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Summary

Climate change poses increasing challenges to urban environments, with rising temperatures, sea-level
rise, and altered precipitation patterns contributing to both flooding and drought. While much research
has been dedicated to flood mitigation, urban drought has received comparatively less attention, de-
spite its significant impact on vegetation, water availability, and overall ecosystem stability. The Paris
Agreement of 2016 aims to limit global temperature increases, yet urban areas continue to experience
extreme weather variations, necessitating a deeper understanding of their hydrological implications.

This thesis investigated the influence of urban environmental conditions on soil moisture dynamics,
particularly during drought periods. The study aims to identify the relationship between green spaces
in urban areas and soil moisture dynamics in relation to drought. It specifically examines how factors
such as sun, shadow, vegetation type, and soil texture impact soil moisture retention and depletion. To
achieve this research goal, the following three research questions are determined:

1. How do urban environmental conditions affect soil moisture content in green spaces?

2. What is the effect of soil texture on soil moisture dynamics?

3. How do initial soil moisture conditions influence soil moisture dynamics during a drought period,
as modelled using HYDRUS-1D?

The study employs a combination of field measurements and HYDRUS-1D modelling, to analyse the
soil moisture behaviour under different urban environmental conditions. Data collection took place at
the campus of Delft University of Technology, where five distinct environmental conditions were selected
as measurement points, sun, shadow, grass, trees and paved areas.

Soil moisture data was collected using the Profile Probe PR1 sensor (in combination with the HH2
Moisture Meter) at depths of 100mm, 200mm, 300mm, 600mm and 1000mm. Measurements were
conducted manually over 10 weeks, 3 to 4 times a week, during the summer of 2024, with a total of
33 recorded sessions. Soil texture analysis was conducted using soil samples taken from depths of
150mm, 300mm, 500mm and 800mm. These samples were dried at 105°C for 24 hours and then
sieved through six mesh sizes to determine the proportion of sand, silt and clay in each sample. The
soil texture provided understanding of changes in soil moisture dynamics and was used for the critical
input data for the HYDRUS-1D simulations.

HYDRUS-1D was employed to model the impact of initial soil moisture conditions and urban environ-
mental conditions on the soil moisture dynamics during longer periods of drought. The model setup
included defining soil hydraulic properties using the van Genuchten-Mualem equation and incorpo-
rating root water uptake parameters based on the Feddes approach. Monte Carlo simulations were
conducted to optimize model performance, using 10.000 iterations to determine the best fitting param-
eters. The model was then applied to simulate soil moisture depletion during the extreme drought of
2018, to determine the effects of extremely wet or dry initial soil moisture conditions.

The measured soil moisture content results demonstrate significant variations in soil moisture retention
among different urban environment conditions. Areas covered with vegetation exhibited higher mois-
ture retention compared to paved surfaces. Within vegetated areas, shaded locations retained moisture
for longer periods due to reduced evaporation rates. In contrast, measurement points in sunny areas
experienced rapid soil moisture depletion, particularly in the upper 300mm of the soil.

Soil moisture at shallower depths, 100mm to 300mm, was highly responsive to precipitation events,
while the deeper layers, 600mm and 1000mm, exhibited more stable moisture levels, indicating a
stronger influence of soil texture and groundwater interactions. Statistical analysis using Kendall’s
and Spearman’s correlation coefficients showed strong correlations between shaded grass-covered
areas and tree-covered sites up to 300mm depth, but significant divergence beyond that, likely due to
differences in root water uptake and soil texture.
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Additionally, paved areas consistently maintained lower soil moisture levels across all depths due to
limited infiltration, with only minor variations observed at the access tube edges where small gaps al-
lowed some water entry. The modeling results confirmed that urban design choices, such as increasing
permeable surfaces and optimizing vegetation placement, can significantly enhance urban resilience
to drought.

Soil texture played a crucial role in soil moisture availability, with finer-textured soils (such as silt and
clay) demonstrating superior retention capabilities compared to sandy soils, which facilitated rapid
drainage.

Modeling results from HYDRUS-1D reinforced these findings, showing that initial soil moisture condi-
tions had a notable influence on drought resilience. Wetter initial conditions resulted in prolonged mois-
ture availability, while extremely dry conditions led to rapid soil desiccation. The impact of extreme initial
soil moisture states was most pronounced in shaded grass areas and tree-covered locations, where
higher retention capacity helped delay drought effects.

The study’s findings align with existing literature on urban drought dynamics, confirming that meteoro-
logical, agricultural and hydrological drought factors interact to shape soil moisture behaviour. Meteo-
rological drought, characterized by prolonged low precipitation, was found to be a primary driver of soil
moisture deficits, with its effects compounded by urban environmental conditions. The research under-
scores the critical role of green infrastructure in mitigating the adverse effects of drought by preserving
soil moisture.

The limitations of the study are acknowledged, including the constraints of the HYDRUS-1D model,
which assumes only vertical water flow and does not account for lateral redistribution. Additionally, the
generic settings of the Profile Probe PR1 resulted in soil moisture values not specifically related to the
soil type. Finally, only one drought event has been evaluated in the model, limiting the generalizability
of the findings.

This research provides valuable insight into the interplay between urban environmental conditions and
soil moisture dynamics during drought periods. The findings highlight the importance of green spaces
in urban resilience to drought, demonstrating that shaded and vegetated areas significantly enhance
moisture retention compared to exposed, paved environments. Soil texture and initial moisture condi-
tions were identified as key determinants of drought response, with finer-textured soils and wetter initial
states offering greater resilience.

The study emphasizes the necessity of integrating soil moisture considerations into urban planning and
climate change adaptation strategies. Enhancing green infrastructure, optimizing soil management
practices, and incorporating soil moisture monitoring into urban water management can help mitigate
the impacts of future drought events. Future research should focus on expanding the dataset across
multiple urban locations and improving model accuracy by integrating groundwater dynamics and lateral
water flow processes.
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Introduction

Climate change is an increasing problem. Sea level rise is one of the responses to global warming that
we have to deal with, along with an increased risk of floods and droughts due to more intense rainfall
events and higher temperatures (Calvin et al., 2023; Ven et al., 2011). The Paris Agreement of 2016
aims to mitigate the effects of climate change globally. 175 countries agreed "to limit the temperature
increase to 1.5°C above pre-industrial levels”, by signing The Paris Agreement (UNFCC, 2016; United
Nations, 2016).

The Royal Netherlands Meteorological Institute (KNMI 2023) has adapted global climate models from
the IPCC 2023 to forecast regional impacts. The Netherlands will face rising temperatures, drier sum-
mers, and wetter winters (Bessembinder et al., 2023). In response, the Dutch government has primarily
focused on flood prevention and water drainage, while measures addressing drought remain less de-
veloped (Bartholomeus et al., 2023; Rijkswaterstaat, 2019, 2022). Current national policies, such as the
‘Landelijke maatlat’ for climate-adaptive construction, emphasize flood management strategies more
comprehensively than those for drought mitigation (Rijksoverheid, 2023). This disparity highlights the
need for a more balanced and proactive approach to urban drought management.

Drought is an increasingly urgent issue that affects both rural and urban areas. Given that the majority
of the global population resides in cities (Aboagye & Sharifi, 2024; X. Zhang et al., 2019), and approx-
imately 74% of people in The Netherlands live in urban environments (Nabielek & Hamers, 2015), the
consequences of urban drought will be experienced by most people. Unlike floods, which produce
immediate and visible damage, urban drought develops gradually and can be equally or even more
disruptive (Bartholomeus et al., 2023; Dabrowska et al., 2023). It directly affects various aspects of
city life, including industrial productivity, agricultural output, and public health (Dabrowska et al., 2023;
X. Zhang et al., 2019). While urban drought has historically received less attention than floods, it has
gained increasing recognition in the literature over the past decade (Nalau & Verrall, 2021; X. Zhang
et al., 2019).

The consequences of drought in urban areas are varied and adverse, affecting both the environment
and infrastructure. Urban drought leads to a decrease in groundwater levels, which can be particularly
damaging to historic buildings with wooden foundation piles since they deteriorate when exposed to
oxygen frequently (Albers et al., 2015; Ven et al., 2011). Additionally, declining groundwater levels
accelerate soil subsidence, a natural process occurring in certain areas of the Netherlands (Ven et al.,
2011). In the literature, drought is categorized into four distinct types, with urban drought being closely
linked to socioeconomic drought. Unlike other types, socioeconomic drought is defined by its monetary
impact rather than physical processes, further highlighting the economic and infrastructural challenges
posed by urban drought (Dabrowska et al., 2023; Keyantash, 2021).

1. Meteorological drought: a shortage of precipitation (Keyantash & Dracup, 2002).

2. Agricultural drought: a shortage of available water for plant growth (Keyantash & Dracup, 2002).

3. Hydrological drought: a lack of water supply volume, including streamflow, reservoir storage,
and groundwater level (Keyantash & Dracup, 2002).

1
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4. Socioeconomic drought: a combination of the other droughts, it is tied to a monetary value and
is linked to the supply and demand of economic goods (X. Zhang et al., 2019)

Q Meteorological drought

.Y Define by the extent of precipitation s -cse s rns s,
0 deficiency relative to the average .

. . Socioeconomic drought
Agricultural drought .
When soil water availability drops below @ = -« v evrveervenns L'"ke_d to the supply and demand of [I%
critical threshold geconomic goods, such_as water, food, and
hydroelectric power C)

P~ Hydrological drought :
L Refers to shortages inwaterresources, fecssssssssssssssnssssnsnssssns
A | including surface water and groundwater

Figure 1.1: The four distinct types of drought defined by literature; meteorological drought, agricultural drought, hydrological
drought and socioeconomic drought. Urban drought is closely related to the socioeconomic drought. The figure is adapted from
Dabrowska et al. (2023).

Drought is a complex phenomenon, characterized by various types and their potential combinations,
illustrated by Figure 1.1. Currently, the KNMI (2024) measures drought severity based on precipitation
shortages, which only accounts for meteorological drought. However, this approach does not address
the other types of drought. Keyantash and Dracup (2002) identify several indices that can be used
to assess meteorological, agricultural, and hydrological droughts. Among these, soil moisture content
is particularly effective in capturing all three types (Berg & Sheffield, 2018). Drought related to soil
moisture content can be understood as the result of a time-integrated balance between precipitation
deficits and subsequent surface water losses, including plant transpiration, soil evaporation, drainage
to the subsurface, and runoff to lakes and rivers (Berg & Sheffield, 2018).

Urban green spaces play a critical role in climate adaptation by enhancing water infiltration during
heavy rainfall, reducing strain on sewer systems (Frank Lee, 2021). Additionally, they help to mitigate
the urban heat island effect by absorbing heat, offering shade and raising humidity that maintains sur-
rounding surface and air temperatures (Jenerette, Harlan, Stefanov, & Martin, 2011; Paudel & States,
2023). These cooling effects also contribute to lower building energy consumption, leading to eco-
nomic benefits and reduced greenhouse gas emissions (Paudel & States, 2023; B. Zhang, Xie, Gao, &
Yang, 2014). Beyond environmental advantages, urban green spaces offer social and health benefits,
improving the overall well-being (Bush & Doyon, 2019; Kabisch, Frantzeskaki, & Hansen, 2022; Kumar
et al., 2021; Y. Zhang, Van den Berg, Van Dijk, & Weitkamp, 2017).

To optimize the effectiveness of green spaces, understanding soil-water dynamics is essential. The
soil-water balance equation provides valuable insights into the movement of water within a defined soll
volume (Z. Li et al., 2019) and is expressed as follows

as1”
=| =P+I+W—ET-R-D (1.1)
0

where P is precipitation, I is irrigation (which is limited by the hydrodynamics described in Richard’s
equation (Richards, 1931)), W represents the contribution from the water table upward, ET is evapo-
transpiration determined using the Penman-Monteith method (Daly & Porporato, 2006), R is surface
runoff, D is drainage, and ‘;—f represents soil water storage in the soil layer where the roots are active
to supply water to the plant (Rana & Katerji, 2000). The change in soil water storage is directly related
to the soil moisture content by the following equation,

as]” , 0 10
ato_nrat (1-2)



where s is the vertically averaged relative soil moisture, n is soil porosity, and Z,. is the root zone depth
(Daly & Porporato, 2006).

In addition to soil moisture dynamics, ET plays a crucial role in the soil-water balance and is influenced
by weather conditions, the type of urban green space, and the broader urban environment. ET can be
estimated using the Penman-Monteith equation (Allen, Pereira, Raes, & Smith, 1998):

900
o 0.408A(R, — G) + ¥+ ~uz(es — €4) 13
o= A+y(1+ 0.34u,) (1-3)

The parameters required for the Penman-Monteith equation include air humidity, air temperature, wind
speed, and radiation (Allen et al., 1998). Except for air humidity, these factors are influenced by ur-
ban environmental conditions. The urban heat island effect contributes to higher temperatures (Jiang,
Huang, & Sha, 2018), represented as T in [°C]. Net solar radiation, R, in [M]/m?d], is crucial for de-
termining the amount of energy available for evaporation (Brown, 2000) and is affected by shadows
(Heck, Coltman, Schneider, & Helmig, 2020). Wind speed, u, in [m/s], varies significantly at the local
scale due to the positioning of buildings relative to one another (Brown, 2000; Heck et al., 2020; Wang,
Yang, & Kim, 2020).

These environmental influences shape evaporation patterns in urban areas, where evaporation can
occur in multiple locations. Three main types of evaporation can be distinguished: evaporation from
trees, evaporation from turfgrass, and evaporation from open water bodies (Peters, Hiller, & McFadden,
2011). Evaporation, by definition, is the process in which a substance transitions from the liquid phase
to the vapour phase (Miralles et al., 2022). In urban green spaces, this process consists of three key
components, visualised in Figure 1.2, all contributing to the total evaporation in cities (Miralles et al.,
2022) :

1. Transpiration: water evaporates from inside the leaves.
2. Soil evaporation: water evaporates from the soil .
3. Interception loss: evaporation of the intercepted precipitation.

Evaporation

Transpiration

Interception
loss

Soil
evaporation

Figure 1.2: The three components of evaporation are soil evaporation, transpiration and interception loss. The pie chart indicates
the contribution of each process to the total evaporation process (adapted from Miralles et al. (2022).

The most critical component of the evaporation process is the availability of water, as evaporation
cannot occur without it (Brown, 2000). When sufficient soil moisture is present, three additional factors
influence evaporation: plant type, stage of plant development, and weather conditions (Brown, 2000).
The evaporation rate varies depending on the plant species, with native plants being more adapted to
local conditions and generally requiring less water than non-native species (Brown, 2000; Peters et al.,
2011). Additionally, plant growth and activity stages determine water usage, as actively growing plants
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consume significantly more water than dormant ones (Brown, 2000). Finally, weather conditions also
play a crucial role, as previously explained in the context of the Penman-Monteith equation.

Since plants play a key role in the evaporation process, understanding root water uptake is essential. It
is a complex process influenced by multiple factors, including water availability, plant water status, and
root architecture (Nguyen, Joshi, & Kant, 2017). Root water uptake occurs passively, driven by a water
potential gradient caused by leaf transpiration (Steudle & Peterson, 1998). The amount of water a plant
can absorb depends on root hydraulic conductivity, which determines how effectively roots can extract
water from the soil (Nguyen et al., 2017). To quantify this process, Feddes, Kowalik, Kolinska-Malinka,
and Zaradny (1976) developed a method that estimates root water uptake as a function of soil water
content, providing valuable insights into how plants access and utilize soil moisture.

The root water uptake in a 1D root system can be approached by the following equation,

00 v, 14

PR PR (1.4)
where z represents the vertical coordinate (positive upward) in [cm], v, is the Darcian soil water-flux
density (positive upward) in [cm/d], and S, denotes the root water uptake rate in [cm3/cm3d]. The
uptake process is influenced by root density, soil water pressure head, depth and time, either indepen-
dently or in combination (Feddes & Raats, 2004). In most cases, it is assumed that in unsaturated soil,
water movement occurs predominantly in the vertical direction z (Feddes & Raats, 2004).

To predict root water uptake patterns, it is essential to consider the hydraulic conductivity, k(h), along
with the profiles of hydraulic head, h, and soil moisture, 6 (Feddes & Raats, 2004). These properties
are strongly influenced by soil texture (Nelson & Miller, 1997; Vorwerk, Cameron, & Keppel, 2015).
A study by N. Li, Skaggs, Ellegaard, Bernal, and Scudiero (2024) highlights the significant impact of
soil texture on soil moisture dynamics. As depth increases, soil texture plays an increasingly crucial
role in moisture distribution. Textures such as clay-loam, silt-clay, and silt-loam exhibit better moisture
conductivity between surface and deeper soil layers, improving water availability for plant roots (N. Li
et al., 2024). In contrast, sandy soils, with larger pores and lower water-holding capacity, drain surface
water quickly, leading to low soil moisture retention. On the other hand, clayey soils retain more water
in both surface and deeper layers, ensuring greater soil moisture availability over time (N. Li et al.,
2024).

Urban green spaces are widely used to mitigate the effects of climate change, particularly by reduc-
ing flooding and the urban heat island effect. However, the impact of urban green spaces concerning
drought is little knowledge about (Bartholomeus et al., 2023; Yimer et al., 2024). Drought, especially in
urban areas, is a complex phenomenon influenced by multiple factors, such as weather, urban environ-
ments, and vegetation types. One key indicator of drought is soil moisture content, which can reflect
meteorological, agricultural, and hydrological drought conditions. A combination of these droughts
forms together the socioeconomic drought, which is closely linked to urban drought. Despite the grow-
ing importance of this issue, there is still much to learn about the interactions between soil moisture,
vegetation, and urban environments in shaping drought conditions. Therefore, the aim of this research
is:

To identify the relationship between green spaces in urban areas and soil moisture dynamics in
relation to drought.

This is achieved by answering the following research questions:

» How do urban environmental conditions affect soil moisture content in green spaces?

* What is the effect of soil texture on soil moisture dynamics?

* How do initial soil moisture conditions influence soil moisture dynamics during a drought period,
as modelled using HYDRUS-1D?

1.1. Structure

The following Chapter 2 discusses the methodology for this research, firstly, the collection of soil mois-
ture data at the study site is explained. This is followed by the soil texture determination. The final
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section of this chapter introduces the HYDRUS-1D model used to model the soil moisture dynamics,
which is used to simulate drought for different initial soil moisture conditions. The results of this re-
search are explained in Chapter 3. The meaning of the results in a broader context is discussed in
Chapter 4, together with the limitations of this research. Finally, Chapter 5 summarizes the findings of
this research, ending with recommendations for future research in Chapter 6






Methodology

This chapter describes the methods used to answer the research questions, focusing on soil moisture
data collection, soil texture determination, and modeling soil moisture dynamics in HYDRUS-1D. First,
the soil moisture data collection process is explained, including details on the study area and sensor
usage at five locations on the campus of Delft University of Technology. Next, the method for determin-
ing soil texture at each of these locations is described. Finally, the HYDRUS-1D model is introduced,
where extreme initial soil moisture conditions are applied to simulate a drought scenario and analyze
soil moisture dynamics under varying conditions.

2.1. Soil Moisture Data

The soil moisture data is collected at the campus of Delft University of Technology at the square in front
of the Echo building. This area has all urban environmental conditions within a radius of 200m. The
data is collected manually, 3 to 4 times per week during the measurement period, starting from July
20th till September 30th 2024, with a total amount of 33 measurements.

This section explains the study area in more detail, followed by the measurement locations. Thirdly,
the data collection and the belonging sensor are explained. The final part of this section explains the
analysis of the collected soil moisture contents.

2.1.1. Measurement locations

The urban environmental conditions are determined based on the soil-water balance equation, the
evaporation process and the root water uptake, as explained in Chapter 1. Five urban environmental
conditions are selected, areas with sun, shadow, grass, trees and pavement. For each of the urban en-
vironmental conditions, a control group is placed in the study area as well, so a total of 10 measurement
locations are allocated. The function of the control group is to verify the data from the corresponding
measurement points. In addition, the control group can be used as a fallback for the values as the
measurement locations are placed in public places. Disruptions or destructions of the access tubes by
people, lawnmowers or dogs are likely to occur, affecting the measurement possibilities or the accuracy.
The study area is depicted in Figure 2.1, which is explained in detail in Section 2.1.2.

2.1.2. Study area

The 10 measurement points are located in front of the Echo building, the area was recently (re)developed
and completed in 2022. The exact locations of the measurement points are shown in Figure 2.2 and
the belonging abbreviations are in Table 2.1. As part of this redevelopment, the groundwater level for
the site was established at -3.02 m below NAP (Hoogheemraadschap Delfand, 2024), while the ground
level ranges between -0.5 m and -1.02 m below NAP (AHN, 2024). During the redevelopment, a new
sewer system was constructed, with the guidelines outlined in Technische Programma van Eisen voor
de inrichting van de openbare ruimte van de TU Delft; Module 6: Riolering (Corovum Advies B.V.,,
2018). This area features a separate sewer system comprising the following components: sanitary

7
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Figure 2.1: The location of the study area at the campus of Delft University of Technology. The soil moisture content is collected
at the Echo building and the weather data is obtained from The Green Village.

sewer system, stormwater sewer system, and fire sewer system. The sanitary sewer system collects
wastewater from households and businesses and directs it to a treatment plant. The stormwater sewer
system is divided into two parts: a stormwater system that prevents flooding by discharging excess
rainwater, and a drainage and infiltration sewer system that facilitates water infiltration, contributing to
groundwater recharge. The fire sewer system is exclusively used in case of a fire emergency.

K: 2

Echo

S o

Figure 2.2: The measurement locations at the square in front of the Echo building. The description of the numbered measurement
points is in Table 2.1.

2.1.3. Data collection

The soil moisture content at each measurement point is measured using a Profile Probe PR1 in com-
bination with the HH2 Soil Moisture Meter, both manufactured by Delta-T Devices. The Profile Probe
PR1 can measure the soil moisture content at six depths: 100mm, 200mm, 300mm, 400mm, 600mm,
and 1000mm. The HH2 Moisture Meter supplies power to the Profile Probe PR1 and measures the
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Table 2.1: The measurement points number (MP##) and the corresponding description

MP Description

MP01  Grass shadow
MP02 Grass sun
MP03 Grass sun
MP04  Grass shadow
MP05 Grass shadow

MP06 Paved
MP07 Paved
MP08 Grass sun
MPQO9 Tree
MP10 Tree

output signal in Volts (Bavel van & Nichols, 2002). These Volts are converted to soil moisture values
in %, depending on the set soil type.

During the measurements, the values were collected using the generic settings for either organic or
mineral soil types. This is because the soil texture for each measurement point was only determined
after the measurement period. The soil moisture content is calculated using the following equation

\/E=a0+a16 (21)

where ¢ is the dielectric constant, a, and a; are soil parameters and 6 represents the measured soll
moisture (Bavel van & Nichols, 2002; Delta-T Devices Ltd., 2017). The generic settings allow for a soil
moisture content measurement range from 0% to 100%.

The Profile Probe PR1 operates by being inserted into access tubes that are permanently installed in
the soil. These access tubes allow for repeated measurements at the same location throughout the
measurement period. The installation process, depicted in Figure 2.3, involves manually drilling a hole
to the required depth and diameter. To ensure a tight fit between the access tube and the surrounding
soil, which is crucial for accurate measurements, a water-soil mixture is used as a lubricant during the
installation.

Once installed, the access tubes remain in place for the entire measurement period. Each measure-
ment consists of three readings for all depths, with the Profile Probe PR1 rotated by 120° between
each reading. This rotational approach ensures a comprehensive assessment of soil moisture condi-
tions across all depths. The detailed measurement procedure is outlined in Appendix A

2.1.4. Data analysis

The analysis of the collected soil moisture content comprises multiple stages. Initially, the data is
prepared by calculating the average soil moisture value for each measurement point. Following this
preparation, the data undergoes both visual and statistical analysis.

The visual analysis is conducted using two distinct approaches. The first approach examines soil
moisture dynamics at individual measurement points, offering localized insights. The second approach
analyzes soil moisture dynamics across different depths for all measurement points, providing a broader
perspective on moisture distribution patterns.

The statistical analysis is used to quantify the relationship between the measurement points, Spear-
man’s correlation and Kendall's correlation are applied. These tests assess the presence of a mono-
tonic trend between datasets based on ranks, making them suitable alternatives to Pearson’s cor-
relation, which requires normally distributed data (Learn Statistics Easily, 2024; Puth, Neuhauser, &
Ruxton, 2015; Xiao et al., 2016). While both Spearman’s and Kendall’s tests are appropriate, Kendall's
correlation is preferred in the analysis due to its greater robustness against outliers (Learn Statistics
Easily, 2024; Puth et al., 2015). This ensures a more reliable assessment of the interrelations between
measurement points.
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AR

(a) The installation of the access tube (b) The access tube fully installed into the soil

Figure 2.3: The installation process of the access tube for the Profile Probe PR1 to measure the soil moisture content.

Kendall’s correlation

Kendall’s correlation T compares two measurement units, evaluating whether the ranks of pairs move
in the same direction. Given two pairs of observations (x;,y;) and (x;, y;) are said to be concordant
if the ranks for both elements agree to increase or decrease: (x; > x; and y; > y;) or (x; < x; and
yi < y;j)- They are discordant if one value increases while the other decreases: (x; > x; and y; < y;)
or (x; < xj and y; > y;). If (x; = x; and/or y; = y;), the pair is neither concordant nor disconcordant
(Puth et al., 2015; Xiao et al., 2016). Kendall’s rank correlation, for a sample size n, is calculated for
the most commonly used 1,

ne —Ng

B \/(no —ny)(ny —ny)

2.2)

where n, are unique unorded pairs of observations (n, = 0.5n(n — 1)). Let n, be the number of con-
cordant pairs and n,; the number of discordant pairs. The tied values in X and Y are represented by n,
and n,,

q q
ny = 0.5 ti(ti - 1), n, = 0.5 ui(ui - 1) (23)

where t; and u; represent the number of tied values for each group for X and Y, respectively.

The resulting 7, values fall within a range -1 < 7, < 1. A higher absolute value indicates a stronger
association. Where a positive 1, suggests that higher values of one variable are associated with higher
values of the other and a negative 1, suggests that higher values of one variable correspond to lower
values of the other (Puth et al., 2015). A correlation of 7, = 0.4 is considered as being strong during
the analysis (Xiao et al., 2016). An overview of the deviation of strength for the values is in Table 2.2.



2.2. Soil Texture 11

Spearman’s correlation

Spearman’s correlation is conceptually similar to Person’s correlation but applied to ranked data rather
than raw values. It measures the strength and direction of a monotonic relationship between two ranked
variables (Puth et al., 2015; Xiao et al., 2016). The Spearman’s correlation coefficient, r;, can be
calculated with

63 d?

=1 =7
s N(NZ—1)

(2.4)

where d; = X; Y] is the difference between the ranks of corresponding observations in the two datasets
and N is the total number of samples. In the analysis, only positive values of r; = 0.4 are considered as
a strong relationship, between measurement points, similar to Kendall’s correlation (Puth et al., 2015;
Xiao et al., 2016).

Table 2.2: Strength of the relationship for Kendall’s correlation (t;) and Spearman’s correlation () (Xiao et al., 2016).

Correlation Value (|r|) Relationship Strength
0.80 - 1.00 Very strong

0.60-0.79 Strong

0.40-0.59 Moderate

0.20-0.39 Weak

0.00-0.19 Very weak

2.2. Soil Texture

Soil texture is categorized into three main types: clay, sand, and silt. Each texture or combination of
textures affects the ease with which soil can be worked, the amount of water and air it holds, and the
rate at which water can enter and move through soil (FAO, 2006; Rabot, Wiesmeier, Schliter, & Vogel,
2018). The behaviour of the soil texture is primarily governed by the soil water retention curve (Rabot
et al., 2018). To achieve a comprehensive understanding of soil moisture dynamics, the soil texture
at each measurement point is determined. Additionally, this information is essential for input into the
HYDRUS-1D model.

2.2.1. Soil sample collection

The soil texture is assessed at four depths: 15cm, 30cm, 50cm and 80cm across all measurement
locations. These depths are selected based on multiple aspects. First of all, the top layer is expected
to contain a high amount of organic material, while the remaining depths correspond to the Profile
Probe measurement depths and the limitations of the available drill. Figure 2.4 illustrates the materials
used for collecting soil samples at these depths.
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Figure 2.4: An overview of the soil sample collection next to a measurement point. The attributes needed to collect the samples
are a soil drill, a shovel, a garden shovel, a measuring tape and a tool to remove the soil from the drill.

2.2.2. Soil sample analysis

The collected soil samples are stored and labelled in plastic bags before the start of the drying process.
The soil texture is determined by the laboratory test for textural classes (FAO, 2006). To ensure all
moisture is evaporated while avoiding the burning of organic material, the samples are oven-dried for
24 hours at a temperature of 105°C. After drying, the soil is sieved through six sieves of varying mesh
sizes, as listed in Table 2.3. Particles that cannot pass through the largest mesh are excluded from
further analysis. The remaining soil is sieved through all mesh sizes, and the texture is determined by
measuring the weight of soil retained in each sieve relative to the total sample weight.

(a) Wet and unprocessed samples. (b) Dried and sieved samples.

Figure 2.5: The wet and unprocessed soil samples compared to the dried and sieved samples.
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Table 2.3: The sieve numbers and corresponding mesh sizes in mm to determine the soil texture

Sieve # Mesh size [mm]

1.940
0.930
0.466
0.263
0.122
0.055

OO WN =

2.3. HYDRUS-1D

HYDRUS-1D is used to simulate the soil moisture dynamics under the same conditions as the mea-
surement locations. While HYDRUS-2D/3D are commercially available, this research focuses solely on
HYDRUS-1D due to its free accessibility (PC -Progress, 2021). The model is used to apply a drought
scenario to the measurement points while having different initial soil moisture conditions.

The governing water flow equation in HYDRUS-1D is the modified Richards equation:

96 0 ah] N 0K (h)

3 " 7x K(h)a o —-S(h) (2.5)

where h is the water pressure head [L], 6 is the volumetric water content [L3L73], t is time [T], x is
the vertical coordinate axis [L] (positive in the opposite direction to gravity), S(h) is a water sink term
[L3L—3T "] and K (h) is the hydraulic conductivity (Valentine & Apelt, 2011).

This section first outlines the settings and boundary conditions of the model, followed by a description
of the model optimization process. Subsequently, the characteristics of drought and extreme initial soil
moisture conditions are examined. Finally, the model results are evaluated against the measurements,
with a focus on assessing the impact of extremely dry and wet initial soil moisture conditions on drought
development.

2.3.1. Settings and Boundary conditions
The van Genuchten-Mualem equation describes the relationship between hydraulic conductivity K (h)
and soil water content where,

85=6y
o(h) = O + e <0 (2.6)
0, h>0

2

1-(1-s7) ] 27)

K(h) = K,S.

where the effective saturation, S, is

S, = (2.8)

m=1-= n>1 (2.9)

here, 6, and 65 are the residual and saturated water content, K, represents the saturated hydraulic
conductivity, while @, n and [ are empirical parameters governing the shape of the soil water retention
curve. Specifically, a is related to the inverse of the air entry suction, where n and [ describe the
pore size distribution and pore connectivity (Caigiong & Jun, 2016; Chen, Willgoose, & Saco, 2014;
Valentine & Apelt, 2011). Within the van Genuchten-Mualem equation, hysteresis in the retention curve
and conductivity with an initially drying curve are assumed.
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Soil hydraulic parameters

The soil hydraulic parameters are derived from soil texture using the Rosetta neural network prediction
function within HYDRUS-1D (Simunek, Van Genuchten, & Sejna, 2012). The identified soil textures
serve as input values for determining these parameters. The methodology for determining soil texture
at each measurement point is detailed in Section 2.2.

Boundary conditions

The upper water flow boundary condition depends on land cover, for vegetated areas, Atmospheric
BC with Surface Layer is assumed and for paved areas, Atmospheric BC with Surface Runoff. In the
lower boundary condition, Horizontal Drains are used to simulate lateral outflow at most measurement
points. This approach assumes a homogeneous soil profile with a drainage layer positioned above an
impervious layer. The initial conditions for the model are specified in terms of water content, using the
first measured soil moisture values.

Root water uptake
The root water uptake is based on the Feddes approach,

S(h) = B(R)S, (2.10)

where f(h) is the root-water uptake stress response function, and S, represents the potential root wa-
ter uptake rate [T~1] (Chen et al., 2014; Sim(nek et al., 2012). The ability of roots to absorb water
varies with the soil's pressure head (h) (Feddes & Raats, 2004). When the soil is almost saturated,
the anaerobiosis point P,, the root water uptake is close to zero. The root water uptake is reaching its
maximum efficiency between the optimal pressure head (F,,)) and P,, where vegetation can access
water freely. Between P2 and P3, the root water uptake rate gradually declines as water availability di-
minishes. Eventually, when the pressure head drops below P;, the soil reaches the wilting point, where
plants no longer extract water, leading to severe water stress. Table 2.4 explains all the parameters
that are required by HYDRUS to calculate the root water uptake, using Feddes. The values for these
parameters are from the database provided by the HYDRUS-1D and Simtinek et al. (2012).

Table 2.4: The Feddes parameters in HYDRUS-1D

Feddes Parameter Description

PO Pressure head below which roots begin water extraction

POpt Pressure head below which water extraction is at the maximum rate

P2H Limiting pressure head at maximum water uptake (high transpiration rate)
P2L Limiting pressure head at maximum water uptake (low transpiration rate)
P3 Wilting point pressure head, which is below water uptake ceases

r2H Potential transpiration rate [LT 1]

r2L Potential transpiration rate [LT 1]

2.3.2. Time variable parameters

The time variable parameters in HYDRUS-1D are meteorological parameters. The specific parame-
ters required for the simulation depend on the model settings. For this model, the input parameters
are precipitation [cm/day], potential evaporation [cm/day], hCrtitA [cm], and potential transpiration
[em/day].

The potential evapotranspiration, ETp is calculated with Penman-Monteith. The potential evapotran-
spiration is split into potential soil evaporation, E;,, and interception evaporation, T,,, using Beer’s Law
(Chen et al., 2014; Valentine & Apelt, 2011),

Ep = ET, - exp(—rExtinct - LAI) (2.11)

TPZETP_EP (212)
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where rExtinct represents the radiation extinction coefficient and LAl is the Leaf Area Index. This
partitioning helps model how much moisture is lost directly from the soil versus how much is taken up
by plants through transpiration.

2.3.3. Soil profile

In HYDRUS-1D, the soil profile is defined by material layers, root distribution, and initial water content.
In this study, the soil profile is constructed using four distinct material layers, as identified in Section 2.2.
Figure 2.6 provides an overview of the soil settings for a measurement point, where each column has
a length of 200 cm.

Root distribution varies depending on vegetation type at each measurement point. For grass-covered
areas, roots are assumed to extend only within the top 20cm of soil, with a non-linear distribution
concentrated near the surface. The initial soil moisture conditions are based on the first recorded
measurements. Between the measurement depths, a linear interpolation of soil moisture content is
applied to estimate the initial distribution.

(a) A soil column in HYDRUS-1D, where each  (b) The root distribution of the grass. The pink  (c) The water content distribution over the soil
colour represents a different soil material. color represents the roots of the vegetationand column based on the first measurement. No
the blue color means no roots soil moisture is assumed at the top layer and

the soil is fully saturated at the bottom.

Figure 2.6: The settings for soil profile in HYDRUS-1D. Each column has a total length of 200cm.

2.3.4. Optimization

The optimization of the model performance is performed by Monte Carlo simulations using a uniform
distribution for the possible soil hydraulic parameters. The model’s performance is primarily influenced
by the Van Genuchten-Mualem parameters «a, n and the hydraulic conductivity K (Ouédraogo, Berthier,
Sage, & Gromaire, 2025).

The values of the Monte Carlo simulations are constrained by the range of the soil hydraulic parameters.
A total of 10.000 simulations are performed to identify the optimal combination of these parameters.
The best configuration is selected based on Spearman’s rank correlation with the corresponding mea-
surement point. A more detailed explanation of the selection process can be found in Section 2.3.6.
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2.3.5. Drought scenario

The HYDRUS-1D model is used to model drought with extreme initial soil moisture conditions. In the
Netherlands, the dry period typically spans from April to September (Bessembinder et al., 2023). The
year 2018 is recognized as one of the driest in recent years, and detailed information about the drought,
dry spells, and precipitation during that dry period is provided in Table 2.5. Meteorological data from
2018 is used to calculate the necessary variables, as described in Section 2.3.2. Droughts like the one
in 2018 are expected to become more frequent in the future due to climate change (KNMI, 2023).

To determine the impacts of the urban environmental conditions on drought development, the model
begins with the initial measured soil moisture contents. This is followed by applying both extremely dry
and wet initial soil moisture conditions. These extreme values are determined manually to ensure the
model converges properly.

Table 2.5: Precipitation condition for the drought period in 2018 from April to September.

Metric Value
Dry spell period 54 days
Total precipitation 359.4 mm

Average precipitation  1.96 mm/day

2.3.6. Data analysis

The data analysis of the model aims to assess its performance and investigate the influence of urban
environmental conditions and initial soil moisture content on drought development. Accordingly, the
analysis is divided into two main components: an assessment of model performance and an investiga-
tion into the influence of urban environmental conditions on the 2018 drought, as well as the impact of
extremely dry and wet initial soil moisture conditions on soil moisture dynamics during this period.

Model performance

The model performance aims to identify the best model for each corresponding measurement point.
This selection process relies on the same statistical analyses, Kendall's and Spearman’s correlation,
as used in the Section 2.1.4 to assess the interrelation between the measurement points. These corre-
lation methods are appropriate here too, because the scales for verifying the model against measure-
ments differ. The measurements range from 0% to 100%, reflecting the settings of the sensor, while
the calculated values from HYDRUS-1D are bounded by field capacity, typically ranging from around
5% to 50%.

Similar to the analysis in Section 2.1.4, Kendall's correlation 7, is leading over the values of Spearman’s
correlation ry. A correlation value of t;, and ry = 0.4 is considered a strong correlation, with any deviation
between the two values shown in Table 2.2. Model performance is assessed by comparing measured
and modeled soil moisture dynamics using these correlation methods, which are well-suited for handling
the differing measurement scales between observed and simulated soil moisture contents, explained in
Section 2.3.6. Measured soil moisture is derived from sensor voltage readings and soil water retention
curves specific to each soil texture (Bavel van & Nichols, 2002; Delta-T Devices Ltd., 2017). However,
since the soil moisture sensors use generic calibration settings rather than texture-specific properties,
absolute values may not fully reflect site-specific soil characteristics. Despite this, the strong linear
component of soil water retention curves minimizes the impact of scale differences on soil moisture
dynamics.

During model performance analysis, the topsoil layers at depths 100mm, 200mm and 300mm are pri-
oritized over the deeper layers. This is because the model does not account for groundwater effects,
which can be influenced by groundwater uplift. The final selection for the soil hydraulic parameters
is based on the visual performance of the model compared to the measurements, based on the re-
searcher’s judgement.
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Drought of 2018

The drought of 2018 is applied to the measurement points to assess how the urban environmental
conditions influence drought development. The analysis focuses on comparing soil moisture dynam-
ics between sunny and shaded measurement points. To identify differences, a visual analysis of soil
moisture dynamics is performed.

Furthermore, the study investigates the effects of extreme initial soil moisture conditions, both ex-
tremely dry and wet, on soil moisture dynamics during the 2018 drought. The analysis explores how
drought progresses under these two scenarios and how the impact varies between sunny and shaded
measurement points.






Results

This chapter describes the results and interpretation of this study’s results, based on the outcome of
the research presented in the Methodology in Chapter 2. First, the measured soil moisture content is
analysed in relation to the urban environmental conditions. Next, the soil texture in relation to the soil
moisture content is discussed. The last part consists of the model performance, followed by the impact
of initial soil moisture conditions on drought patterns based on the drought of 2018.

3.1. Soil Moisture Data

Soil moisture data was collected across five urban environmental conditions: sun, shadow, grass, trees,
and pavement, covering ten measurement points. The soil moisture analysis has been divided into two
parts. The first section examines overall soil moisture dynamics in relation to weather conditions and
urban settings, while the second part explores interrelations between measurement points to assess
spatial variability. Due to significant disruptions during the measurement period, MP04 is excluded from
the analysis.

The data was collected over ten weeks, with only two weeks without precipitation. Despite an overall
precipitation deficit of 75mm, a meteorological drought classification, this summer was not among the
most extreme dry summers projected under climate change scenarios (Bessembinder et al., 2023;
KNMI, 2024; Yimer et al., 2024). Therefore, the measured soil moisture content serves primarily to
assess the general effects of urban environmental conditions on soil moisture dynamics.

3.1.1. Soil moisture dynamics

The soil moisture dynamics at different measured depths are visualised in Figure 3.1. These figures
indicate that all green measurement points (i.e., those located in vegetated areas rather than paved
surfaces) respond to the weather circumstances. As expected, soil moisture levels decrease during
dry periods and increase following precipitation events, with the magnitude of change depending on
the duration and intensity of these weather conditions.

The soil moisture dynamics at the green measurement points exhibit a clear response to weather vari-
ations at shallow depths, 100mm to 300mm, with the magnitude of this response decreasing as depth
increases. At deeper levels, 600mm and 1000mm, soil moisture responds only to extreme weather
events. Extended dry periods generally lead to a decrease in moisture content, while only substan-
tial precipitation events produce notable increases. Regular precipitation events contribute to minor
changes, but these cannot be definitively attributed to individual precipitation occurrences.

From a depth of 600mm onward, differences between green measurement points become pronounced.
These variations are influenced by several factors, including urban environmental conditions, soil tex-
ture, and groundwater level. The urban environmental conditions also contribute to variations in soil
moisture behaviour, particularly in how vegetation interacts with infiltration and evaporation.

Paved measurement points exhibit markedly different soil moisture dynamics compared to vegetated

19
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areas. Paved surfaces consistently maintain lower soil moisture levels, with minimal responsiveness to
weather variations. This is likely due to the impermeability of pavement, which restricts direct infiltration.
The primary source of moisture infiltration in these areas is the small opening around the access tubes,

allowing only minimal water entry.
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Figure 3.1: Soil moisture dynamics of all measurement points categorized by measurement depth

While the manual data collection method provided valuable insights into soil moisture dynamics, it also
introduced certain limitations. Measurements taken before, during, or after precipitation events could
yield varying values, potentially affecting consistency. To minimize this variability, measurements were
conducted at consistent times on each sampling day. Additionally, the data collection frequency—
limited to three to four times per week—may have resulted in missed short-term fluctuations in soil mois-
ture levels. Despite these limitations, the collected data provides a reliable representation of broader
soil moisture dynamics and serves as a robust basis for further analysis.

The variation in soil moisture behavior across different depths underscores the influence of urban envi-
ronmental conditions, soil properties, and external factors such as precipitation and groundwater levels.
Additionally, the installation process of the access tubes can temporarily disrupt moisture equilibrium.
As reported by Bavel van and Nichols (2002), it takes several weeks for equilibrium to be re-established,
with the duration depending on soil texture, as indicated in Table 3.1. Sandy soils stabilize more quickly
than clayey soils, which require a longer adjustment period. The following section further explores
these patterns by analyzing correlations between measurement points to assess spatial variability and
determine the extent to which different locations exhibit similar moisture dynamics.

3.1.2. Interrelations between the measurement points

The soil moisture dynamics of the five urban environmental conditions are compared across all mea-
surement points. To assess interrelations, Kendall’s correlation, 7,,, and Spearman’s correlation, r;, are
applied to all possible measurement point combinations at each measurement depth. These correla-
tions are visualized in Figure 3.2, where the bottom left triangle represents Kendall’s correlation and the
upper right triangle represents Spearman’s correlation. A correlation value of t,/r; = 0.4 is considered
as strong, as detailed in Section 2.1.4.
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The analysis of interrelations between measurement points is categorised based on the urban envi-
ronmental conditions: grass (sun and shaded), pavement and trees. Measurement point abbreviations
and descriptions are provided in Table 2.1.

Grass

All grass-covered measurement points (MP0O1, MP02, MP03, MP05 and MP08), whether in sunny or
shaded areas, show strong correlation depths up to 300mm. This relationship weakens at 600mm and
1000mm. Two key factors contribute to this shift in correlation strength.

First, the influence of sun and shade becomes more pronounced at the increased depths of 600mm
and 1000mm. Sunny locations (MP02, MPQ3, MP08) continue to exhibit correlation at deeper depths,
whereas shaded areas (MP01, MP05) no longer correlate with their sunny counterparts. Additionally,
a weak correlation is observed within the shaded areas themselves, likely due to differences in soil
texture between MPO1 and MPOQ5, see Table 3.1.

The second factor is groundwater uplift, which varies across the study area depending on soil texture.
Since groundwater movement influences soil moisture at deeper depths, variations in soil textures
create differences in soil moisture dynamics among measurement points, mainly visible at the deeper
depths.

Pavement

The paved measurement points (MP06 and MPQ7) generally show a strong correlation, except at
300mm depth. At deeper levels, 600mm and 1000mm, correlation weakens but remains sufficient.
This change can be attributed to two factors.

First, measurement accuracy is affected by the low soil moisture content. Early in the study, the access
tube at MP06 was no longer air-tight, and a similar issue later occurred at MP07, impacting data con-
sistency. Second, differences in soil texture between these points contribute to variations in moisture
dynamics, Table 3.1.

Interrelations with other measurement points are also observed in Figure 3.2. At shallow depths of
100mm and 200mm, the moderate to strong correlations may result from small gaps around the access
tube, allowing limited precipitation to enter the soil. This effect is visible in Figure 3.1a, as the paved
measurement points show similar soil moisture dynamics as the other green measurement points at
these depths. At greater depths, observed correlations are likely due to minimal soil moisture dynamics,
an observation at multiple measurement points (Figure 3.1d and Figure 3.1e).

Trees

The measurement points near trees (MP09 and MP10) show a strong correlation at 100mm and a
moderate correlation at 300mm. However, at deeper measurement levels, no significant correlation is
observed. Several factors contribute to these interrelations.

First, tree species differences play a key role. Each measurement point is located under a different
tree species, as illustrated in Figure 3.3), leading to variations in canopy structure that influence the
amount of precipitation and solar radiation reaching the soil (Tanaka & Hashimoto, 2006). Additionally,
differences in root system architecture affect soil moisture dynamics, with variation in root depth and
distribution shaping how water is absorbed and retained (Tanaka & Hashimoto, 2006). These species-
specific characteristics introduce additional variability, particularly at greater depths.

Interestingly, the measurement points near trees also exhibit correlations with shaded grass-covered
areas (MP01 and MP05), where moderate to strong correlation persists up to 300mm. This suggests
that shading, whether from trees or buildings, has a comparable effect on soil moisture dynamics at
shallower depths. However, at greater depths, the influence of trees becomes more distinct due to the
active role of their root system, whereas buildings lack this subsurface interaction. While both trees
and buildings modify microclimatic conditions by reducing direct solar radiation, only trees directly alter
soil moisture distribution through root water uptake.

The interrelations between measurement points highlight how urban environmental conditions influence
soil moisture dynamics. Grass-covered areas show strong correlations up to 300mm, but deeper layers
are affected by sun exposure and groundwater uplift. Paved areas show limited moisture dynamics,
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the measurement points.
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@At N

(a) The canopy of the tree at MP09 (b) The canopy of the tree at MP10

Figure 3.3: The canopy of the trees at MP09 and MP10 straight above the measurement points.

maintaining strong correlations at most depths except at 300mm, where low soil moisture content, air-
tight access tube placement, and soil texture differences likely contribute to variations. Tree-covered
areas show correlation at shallower depths, 100mm to 300mm, but species-specific canopy and root
characteristics introduce variability at deeper levels. Notably, the shading effects of trees and buildings
similarly impact upper soil layers, though tree roots create distinct moisture patterns at greater depths.
These findings underscore the complex interactions between vegetation, shading, and soil properties
in urban environments.

While urban environmental conditions significantly influence soil moisture dynamics, another major
influence is soil texture. Soil texture varies across measurement points and affects water retention and
movement, particularly at deeper depths. The next section examines these variations in soil texture
and their relationship to soil moisture dynamics.

3.2. Soil Texture

Soil moisture dynamics are influenced by both urban environmental conditions and soil textures. This
section examines the similarities in soil texture across measurement points and their correlation with
soil moisture dynamics. The discussion follows a top-to-bottom approach, with the soil textures for
each measurement point summarized in Table 3.1.

At shallower depths, 15-20cm and 30-35cm, the soil textures among green measurement points are
largely similar, with a few exceptions. At 15-20cm, all green measurement points share the same soil
texture except MP05. This consistency is expected, as the organic layer remains relatively uniform.
Among paved measurement points (MP06 and MPQ7), a similarity in soil texture is observed, but only
at this specific depth. At 30—35cm, MPO1 stands out as different from the other green measurement
points, while MP01 and MPO05, both located in grass-covered and shaded areas, show no soil texture
similarities. Since no distinct new patterns emerged at these depths, no additional groupings were
analyzed. The implications of these findings are further explored in Section 3.1.2, categorised by urban
environmental conditions.

As depth increases, variations in soil texture become more pronounced, and clear patterns are less
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Table 3.1: The soil textures for all measurement points

Depth [cm] MPO1 MP02 MPO3

Sand (%)  Silt(%) Clay (%) Sand (%)  Silt(%) Clay (%) Sand (%) Silt(%) Clay (%)
15-20 16 68 15 12 74 13 14 72 14
30-35 29 55 16 15 72 13 19 69 12
45-50 24 48 27 21 58 18 14 80 5
75-80 33 45 21 2 92 6 18 77 5
Depth [cm] MP05 MP06 MPO7

Sand (%)  Silt(%) Clay (%) Sand (%)  Silt(%) Clay (%) Sand (%)  Silt(%) Clay (%)
15-20 36 59 6 19 75 6 12 82 7
30-35 22 72 6 66 34 0 8 50 41
45-50 3 95 2 56 36 9 17 80 3
75-80 3 95 2 12 83 5 29 47 23
Depth [cm] MP08 MP09 MP10

Sand (%)  Silt(%) Clay (%) Sand (%)  Silt(%) Clay (%) Sand (%) Silt(%) Clay (%)
15-20 13 73 14 15 68 16 23 66 11
30-35 18 71 11 16 69 13 20 72 9
45-50 15 79 6 27 62 9 40 47 12
75-80 17 78 5 29 62 8 29 46 25

Note: MP04 is excluded from the analysis due to measurement disruptions.

evident. At 450-500mm, two sets of measurement points, MP02 with MP09 and MP03 with MP07,
exhibit similar soil textures. By 75-80cm, three distinct groups emerge: 1) MP01, MP0O7, and MP10;
2) MP02 and MPO05; and 3) MP03, MP06, and MPO8. These groupings suggest that deeper soil layers
display more variation compared to shallower depths.

The observed variations in soil texture at greater depths result in different levels of correlation, ranging
from strong to weak, among the measurement points. This indicates that while soil texture plays arole in
soil moisture dynamics, it is not the only factor when considered independently of urban environmental
conditions.

While soil texture influences soil moisture dynamics, it is not the sole determining factor. To further
analyse these dynamics, HYDRUS-1D is used to model the impact of drought conditions. The next
section evaluates the model’s performance before applying drought scenarios to grass-covered areas.

3.3. HYDRUS-1D

HYDRUS-1D is used to model the impact of drought on soil moisture dynamics in urban areas. Before
applying the 2018 drought scenario, the model’s performance is evaluated under the weather conditions
of the measurement period. The drought analysis focuses on grass-covered areas, as initial findings
indicate that paved areas are not relevant. Measurement points with trees exhibited poor model perfor-
mance and are therefore excluded from the analysis. This section focuses on the model performance
for each measurement.

3.3.1. Model performance

The model performance is determined by its settings, input parameters and the optimization of the soil
hydraulic parameters. The model settings are bounded by the available options and 1D water flows.
The model settings assume vertical flow, which is the main flow component in unsaturated conditions,
but some horizontal flow is considered as well, as it plays a role in saturated conditions.

The input parameters for the model are derived from meteorological data collected from a weather
station located 500m from the study area. While these parameters provide a realistic representation of
weather conditions, differences exist between the study site and the station due to urban factors such as
the heat island effect and wind blockage by buildings. Variables such as wind speed, solar radiation,
and temperature, which are integral in the Penman-Monteith equation, may introduce discrepancies
between modelled and measured soil moisture dynamics. For instance, shaded areas receive direct
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sunlight until approximately 14:00, after which buildings cast shadows. This variation in solar exposure,
though accounted for in the model, may still contribute to deviations in performance.

The model is optimized for five grass measurement points (MP0O1, MP02, MP03, MP0O5 and MP08)
by selecting site-specific hydraulic parameters, detailed in Section 2.3.4. The optimization process is
constrained by the model’s ability to maintain a stable water balance (Ouédraogo et al., 2025). The
parameters optimized are a, n, and K, with a and n significantly influencing performance and K
playing a crucial role in drainage (Ouédraogo et al., 2025). Given that only 33 measurement points are
available, the model is fitted to a limited dataset, which may impact its accuracy.

Model performance is assessed using Kendall’s, 7;,,, and Spearman’s, r;, correlations, as explained in
Section 2.3.6. At depths of 100mm, 200mm, and 300mm, the model meets the correlation threshold
of t,/r; = 0.4. However, performance declines at 600mm and 1000mm, likely due to groundwater
interactions, which are not accounted for in the model. These discrepancies lead to differences between
the modelled and measured soil moisture dynamics.

The following sections provide a detailed evaluation of the model’s performance at each measurement
point, with visual comparisons of measured and modelled soil moisture dynamics. Differences in scale
between the two datasets, explained in Section 2.3.6, are addressed by plotting them on separate axes.

MPO01: Shaded area

The model performance results for MPO1 are in Figure 3.4 and show a strong correlation at 100mm,
200mm and 300mm, but a weak or nonexistent correlation at 600mm and 1000mm. This decline in
performance is likely due to groundwater interactions and the presence of a tree located 30m away.
The lack of model performance at 1000mm is attributed to the threshold value for the standard deviation
of 1E—5, not being met, which resulted in the calculation being skipped. Additionally, the model’s un-
derperformance at 600mm and the absence of soil moisture dynamics at 1000mm make these depths
unsuitable for further drought analysis. Despite these limitations, the model effectively captures soil
moisture dynamics at shallow depths, responding well to weather conditions. Therefore, further anal-
ysis will focus on depths up to 300mm, where the model has a reliable performance.
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Measured and modeled soil moisture content during the measurement period
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(b) Observed and modelled soil moisture content for MP01.

Figure 3.4: Model performance of MPO1 relative to measured soil moisture content. The heatmap (a) shows Kendall's and
Spearman’s correlation and the bottom figure (b) illustrates soil moisture dynamics.

MPO02: Sunny area

MPO2 exhibits the best model performance across all depths, shown in Figure 3.5. This can be related
to the shorter measurement period, as data collection stopped on September 5th due to damage to the
access tube and measurements were no longer possible. Consequently, the major precipitation event
on September 10th, which could have affected the correlation, is not included in the dataset. Despite
this limitation, MP02 is retained for further analysis as the model recognises the weather patterns.
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(b) Observed and modelled soil moisture content for MP02.

Figure 3.5: Model performance of MP02 relative to measured soil moisture content. The heatmap (a) shows Kendall's and
Spearman’s correlation and the bottom figure (b) illustrates soil moisture dynamics.
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MPO03: Sunny area

MPO03 meets the model performance criteria for all depths, as depicted in Figure 3.6. A minor air gap
between the top part of the access tube and the soil, present from an early stage in the measurement
period, may have influenced the results. Nevertheless, the modelled soil moisture dynamics align well
with measured values.
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(b) Observed and modelled soil moisture content for MP03.

Figure 3.6: Model performance of MP03 relative to measured soil moisture content. The heatmap (a) shows Kendall's and
Spearman’s correlation and the bottom figure (b) illustrates soil moisture dynamics.

MPO05: Shaded area

MPO5 meets the performance threshold at all depths except 600mm, as shown in Figure 3.7. While
some correlation exists at this depth, it is weak, and the reason for this underperformance remains
unclear and may be attributed to measurement error. At both 600mm and 1000mm, the modelled soil
moisture values are consistently higher than the measured values, despite differences in scale, as
explained in Section 2.3.6. The model tends to simulate near-saturation conditions at these depths,
whereas the measured values indicate lower soil moisture levels. When using this model for drought
analysis, these observations at greater depths should be considered before drawing conclusions.
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(b) Observed and modelled soil moisture content for MP05.

Figure 3.7: Model performance of MPO5 relative to measured soil moisture content. The heatmap (a) shows Kendall's and
Spearman’s correlation and the bottom figure (b) illustrates soil moisture dynamics.

MPO08: Sunny area

MPO8 shows a strong model correlation at all depths except 1000mm, where a negative correlation
is observed, Figure 3.8. This discrepancy can be attributed to groundwater effects, leading to the
exclusion of the 1000mm depth from further analysis. A deviation in soil moisture trends occurred after
September 21st due to damage to the access tube by a lawnmower.
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Measured and modeled soil moisture content during the measurement period
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(b) Observed and modelled soil moisture content for MP08.

Figure 3.8: Model performance of MP08 relative to measured soil moisture content. The heatmap (a) shows Kendall's and
Spearman’s correlation and the bottom figure (b) illustrates soil moisture dynamics.

The model’'s performance varies across measurement points and depths, with strong correlation ob-
served at shallower depths, 100mm to 300mm, but weaker performance at greater depths due to
groundwater interactions. Additionally, differences in meteorological conditions between the study site
and the weather station introduce minor discrepancies in soil moisture predictions.

After assessing the model’s performance and the factors influencing its accuracy, the next step is to
apply it to a specific climatic event: the 2018 drought. This scenario provides valuable insights into soil
moisture dynamics during prolonged dry periods. The analysis examines differences in environmental
conditions, comparing sunny and shaded measurement points, while also considering the impact of
extreme initial soil moisture conditions on drought development to evaluate their respective responses
to drought stress.

3.4. Drought of 2018

The drought of 2018 serves as a case study to model and assess its impact on soil moisture dynamics
at grass-covered measurement points (MP01, MP02, MP03, MP05, and MP08). Given the urban en-
vironmental conditions, the analysis distinguishes between sunny locations (MP02, MP03, and MP08)
and shaded locations (MP01 and MPO05). The focus is on identifying drought patterns within these two
classifications and understanding the role of environmental conditions on soil moisture retention and
depletion.

Additionally, to better understand the effect of pre-drought conditions, the influence of initial soil moisture
levels was examined by comparing dry and wet starting conditions. These extreme scenarios help
assess how soil moisture evolves under different initial conditions within the model and how they interact
with urban environmental factors.

3.4.1. Soil moisture dynamics

The overall modelled soil moisture trends during the 2018 drought align well with the measured dy-
namics, considering urban environmental conditions only. Shaded areas tend to retain water longer
during prolonged dry periods, whereas sunny locations experience more rapid depletion. This confirms
that the urban environmental conditions, the sun and shadow, significantly influence the soil moisture
behaviour. These observations are based on the visualisation in Figure 3.9.

The meteorological differences in the measurement period and the drought of 2018 are significant.
While differences in sample size may play a role, the drying patterns observed across all depths are
different. In the shallow layers, 100mm and 200mm, soil moisture values rapidly decline to critically low
soil moisture levels close to 0%. This trend is visible across all depths, but a clear distinction emerges
between the upper layers, 100mm and 200mm, and the deeper layers, 300mm and beyond.

At depths of up to 200mm, soil moisture shows an active response to meteorological conditions in
both scenarios. However, during dry spells in 2018, the decrease in soil moisture is more pronounced
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compared to the measurement period, suggesting stronger evaporation. During and after precipitation
events, soil moisture levels increase across all depths. However, while these increases are evident
down to 300mm during the measurement period, during the 2018 drought, they are primarily observed
in the top 200mm.

A comparison of soil moisture behavior at depths of 300mm and beyond reveals the deeper impact
of drought conditions. The gradual decline in soil moisture at these depths suggests a lowering of
the groundwater table, signaling the onset of hydrological drought (Dabrowska et al., 2023). Further-
more, the extreme precipitation deficit reported by KNMI (2024), combined with the agricultural drought
observed in the upper soil layers, indicates that all components of urban drought are present.

Effects of sun

At the sunny locations (MP02, MP03 and MP08), soil moisture values decrease consistently across all
depths. Among these sites, MP02 exhibits higher soil moisture contents compared to MP03 and MPOS,
likely due to differences in soil texture, Table 3.1. Despite these variations, the overall soil moisture
dynamics at MPO02 follow a similar pattern to the other sunny locations.

Before the onset of the dry spell in June, precipitation influences soil moisture across all depths, with
clear responses visible in the dynamics. However, after the extended drought period, particularly by
late July, this response changes. At depths of up to 300mm, precipitation events continue to create a
noticeable peak in soil moisture. In contrast, at 600mm and 1000mm, precipitation does not directly
increase soil moisture content, instead, changes in decay rates suggest a more gradual response to
soil moisture availability.

Effects of shadow

The shaded measurement points (MPO1 and MPO05), soil moisture trends generally follow those ob-
served in sunny measurement points. Notably, shaded measurement points retain soil moisture longer,
particularly at depths of 300mm and beyond. This highlights the capacity of shaded environments to
buffer against extreme drying.

At MPO01, the most pronounced soil moisture increase following precipitation is observed at 100mm
depth, with occasional responses at 200mm. In contrast, MP05 exhibits more widespread responses,
with precipitation effects visible down to 300mm and, to a lesser extent, at greater depths. These
differences in soil moisture behaviour are likely due to variations in soil texture between the two shaded
locations, Table 3.1. However, at depths of 600mm and 1000mm, the model at MPOS5 is leading in soil
moisture dynamics, explained in Section 3.3.1. It shows a decrease in soil moisture during the dry
spell, but the values tend to be higher compared to the sunny measurement points.

When comparing soil moisture dynamics between sunny and shaded areas, both show that the upper
layers, 100mm and 200mm, reach critically low moisture levels at similar rates. Additionally, the re-
covery in response to precipitation in August follows a similar pattern at 100mm and 200mm across all
locations. However, from 300mm downward, differences in response emerge. These variations cannot
be solely attributed to sun exposure but are more likely influenced by soil texture.

Forinstance, at 300mm, MP0O1 exhibits barely any response to precipitation, while MP05 shows a strong
reaction. This contrast can be explained by soil textures, MP0O1 contains a mix of sand, silt and clay,
while MPOS consists primarily of silt, which retains moisture more effectively. At greater depths, 600mm
and 1000mm, soil moisture declines during the drought and stabilizes once precipitation resumes in
August, a trend observed in both sunny and shaded areas. Overall, while sun exposure influences soil
moisture dynamics during drought, soil texture appears to play a more dominant role at greater depths,
as also noted by N. Li et al. (2024).

These results highlight the influence of sun exposure and soil texture on soil moisture dynamics during
drought. However, another critical factor influencing soil moisture response is the initial soil moisture
condition.
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Figure 3.9: The soil moisture dynamcis for five depths at measurement points MP01, MP02, MP03, MP05 and MPO08, where the
drought of 2018 is considered.

3.4.2. Effects of initial soil moisture conditions

To evaluate the influence of pre-drought soil moisture levels on drying patterns, the initial soil moisture
conditions were adjusted to represent extreme scenarios, either extremely dry or wet. These condi-
tions were applied to the drought of 2018, as explained in Section 2.3.5. The resulting soil moisture
responses for each measurement point are visualized in Figure 3.10. In the figures, dry initial conditions
are represented by dashed lines, while wet conditions are shown as continuous lines.

At shallow depths, 100mm to 200mm, soil moisture responds actively to precipitation, with stronger
depletion during drought conditions. At greater depths, 300mm and beyond, soil moisture dynamics
indicate the onset of hydrological drought, with groundwater levels likely decreasing in response to
prolonged dry conditions.

Below 200mm depth, the impact of initial moisture conditions becomes more pronounced, with steeper
declines under wet initial soil conditions. his pattern suggests that higher initial moisture levels provide
more water for evaporation and root uptake, leading to a faster decline once the drought begins. In
deeper layers, these differences persist longer in shaded locations, where soil moisture retention is
higher. In contrast, in sun-exposed areas, both wet and dry initial conditions result in similar moisture
levels by the end of the drought.

The influence of initial conditions varies across measurement points, except for MP02, where differ-
ences are minimal, depicted in Figure 3.10b. At 100mm depth, soil moisture behaves similarly under
both dry and wet initial conditions. Although the wet scenario initially exhibits higher moisture con-
tent, the difference diminishes quickly once the dry spell begins. In contrast, MPO05, illustrated in Fig-
ure 3.10d, shows a more prolonged divergence, with the wet initial condition maintaining higher soil
moisture levels for a longer period before converging with the dry condition.

A key observation is that soil moisture dynamics at 100mm are largely independent of initial conditions.
This suggests that root water uptake plays a role in buffering against extreme initial wet and dry soil
moisture conditions, as shallow-rooted vegetation extracts moisture at similar rates regardless of initial
soil moisture content. This aligns with findings from previous studies highlighting root depth as a key
component in soil-water balance modelling (Z. Li et al., 2019).

These results confirm that urban environmental factors, particularly sun exposure and shading, signifi-
cantly influence soil moisture dynamics during drought. Shaded areas retain moisture longer, whereas
sun-exposed locations experience more rapid depletion. Additionally, differences in drying patterns be-
tween the 2018 drought and the measurement period highlight the variability in soil moisture responses
under different meteorological conditions.

While these findings offer valuable insights, it is important to acknowledge that the effects of extreme
initial soil moisture conditions are influenced by their implementation in HYDRUS-1D. The initial mois-
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ture profiles were adjusted to ensure model convergence and a closed water balance, meaning that
absolute values serve as estimations rather than exact field representations. Nonetheless, the results
underscore the critical role of initial soil moisture conditions in shaping soil moisture depletion during
drought.

The analysis of extreme initial moisture conditions further reinforces these findings, demonstrating that
initial soil moisture levels impact drying rates but ultimately converge under prolonged drought stress.
While model limitations introduce some uncertainty, these results provide a valuable framework for

understanding urban drought dynamics and improving soil moisture predictions under different envi-
ronmental conditions.

Drought pattern for the drought of 2018 with extreme initial soil moisture conditions at MPO1
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Drought pattern for the drought of 2018 with extreme initial soil moisture conditions at MP03
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Figure 3.10: The effect of extremely dry and wet initial soil moisture conditions on the drought pattern for MP01, MP02, MPO03,
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Discussion

Understanding soil moisture dynamics is essential for assessing urban drought impacts, as soil mois-
ture directly influences vegetation health, water availability, and overall ecosystem stability. Soil mois-
ture levels are governed by complex interactions between meteorological circumstances, soil textures,
and vegetation types.

This study explored how these factors influence soil moisture during drought, using measured soil mois-
ture data and the drought of 2018 as a case study. The findings highlight the interplay between mete-
orological conditions, soil texture, and urban environmental conditions in shaping soil-water balance.
This discussion connects the results to existing literature, focusing on urban drought, environmental
conditions, and key parameters of the soil-water balance. Finally, the study’s limitations are addressed.

4.1. Urban drought

The results confirm that urban drought is a multi-dimensional phenomenon influenced by various envi-
ronmental and hydrological processes. Understanding the different types of drought, meteorological,
agricultural, hydrological and socioeconomic (Dabrowska et al., 2023; Keyantash, 2021), is crucial to
interpreting the observed soil moisture dynamics.

Meteorological drought, characterized by prolonged periods of low precipitation, directly leads to soil
moisture deficits. This was evident during the 2018 drought, where the modelled soil moisture content
declined for all measurement points. The observed reduction in shallow and deeper soil moisture
highlights the direct impact of meteorological drought on soil moisture availability. A similar observation
at the shallow depths is visible in the measured soil moisture dynamics.

Agricultural drought was reflected in the rapid depletion of soil moisture at shallow depths, at 100mm to
300mm, where plant roots primarily extract water. Both measured soil moisture contents and the mod-
elled drought of 2018 illustrate this phenomenon, as moisture levels at these depths decline, regardless
of sun exposure. The modelled soil moisture values even show critical low values. In deeper soil layers,
from 300mm and beyond, the decline in soil moisture suggests a transition toward hydrological drought.
Soil moisture reductions at 600mm and 1000mm indicate diminished groundwater recharge, supporting
existing studies that link prolonged dry conditions to significant groundwater depletion. These findings
reinforce the notion that urban drought involves multiple interacting drought types, with meteorolog-
ical drought triggering both agricultural and hydrological drought effects (Bartholomeus et al., 2023;
Dabrowska et al., 2023; Keyantash, 2021; Yimer et al., 2024; X. Zhang et al., 2019).

4.2. Urban environmental conditions

The study highlights the significant role of five urban environmental conditions: sun, shadow, grass,
trees and pavement. The discussion is categorised based on the urban environmental conditions, as
each influences soil moisture dynamics differently: grass (sun and shadow), pavement and trees.
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Grass

Measurement points in sunny locations exhibited rapid soil moisture depletion, particularly in the up-
per 200mm to 300mm. Increased solar radiation and higher temperatures in these areas accelerate
evaporation, reducing soil moisture availability, as predicted by the Penman-Monteith and soil-water
balance equations.

In contrast, shaded areas retained soil moisture for longer periods due to reduced solar radiation, which
lowers evaporation rates. This finding underscores the role of urban green infrastructure, such as tree
canopies and shaded parks, in mitigating drought impacts by preserving soil moisture.

Pavement

Urban environments often contain impermeable surfaces such as roads and pavements, reducing sub-
surface moisture recharge. The study suggests that these areas exhibit higher surface runoff, leading
to distinct soil moisture retention characteristics compared to permeable surfaces.

Trees

Measurement points under tree canopies showed significant differences in soil moisture depletion pat-
terns. The shading provided by the tree canopy reduced direct solar radiation, which lowered evapo-
ration rates and helped retain soil moisture. Additionally, root water uptake emerged as a key driver
of moisture loss, especially in the upper soil layers. Trees with deeper root systems were able to ac-
cess moisture from lower depths, offering greater resilience against prolonged dry conditions. Thus,
trees play a dual role: they mitigate drought effects through shading and actively extract moisture from
deeper soil layers. This dual influence highlights the complex contribution of trees to urban soil moisture
dynamics and points to the need for further research to fully understand their impact.

4.3. Soil-water balance

This section examines the key components of the soil-water balance, focusing on precipitation and
evaporation as primary fluxes, the role of root water uptake, and the influence of soil texture on moisture
retention. Additionally, it highlights the importance of incorporating groundwater dynamics unto urban
drought assessments for a more comprehensive understanding of long-term moisture fluctuations.

The two primary fluxes governing soil moisture dynamics in the soil-water balance equation are precip-
itation, P, which replenishes soil moisture, and evaporation, ET, which depletes it (Z. Li et al., 2019).
Evaporation is estimated using the Penman-Monteith equation (Allen et al., 1998; Daly & Porporato,
2006).

The evaporation process is particularly pronounced in sunny areas, where higher temperatures and
direct solar radiation (Brown, 2000) caused a more rapid depletion of surface soil moisture, by an
increased ET. Conversely, shaded areas showed greater moisture retention, reinforcing the importance
of reduced evaporation rates in mitigating drought effects. The evaporation process consists of both
soil evaporation and transpiration. In sunny areas, higher soil evaporation rates contribute to rapid soil
moisture loss at 100mm and 200mm, in contrast, shaded areas exhibit lower soil evaporation values.
The transpiration rates are similar for both areas and are apparent at greater depths.

Changes in soil moisture at 600mm and 1000mm were likely linked to groundwater fluctuations, sug-
gesting potential groundwater drawdown associated with hydrological drought. Prolonged dry condi-
tions have been shown to contribute to groundwater depletion, as emphasized by Albers et al. (2015)
and Ven et al. (2011). The results highlight the need to incorporate groundwater dynamics into urban
drought assessments to enhance long-term drought predictions.

Root water uptake plays a significant role in soil moisture depletion, particularly in the upper soil layers.
The study results demonstrate that during the drought, soil moisture at 100mm and 200mm declined
rapidly across all measurement points, which can be attributed to root extraction by vegetation. The
findings suggest that vegetation with shallow root systems is highly sensitive to drought conditions as
soil moisture at these depths reached critically low levels before deeper layers were affected.

Interestingly, the study also indicated that initial soil moisture conditions influence root water uptake
dynamics. In cases with initially wet conditions, the rate of moisture decline was steeper, suggesting
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that higher initial soil moisture conditions led to increased transpiration demand. However, over time,
both wet and dry initial soil moisture conditions converged to similar moisture levels, reinforcing the
idea that vegetation eventually depletes all available moisture within its root zone.

The deeper soil layers, 600mm and 1000mm, exhibit a delayed response to drought conditions visible
in the measured and modelled soil moisture dynamics. This implies that deeper rooted vegetation
may have access to more stable moisture reserves. However, the modeled soil moisture dynamics
at these depths indicate a lack of significant moisture recovery, implying that restoring these values
and improving groundwater levels requires more time than the modeled period allows. This finding
underscores the long-term impact of drought on deep soil moisture availability and highlights the need
for extended monitoring to fully capture groundwater recharge processes. Important to note is that
the groundwater interactions are not modelled for this case and more research is needed for better
knowledge about this process.

Soil texture plays a critical role in determining soil moisture retention, infiltration rates and overall
drought resilience. The results of this study confirm that variations in soil texture significantly influ-
enced moisture availability across different measurement points, becoming more important atincreased
depths. Measurement points with higher silt content, such as MP05, exhibited prolonged moisture re-
tention compared to locations with higher sand content, such as MP01, which experienced rapid mois-
ture depletion. This aligns with a study by N. Li et al. (2024) and Nelson and Miller (1997), indicating
that finer-textured soils, such as silt and clay, have a higher water-holding capacity due to their smaller
particle sizes and greater surface area, which enhances capillary forces.

Conversely, sandy soils drain more quickly, leading to lower moisture availability during drought condi-
tions. The observed differences in soil moisture dynamics between these measurement points highlight
the importance of considering soil composition when assessing urban drought impacts. Urban environ-
ments often feature a mix of compacted and distributed soil, which can further alter natural infiltration
and retention patterns.

4.4. Limitations
While this study provides valuable insights into soil moisture dynamics during in urban areas, several
limitations should be acknowledged.

First, the HYDRUS-1D model assumes only vertical flow and does not account for lateral redistribution.
In urban environments, infrastructure and soil heterogeneity can significantly influence water move-
ment, making lateral flow an important factor. Future studies should consider using HYDRUS-2D/3D
to better capture these complex interactions.

Second, the model does not explicitly incorporate groundwater interactions, limiting its ability to simu-
late the hydrological drought effect accurately. The observed decline in deep soil moisture suggests
groundwater drawdown, but without direct groundwater level measurements, this remains an assump-
tion. Integrating groundwater data into future models would provide a clearer understanding of deep
soil moisture dynamics.

Third, the study relies on soil moisture sensor data, which is subject to calibration errors. The generic
calibration settings used in the sensor data might not fully capture site-specific soil characteristics,
potentially leading to discrepancies between measured and modelled soil moisture values. Additionally,
the determination of extreme initial soil moisture conditions in HYDRUS-1D was based on arbitrary
adjustments to the measured soil moisture profile, which could have affected model convergence and
water balance closure.

Finally, the study focuses on a single drought event, the drought of 2018, limiting the generalizability of
the findings. While the results align with broader drought theories, analysing multiple drought events
would provide a more comprehensive understanding of urban soil moisture responses under varying
climatic conditions. Expanding the temporal scope of future studies would help determine whether the
observed trends persist across different drought intensities.






Conclusion

This research aimed to identify the influence of urban environmental conditions on soil moisture dy-
namics during drought, with a particular focus on green spaces. By combining field measurements and
numerical modeling using HYDRUS-1D, this research assessed how different urban environmental
conditions, sun, shadow, grass, trees and paved areas, affected the soil-water balance. The find-
ings emphasize the complex interactions between urban environmental conditions, soil texture and
meteorological conditions, providing valuable insights which can be used in urban drought mitigation
strategies. The conclusion is structured by the research questions.

How do urban environmental conditions affect soil moisture content in green spaces?

The results indicate that urban environmental conditions significantly influence soil moisture availability
and variability. Sunny and shaded areas impact the transpiration and soil evaporation capacities of
both grass and tree-covered locations. Shaded areas retained more soil moisture than sunny areas,
primarily due to reduced evaporation rates.

Grass-covered areas showed the highest variability in soil moisture dynamics with rapid responses to
precipitation events followed by gradual declines during dry periods. At greater depths, from 300mm
and deeper (where grass roots are no longer present), the differences between sunny and shaded
areas become more pronounced. Transpiration and evaporation rates were higher in areas with grass
in sunny areas, while shaded areas contributed to prolonged soil moisture retention. Similar mois-
ture dynamics were observed in shallow soil layers near trees, where the effects of shade from trees
and buildings were comparable. However, determining the precise influence of trees on soil moisture
remains challenging, as tree canopies intercept precipitation while extensive root systems affect soil
water uptake and redistribution.

Paved areas exhibited the lowest soil moisture variability. The impervious surface prevented both infil-
tration and evaporation, resulting in consistently low soil moisture values. In addition to restricted infil-
tration, the sandy soil composition beneath paved surfaces further contributed to low moisture retention.
These findings highlight the significant impact of urban design on soil-water balance and emphasize
the importance of integrating permeable surfaces into city planning.

What is the effect of soil texture on soil moisture dynamics?

Soil texture was found to be a critical determinant of soil moisture retention and distribution, specifically
at the deeper depths. The analysis of soil textures confirmed that finer-textured soils, such as silt- and
clay-rich soils, exhibited higher water holding capacities compared to sand-dominated soils. Measure-
ment points with a greater proportion of silt and clay retained moisture for longer periods, leading to
slower depletion rates during dry conditions.

In contrast, sandy soils, characterized by larger pores and lower water holding capacity, drained more
rapidly following precipitation events. These results align with previous studies that emphasize the
role of soil texture in determining soil-water interactions. The study underscores the importance of
considering soil properties in urban green space management, as areas with finer textured soils may
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require less frequent irrigation and provide greater resilience to drought stress.

How do initial soil moisture conditions influence soil moisture dynamics during a drought period, as
modelled using HYDRUS-1D?

The HYDRUS-1D model effectively simulated the impact of the 2018 drought on soil moisture dynamics,
for the grass-covered areas. The model successfully captured soil moisture fluctuations, although
discrepancies were observed at greater depths due to interactions with groundwater.

The results indicate that initial soil moisture conditions can play a crucial role in soil water availability
through a drought period. Wetter initial soil moisture resulted in prolonged moisture retention, main-
taining higher soil moisture levels as the drought progressed. In contrast, drier initial soil moisture
conditions led to a more rapid decline in soil moisture. However, the extremely wet initial soil moisture
conditions have similar soil moisture values as the extremely dry initial conditions, at the end of the dry
period.

These findings highlight the critical role of pre-drought soil moisture in shaping soil moisture dynam-
ics. Wetter initial soil moisture conditions can buffer against more severe moisture depletion during
prolonged droughts, in comparison to drier conditions, delaying the onset of critical moisture stress.

In conclusion, this study highlights the complex relationship between urban environmental conditions,
soil texture and initial soil moisture conditions in shaping soil moisture dynamics during drought. The
findings confirm that urban design significantly influences soil-water interactions, with vegetated and
shaded areas enhancing moisture retention while paved surfaces worsen the soil dryness. Soil texture
is a critical factor, particularly at greater depths where roots are no longer present anymore, where
finer-textured soils provide better moisture and groundwater uplift, whereas sandy soils facilitate rapid
drainage. Furthermore, the modeling results underscore the importance of initial soil moisture condi-
tions, demonstrating that wetter starting conditions contribute to prolonged moisture availability during
drought. These insights are valuable for urban drought mitigation strategies, emphasizing the need
for green infrastructure, soil conscious urban planning, and proactive moisture management. Future
research should further explore the complex effects of trees on soil moisture and integrate groundwater
interactions to refine urban water balance models.



Recommendations

Based on the findings of this study, several recommendations can be made to improve the under-
standing of soil moisture dynamics in urban areas and enhance drought mitigation strategies. These
recommendations focus on expanding the scope of future research, optimizing vegetation strategies,
integrating findings into urban planning, and refining irrigation policies.

* Expand study area and duration

This study was conducted on a small scale within a polder area over approximately 10 weeks. To
develop a more comprehensive understanding of how urban environmental conditions influence
soil moisture dynamics, future research should expand both the spatial and temporal scope of field
measurements. Conducting long-term studies that encompass multiple dry periods, as defined
by KNMI (2024), and extend across different urban areas would provide deeper insights into how
soil moisture responds to varying climatic and infrastructural conditions. This would also allow for
the inclusion of an actual drought period within the dataset, enabling validation of the dynamics
observed in this study.

* Vegetation
Vegetation type and root depth play a crucial role in transpiration and soil moisture retention. This
suggests that plants with deeper root systems may have a stronger influence on soil moisture
dynamics, especially at greater depths. Further studies should explore how different vegetation
types, such as wildflowers increasingly introduced to enhance biodiversity, impact soil moisture
retention and water distribution.

Additionally, the effectiveness of native versus non-native plant species in mitigating urban drought
should be assessed. While native plants may contribute to increased biodiversity, it remains un-
clear whether they support climate adaptation or exacerbate drought-related challenges. Simi-
larly, tree species selection deserves further attention, as trees influence soil moisture not only
through transpiration but also by interception and modifying evaporation rates. Understanding
these effects more precisely would enable urban planners to select tree species that optimize
soil moisture retention.

* Urban planning

The results of the study highlight that urban design choices, such as the proportion of shaded ver-
Sus sunny areas, the presence of impervious surfaces, and the soil composition in green spaces,
significantly impact soil moisture levels. Therefore, urban planning strategies should incorporate
soil-conscious design principles, ensuring that green spaces are developed with appropriate soil
textures that enhance moisture retention. The use of finer soil textures, such as silt- and clay-rich
soils (preferably a mixture of both textures), should be prioritized in green infrastructure projects,
as these soil textures retain moisture more effectively than sandy soils.

Additionally, urban development should integrate shading elements, such as strategically placed
tree canopies or artificial structures, to reduce evaporation losses and promote long-term moisture
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retention. Permeable surfaces, such as water-absorbent pavements and rain gardens, should be
implemented wherever possible to facilitate infiltration and mitigate excessive surface runoff. By
incorporating these elements, future urban developments can be designed to be more resilient
to prolonged dry periods.

Irrigation policies

Water management strategies must also evolve to address the importance of initial soil moisture
conditions and the impact on the drought development. The findings suggest that maintaining
higher soil moisture levels before the onset of a drought can slow moisture depletion rates, partic-
ularly in deeper soil layers. However, pre-drought irrigation policies should be carefully designed
to balance benefits of moisture retention with the need for sustainable water usage.

One potential strategy involves implementing urban drainage solutions, such as infiltration and
drainage systems, which can supplement soil moisture by mimicking the role of groundwater
recharge and ensuring a stable water supply at greater depths. Another approach could be to
increase groundwater levels to enhance soil moisture content at increased depths. However, if
irrigation is used, it is critical to adopt sustainable methods that do not compromise long-term
water availability.

It is important to note that pre-drought irrigation may reduce the soil’s ability to absorb water
during extreme rainfall events, potentially increasing flood risks. Therefore, careful planning and
site-specific assessments are essential to avoid unintended consequences.

Advancements in sensor-based irrigation technologies offer a promising solution for optimizing
water distribution. Instead of relying on fixed irrigation schedules, smart irrigation systems can
regulate water supply based on real-time soil moisture conditions. This approach prevents un-
necessary water use while ensuring that vegetation remains resilient under drought stress. By
integrating these strategies into urban water management, cities can enhance soil moisture re-
tention while maintaining a sustainable balance between drought mitigation and flood prevention.

Model Improvements in hydrological modelling approaches would further refine urban water man-
agement strategies. While HYDRUS-1D successfully simulated soil moisture fluctuations, some
discrepancies were observed at greater depths due to interactions with groundwater. To en-
hance predictive accuracy, future research should consider adopting HYDRUS-2D or HYDRUS-
3D, which would allow for a more comprehensive representation of the lateral water movement
and interactions with urban infrastructure.

Additionally, incorporating direct groundwater level measurements into future models would pro-
vide a more accurate representation of subsurface hydrological processes. Given the complexity
of urban water flow dynamics, future models should also integrate the effects of urban infras-
tructure, such as underground utilities and drainage networks to better capture the interactions
between built environments and soil moisture behaviour.

In summary, this study highlights the need for an integrated approach to urban drought mitigation,
combining expanded research efforts, improved vegetation strategies, soil-conscious urban planning,
sustainable irrigation policies, and enhanced hydrological modelling. By implementing these recom-
mendations, cities can take the first measures in resilience to prolonged drought conditions, ensuring
that urban green spaces remain viable and continue to provide environmental, social and economic
benefits. Future research should focus on bridging the knowledge gaps regarding tree impacts, subsur-
face hydrology, and long-term urban soil moisture trends to further refine drought mitigation strategies
and contribute to more climate adaptive environments.
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Measurement procedure

The measurement procedure is outlined below. Each measurement follows these steps: Setting Up
the Measuring Device (HH2 Moisture Meter)

1.

Connect the battery at the back.

2. Turn on the device by pressing Esc.

N o g &

Press set to enter the menu (use the arrow keys to navigate).
(a) Select Soil type and press Set.
(b) Select All sensors and press Set.
(c) Select Organic/Mineral and press Set.

Press Read to take a measurement.

Write down the sensor reading in the spreadsheet

Rotate the sensor by 1/3 and repeat the measurement.

Take three measurements per measurement point.

At the end of the measurements, disconnect the battery.

Table A.1: The measurement points and belonging soil type setting on the HH2 Moisture Meter

MP Soil type

MPO1  Organic
MP02 Organic
MP0O3  Organic

MP04  Mineral
MPO5 Mineral
MP0O6 Mineral
MPO7 Mineral

MP08 Organic
MP0O9 Organic
MP10  Organic
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Measurement results

The soil moisture data per measurement point is depicted below. Each measurement point is measured
at five depths, 100mm, 200mm, 300mm, 600mm and 1000mm. The measurement point number and
belonging description are in Table 2.1.
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B. Measurement results
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Figure B.1: Soil moisture dynamics of all measurement points categorized by measurement point.
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