivers of Period 1. Evapotranspiration low due to annual low temperatures
and low amounts of solar radiation.

4.3. Period 3 - May-Aug, 2022

The following period shows the best results. Displayed in Figure [0} the model shows an almost perfect
curvature fit to the measured data. Similar to P2, there are peaks which occur for natural reasons. As
mentioned in section [£.2] these positive devations are most likely showing do to the precipitation not reflecting
that of which is taking place at Féajemyren.
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Model vs. Measured Data (May-Aug, 2022)
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Figure 9: Examples of the data measured by the loggers compared to the created model on Period 3; 1st of
May, 2022 to 31st of August, 2022.
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Water Table Drivers (May-Aug 2022)
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Figure 10: Plot showing the main drivers of Period 3. The run off being the smaller driver, as the annual
high temperatures give rise to an increasing evapotranspiration rate.

Although discussing in section [{.I] that the model appears to yield higher ET values than anticipated,
it is important to note that during periods of above-average heat exposure, ET can indeed surpass the
precipitation levels (Roderick & Farquhar, . Both the summers of 2019 and 2022 were characterized
by higher temperatures and lower precipitation compared to average years (SMHI, (SMHI7 ,
suggesting that the model’s output may not deviate as significantly as initially presumed. This could indicate
that there would be an error in the data management of P1. Figure [I0] represents a case of what one could
expect the water balance equation would represent during a hot summer event in Scania, with all drivers
being present and ET being the most pronounced due to high rates of solar radiation.

4.4. Period 4 - Nov-Feb, 2022/2023

Despite the assertion from the SMHI that the two winter periods exhibit similarities, a close examination
reveals distinct differences between them. This discrepancy may be attributed to the study’s focus on a
localized region. In contrast to the information presented in Figure[§ Figure[I2]displays a precipitation total
that is 50 mm greater, with the runoff rate exhibiting an almost inverse proportionality. Consequently, there
is an overall increase in the water table during this period (Figure .

It is crucial to acknowledge that snow may influence the precision of the developed model, resulting in
deviations between the model’s estimations and the actual observed data. Thus, when interpreting these
findings, it is essential to carefully consider the impact of snow on the water table dynamics.
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Model vs. Measured Data (Nov-Feb, 2022/2023)
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Figure 11: Examples of the data measured by the loggers compared to the created model on Period 4; 1st
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of November, 2022 to 9th of February, 2023.

These observations suggests that non-uniform water flow is the primary cause of these discrepancies. Al-
though precipitation data collected at the SMHI Bjarnum station does not perfectly represent the conditions
within the bog, the observed differences between the station’s data and the bog conditions, as illustrated
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in Figure [7| (ReefNet 15606) and Figure [4| and Period 4 (Figure , should not be as pronounced as they
appear. This could indicate a scenario where the surrounding clay or sediment has been breached, causing
the bog to transition into a fen due to erosion (Limpens, Berendse, Blodau, Canadell, et al., . Partial
erosion of the clay or sediment layer could lead to increased water flow from outside, during periods of high
precipitation, resulting in a rise in the availability of the sparse nutrients within the bog (Siegel & Glaser,
. This process could also contribute to the encroachment of vegetation observed in the area (Reeve

et al., [2001)) (Figure [A16)).
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Figure 12: Plot showing the main drivers of Period 4. Again, runoff is the primary driver having a negative
impact on the change in the water table.

From the perspective of creating a model like this, acquiring a full year’s worth of data would be invaluable.
This would necessitate refining the model to account for the fact that the dynamic viscosity g cannot be
treated as a constant but must be considered a temperature-dependent parameter. Nonetheless, incorporating
such data would provide a more comprehensive evaluation of the model’s performance.

4.5. Additional Remarks

When utilizing the Monte Carlo model for estimating the driving factors, it was demonstrated that the
uncertainty in the GPS measurements had a negligible impact on the flow rate. With an uncertainty of
merely +£1.3 ¢m, the resulting variation in flow rate calculation over distances spanning tens of meters was
determined to be less than 1- 10715 m?/s. Without any reported uncertainties in the precipitation from
SMHI, applying the Monte Carlo model is not feasible. Consequently, this method was only utilized in the
ET calculations.

To achieve the most accurate estimation of the k value, the model is executed utilizing all available logger
data. Table [I| displays the k value for each coordinate, along with a mean value that serves as the primary &
value for the respective period. The k value exhibit fluctuations between 4.31-10~7 and 7.40- 107, resulting
in a well-defined permeability within a peatland region (Price, . It is roughly 3 - 10~7 smaller during
the summer period compared to the winter period, which coincide with what is represented in the sections
concerning each period.

It is worth noting that, owing to P1 consistently yielding a value of 1-107°°, the first column exclusively
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comprises zeros. This observation is crucial for understanding the implications of the hydraulic conductivity
data.

ID Period 1 Period 2 Period 3 Period 4

ReefNet 15562 / HOBO 20796674 0 4.05-1077 | 850-107% | 3.95-10""
ReefNet 15617 4.06-107" |1 9.60-107% | 4.25-10"°

ReefNet 15592 5.06-107 | 1.12-1077 | 4.15-10 7

ReefNet 15606 416-107 [ 1.02-1077 | 3.34-10 7

ReefNet 15543 455-107 [ 1.11-1078% | 4.75-10~ 7

ReefNet 15616 / HOBO 20796679 4.8-1077 | 5.15-107% | 3.54-10""
ReefNet 15610 536-10" [ 6.04-107% | 6.17-10~ "

Mean k 4.58 - 107 | 7.40 - 107 | 4.31 - 107

[—] Kool Nen] Hen] en] Hen) Re]

Table 1: The estimated permeability for each logger coordinate during the four periods. The HOBO loggers
were not deployed until period 3.

Given the implications of non-uniformity within the bog, the utilization of manually collected measure-
ments becomes crucial. The overall estimated value for the k£ suggests that the soil exhibits fibric peat
characteristics. Fibric peat, characterized by its less decomposed nature, typically exhibits a permeability
(k = p/k) range of 1073 to 1075 m/s. This is in contrast to moderately decomposed (hemic peat) and less
decomposed (sapric peat), which display permeability ranges of 1075 to 10~7 m/s and , 1077 to 102 m/s
respectively (Price, 2003)).

By utilizing DL, and incorporating the mean k value estimated for the P4 (4.31-1077) (Table, it becomes
interesting to facilitate an examination of water flow dynamics within the peatland. By utilizing the manual
measurements, conducted with the Spear, it is possible to import the data into GIS-programs (Geographical
Information Science) to examine further, by computational interpolation. Using TIN-interpolation and De-
launay triangulation in QGIS, it is possible to interpolate areas as depicted in Figure The figure shows
an interpolation of how the height differs as one moves from the center towards the outskirts. The results do
not significantly deviate from what is expected for a bog like Fédjemyren, where the elevation is higher at the
center (Siegel & Glaser, , particularly in a relatively small area like the the study area.

TIN interpolation
Above sealevel (m)

144,50033
142,46488
Delaunay tirangles
® Wells
© Manual samples

O3 Study area
[ Research area

150 m

Figure 13: A TIN-interpolation of the study area.
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A denser grid of measurement points yields more accurate results when determining the water flow
characteristics, which could prove useful in terms of finding a potential second positive driver to the water
balance equation (Equation E[) Furthermore, manual data collection is both time-consuming and labor-
intensive, which justifies the employment of GIS interpolation tools. The potential flow of water in the
bog can be determined by initially applying the DL to each pixel and its adjacent neighboring pixels in the
generated DEM. By applying the eight caclulated scalar products, for each pixel, the resultant vectors can
be computed using Equation [23] This calculation yields the vector field illustrated in Figure [T4]

Figure 14: A is a vector field, showing the possible flow in this part of Féjemyren.

The outermost points, lacking eight neighboring points, may not accurately represent the correct magni-
tude or direction of the vector. Nevertheless, the inner field, despite being a product of GIS interpolation,
exhibits intriguing patterns.

In summary, a particularly noteworthy aspect of this study is the excellent model fit observed during P4.
This demonstrates not only the model’s possible ability to accurately capture changes in the water table,
when utilizing accurate data (Figure@ but also its effectiveness in representing the distribution of the various
drivers (Figure . This performance highlights the model’s potential for application in similar scenarios.

5. Conclusion

The research project investigates vegetation encroachment in the Fdjemyren bog, located in northern Scania,
Sweden, as part of an ongoing initiative at INES (Lund University), co-led by Veiko Lehsten. It examines
the impact of climate change-induced drought periods on tree seedling root systems. This study is a branch
of the larger research project, which focuses on modeling groundwater table response to rainfall, exploring
rainwater absorption, water flow rate, and the contribution of evapotranspiration to hydrological processes.
A model replicating water table fluctuations is constructed using meteorological data.

Data collection for this research requires fieldwork. A typical field day consists approximately four hours
of measurements and readings, depending on weather conditions. The challenging terrain necessitates inter-
mittent rest periods. Various scientific instruments are used to monitor changes in soil pressure, water table
height and temperature. A handmade "Spear" measures subsurface water levels, while a water probe detects
surface levels. Water level loggers continuously monitor water levels, and an on-site weather station collects
meteorological data. Additional atmospheric information is sourced from the Swedish Meteorological and
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Hydrological Institute’s database.

Data from different instruments are consolidated and analyzed using Python and modules for organization,
processing, and visualization. QGIS software aids in map examination and area interpolation. The central
theory relies on the water balance equation (Ah = P, — ETj, — @Q},), with precipitation, evapotranspiration,
and water runoff as primary determinants. The water flow coefficient k is essential for calculating the runoff
rate; however, due to the non-uniform soil properties of peatlands, it cannot be considered static and requires
estimation. The water balance equation, expressed as a function of k, serves as the foundation for creating
the model.

The k value, which is the ratio of permeability of the soil and the viscosity of the water, is determined using
the chi-squared method, which assesses the goodness of fit between observed data and an expected model.
This involves calculating expected values, comparing them to observed values, and consulting a chi-squared
distribution table for the optimal fit. The Monte Carlo method, a computational approach using random
inputs for numerous simulations, estimates process or model outcomes. This method addresses uncertainty
and complex systems and is widely used in physics and mathematics. Standard deviation quantifies variabil-
ity, and input variables in Monte Carlo simulations are represented as probability distributions with specific
standard deviations. The approach is selected to evaluate evapotranspiration.

Due to the complex integration of the Penman-Monteith equation and Darcy’s Law, the study focuses on a
smaller area than originally anticipated for calculations. This decision was influenced by the unavailability
of stomata parameters for various forest plants and intersecting non-peat soil permeability measurements.
Using Lantméteriet’s data layers and comparing soil type layers with satellite imagery allowed for accurate
estimations of tree encroachment and soil transitions, justifying the study area emphasis.

The results highlight limitations in the on-site weather station, including inaccurate humidity measurements
and occasional rain sensor clogging. Consequently, precipitation data from a nearby station is used, poten-
tially impacting local shower readings. Additionally, the lack of wind-measuring instruments necessitates
using data from a station 23 km away. Local turbulence and eddies are disregarded, and the wind conditions
are assumed to be consistent at this distance.

The findings reveal significant data gaps, necessitating the limitation of the study to two summer and two
winter periods with comparable climatic conditions. Configuration issues with loggers, recording data at
irregular intervals, compromised the accuracy of evapotranspiration estimation. In the absence of data on
stomatal and aerodynamic resistance values specific to the study site, FAO56 Penman-Monteith equation
values were used. Although not perfect, these values provide a reasonably accurate estimation of evapotran-
spiration for bogs.

The model generated high evapotranspiration rates during the summers, which was expected during periods
of above-average heat exposure. During these periods evapotranspiration rates surpass precipitation levels.
The winter season demonstrated that evapotranspiration is virtually negligible, with the water runoff rate
being the primary negative driver during those months. Considering the bog’s non-uniformity, manual mea-
surements are crucial for discerning soil properties. Permeability estimation indicates the presence of fibric
peat, and Darcy’s Law facilitates the analysis of water flow dynamics. While labor-intensive, GIS interpo-
lation tools offer a valuable alternative for data collection and interpretation, ultimately contributing to a
better understanding of the complexities of peatland ecosystems.
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Figure Al: Scotch Heather
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Figure A2: Crossleaf Heather
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Figure A3: Sheathed Cottonsedge
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Figure A5: Example two of the age of a tree, with ruler
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Figure A7: Average Scotts Pine height, average height person as reference
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Figure A8: Showing the sponge characteristics of the soil

Figure A9: To the left: The Spear. To the right: ELWA PLS 15.
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Figure A11: Example of a well where the loggers are located
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Figure A13: Measuring the height of the water in a well with a ruler

Figure A14: To the left: ReefNet Sensus Ultra. To the right: HOBO U20 Water level logger.
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Figure A16: The beginning of the tree encroachment
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1e7 Estimated Permability (Nov-Feb, 2022/2023 - HOBO 20796674)
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Figure A17: An example of using the chi-squared method to estimate a k value

Monte Carlo method - Penman-Monteith equation
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Figure A18: An example of the utilization of the Monte Carlo method on the Penman Monteith equation.
The thicker black line represents the mean change.
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