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Abstract

Cities are increasingly implementing urban green spaces to cope with the challenges of climate change,
including more intense droughts and heat stress. Urban green spaces currently rely largely on drinking
water for irrigation, often at rates exceeding the actual water demand of the vegetation. Better under-
standing of this water demand could help improve irrigation efficiency and reduce pressure on drinking
water availability. This study investigates whether the minimal water demand of urban green spaces
can be determined experimentally. A mass balance approach is applied to MeSUDa (Managed exper-
imental Sustainable Urban Drainage Area), an isolated vegetated bioswale located at the Flood Proof
Holland site on the TU Delft campus. The setup consists of three compartments with different drainage
configurations. By measuring precipitation, outgoing drainage, and changes in soil water storage, evap-
otranspiration is determined as the rest term of the water balance. The observation period ran from
17 October 2025 to 19 January 2026. Only one of the compartments could be used to apply the mass
balance method to. The cumulative precipitation over the observation period was 350.6 mm, though
this carries uncertainty due to a 34% discrepancy with data from the official KNMI station at Rotterdam
The Hague Airport. The cumulative outgoing drainage was 51.8 mm. The storage change component
could not be fully quantified for the entire soil profile. The soil moisture sensors, installed at 10 and 25
cm depth, only represent the upper 0.35 m of the approximately 1.15 m deep profile. Attempts to further
constrain the storage change using a nighttime water balance analysis, an event-based rainfall thresh-
old method, a graphical approach, and time lag analysis between soil moisture sensors did not produce
results sufficient to close the water balance. The cumulative water balance could not be closed due to
an incomplete quantification of the storage change over the full soil profile, possible overestimation of
precipitation, or a combination of both. The conclusion of this thesis is that, within the current setup
and observation period, it was not possible to experimentally determine the minimal water demand of
urban green spaces. The mass balance approach applied to MeSUDa is in principle well suited for this
purpose, but reliable determination of all water balance components is a necessary condition.
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Abbreviations

Nomenclature

Abbreviation

Definition

BGI Blue-Green Infrastructure

DTW Dynamic Time Warping

EC Eddy Covariance

ET Evapotranspiration

FAO Food and Agriculture Organization

FPH Flood Proof Holland

GIS Geographic Information System

KNMI Koninklijk  Nederlands Meteorologisch Instituut

(Royal Netherlands Meteorological Institute)
LDPE Low Density Polyethylene
MeSUDa Managed experimental Sustainable Urban Drainage
Area
NetCDF Network Common Data Form
VWC volumetric water content
Symbols
Symbol Definition Unit
CF Correction factor for tipping bucket area to compart-  [-]
ment area
Outgoing drainage [mm/h]

D eumulative Cumulative outgoing drainage [mm]
ET Evapotranspiration [mm/h]
ET mulative Cumulative evapotranspiration [mm]

ET,cy Makkink reference evapotranspiration [mm]
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Pright Cumulative nighttime precipitation [mm]
Puatercolumn Hydrostatic pressure of water column above diver [Pa]
S Water storage per unit area [mm]
Send Upper layer storage value at end of night [mm]
Sstart Upper layer storage value at start of night [mm]
z Vertical depth coordinate [m]
ASnight Upper layer storage difference over the night [mm]
Abresponse Soil moisture response to rainfall event [Mm3/m?3]
0 Soil moisture level [Mm3/m?3]
0(2) Soil moisture profile as function of depth [Mm3/m?3]
010 Soil moisture level at 10 cm depth [m3/m?3]
Oo5 Soil moisture level at 25 cm depth [m3*/m3]
Opost Maximum soil moisture during response window [Mm3/m?3]
Opre Antecedent soil moisture before rainfall event [m3/m?3]




Introduction

Cities are implementing Blue-Green Infrastructure (BGI) to make urban environments more resilient to
the challenges of climate change [1]. Blue-green infrastructure (BGI) combines the use of vegetation
(green) and water features (blue) to create a synergistic effect that enhances passive urban cooling [2].
Under this definition also fall urban green spaces, which are semi-natural systems such as bioswales,
green roofs, and street trees. These systems are are designed to provide ecological, hydrological, and
social benefits within cities [3], [4]. Urban green spaces, as a key component of BGI, have useful prop-
erties under which to manage storm water [5]. Urban green spaces can temporarily hold storm water
on-site, reducing the volume and rate of water entering the sewer system [6]. Peak flow reductions
of up to 70-80% have been reported in some BGI studies [7], directly relieving the load on the con-
ventional sewer infrastructure during storm events. Next to temporary storage, BGI elements reduce
total runoff volume by allowing water to infiltrate to the soil or taken up and transpired by the plants so
that it does not reach the sewer at all [8]. Another benefit of BGl is that it reduces urban heat primarily
by shading and evaporative cooling [9], [10], [11]. Shading refers to the interception of short-wave so-
lar radiation by vegetation canopy, which reduces heat absorption, heat storage, and the emission of
long-wave radiation from shaded built surfaces, while providing substantial reduction of mean radiant
temperatures [12]. Evaporative cooling results from evapotranspiration (ET) which involves not only
the transfer of water from plants to the atmosphere, but also from soil to atmosphere [12]. All these
benefits together make urban green spaces an option for cities to cope with increasing temperatures
and more intense precipitation events.

However, climate change will also increase extreme precipitation events as well as the temperature
and the severity and duration of droughts in the summer in the future [13], [14]. Therefore, at some
point in time the precipitation will not be enough to maintain urban green spaces. Currently, urban
green spaces are largely maintained using drinking water for irrigation [15]. This puts additional stress
on the availability of drinking water and therefore the production of drinking water. In turn, this will
make circumstances for people in the cities more intense [16], as drinking water availability is already
under pressure during drought periods. Studies show that the water use for irrigation is higher than
the demand of the vegetation [17], [18], [19]. [17] directly compared measured irrigation consumption
across 110 large parks and 1882 small parks in the metropolitan area of Santiago, Chile, with mod-
eled vegetation water requirements. They found that the water use for irrigation was higher than the
modeled vegetation demand, indicating a potential to save water. Over-irrigation was found to be a
widespread practice, primarily caused by extensive lawn surfaces and ornamental plants with high wa-
ter requirements. Public green spaces were found to be considerably more water efficient than private
residential gardens, because they were applying excessive watering to avoid any appearance of water
stress in the vegetation. [18] looked at the impact of 14 commonly used BGI types on household water
balance under climate projections in the Netherlands and highlighted the importance of the difference
between current irrigation norms and actual urban vegetation needs. Applying agricultural and forestry
irrigation standards to urban green spaces can lead to overuse of water resources, as these guidelines
are designed for crop growth stages and maximizing yield. In urban green spaces, especially during



drought, the priority is to sustain plant life using a minimal amount of water. [19] analyzed the irriga-
tion efficiency of six parks in Beijing across dry, moderate, and wet years, finding that in most parks
precipitation alone already exceeded evapotranspiration (which represents the actual water demand
of the vegetation) but the irrigation was still applied at rates as high as 581.95 mm/m?. Even in parks
where a real water deficit existed, the applied irrigation was 2.24 to 7.95 times higher than the deficit,
showing over-irrigation in urban green spaces. The overuse of irrigation for urban green spaces calls
for the need of better irrigation management. Additionally, municipalities responsible for maintaining
urban green spaces often operate under limited budgets. By better understanding and managing the
demand for these green spaces, financial resources can be used more efficiently, potentially freeing up
money for improved monitoring of urban water systems as well as the implementation of more efficient
irrigation strategies or systems [20], [21].

By understanding the water demand of urban green spaces, irrigation can be managed more efficiently,
helping to reduce the overuse of water and putting less pressure on the drinking water stock. Existing
approaches to estimate the water demand of vegetation, such as the FAO Penman-Monteith method,
rely on reference evapotranspiration calculations combined with crop coefficients [22], [23]. These
methods are well established, they are derived largely from agricultural settings and may not accurately
represent the water demand of the mixed, low-maintenance vegetation types that are typically used
in urban green spaces [24]. When improving irrigation efficiency in urban green spaces, the focus
should shift from potential evapotranspiration towards the minimum water demand required to maintain
plant survival and health. In addition, the estimation of evapotranspiration and subsequently plant
water requirements in urban vegetation needs to consider the heterogeneity of plants, soils, water,
and climate characteristics [25]. [26] applied an eddy covariance method to directly measure ET in
the urban environment of Berlin, Germany. The eddy covariance technique measures turbulent fluxes
of latent and sensible heat at a flux tower, but frequently produces data gaps of up to 60% annually
due to instrument failures and low turbulent atmospheric conditions. To account for these gaps, flux
footprint modeling was combined with machine learning techniques to gap-fill and model ET at a half-
hourly resolution. The methods also used remote sensing and GIS data to account for the spatial
heterogeneity of urban land cover. Although this approach achieved an R? of 0.84 at a vegetated site,
it requires extensive instrumentation and expertise, limiting its applicability to small-scale urban green
spaces. Also, a challenge of the eddy covariance method in urban environments is that the surface
area affecting the flux measurements, the flux footprint is not fixed. It changes continuously depending
on wind speed, wind direction, and atmospheric stability. An experimental approach, in which the
actual water fluxes of an urban green space are directly measured under real outdoor conditions, could
provide a more site-specific and reliable estimate for the water demand of urban green spaces.

Therefore, the research question of this thesis project is therefore: ’Is it possible to determine the
minimal water demand of urban green spaces experimentally?”

To answer this question, a mass balance approach is applied to an experimental setup called MeSUDa
(Managed experimental Sustainable Urban Drainage Area), an isolated vegetated bioswale located at
the Flood Proof Holland site on the TU Delft campus. By measuring precipitation, outgoing drainage,
and changes in soil water storage, evapotranspiration is determined as the rest term of the water bal-
ance. The experimental setup is divided into 3 section or compartments. This division allows for con-
trolled experimentation, with one compartment serving as a control and the other two as experimental
compartments. The hydrological conditions of the compartments can also be varied, in order to test
for different hydrological conditions. The MeSUDa setup is isolated from the soil where it is founded
on so it is designed to take away the influx of water from the surrounding soil. Because transpiration
is typically the dominant component of evapotranspiration in vegetated systems, this provides a direct
measure of the water demand of the vegetation [22]. The observation period runs from 17 October
2025 to 19 January 2026.

A similar experimental approach and setup was applied by [27], which used a mass balance method to
directly measure water fluxes of vegetation under real outdoor conditions using a weighing lysimeter.
However, their setup did not allow for the simultaneous comparison of different hydrological conditions
within a single experiment. MeSUDa addresses this by partitioning the setup into three isolated compart-
ments with different drainage configurations, multiple hydrological conditions. Next to that, MeSUDas
vegetation consist of plants that are commonly applied in practice in typical swales and Blue-Green



Infrastructure by landscape architects. While their are other researches that are using a mass balance
approach to estimate the water demand of the vegetation [15], MeSUDa is small scale and isolated
from water influxes of the surrounding soil by the way it is constructed.

The report is structured as follows: chapter 2 describes the mass balance approach with its scope
and the MeSUDa study area with its physical layout instrumentation. This chapter also discusses
methods on how to determine the precipitation component, the outgoing drainage component and the
storage change component of the water balance. This chapter also provides reference values for the
water balance components. Eventually it describes a method for a check of the cumulative magnitudes
for the water balance components. Chapter 3 describes a sensor data quality check to confirm the
usability of the data from the instrumentation. After that the results of the methods to determine each
water balance component are presented and discussed. Eventually the cumulative water balance is
applied to the determined components to verify the correctness of the cumulative magnitudes of the
water balance components. Chapter 3 is followed by chapter 4 and 5 that contain the conclusion and
the recommendations of this thesis respectively.



Methodology

This chapter describes the mass balance approach and how it is used to obtain the water demand of
urban green spaces. It also provides an overview of the experimental setup where the mass balance
approach is applied to. After that the scope of the water balance is outlined and reference values for the
water balance components are established. Next, methods on how to determine each water balance
component are described. The last section provides the water balance over the entire period which
serves as a check, to check if the water balance components have been determined correctly.

2.1. The mass balance approach

To address the main research question, whether the water demand of urban green spaces can be de-
termined experimentally, this study makes use of a mass balance approach, applied to an experimental
setup called MeSUDa. The details about the MeSUDa setup will be discussed in section 2.2. But in
short MeSUDa is an isolated vegetated bio-swale system, where the bio-swale consist of 3 layers (also
see figure 2.1).

A mass balance approach identifies the dominant hydrological fluxes within a defined volume. On a
given time interval, the change in water storage within this control volume is determined by incoming
and outgoing water fluxes. Incoming fluxes consist of precipitation and irrigation, when applied. The
outgoing fluxes are the drainage from the system and the evapotranspiration. By quantifying precipi-
tation, drainage, and changes in soil water storage, evapotranspiration can be determined as the rest
term of the water balance according to equation 2.1. The water balance and its main fluxes is also
schematically depicted in figure 2.1. Because the walls of the MeSUDa setup are raised above the
most upper soil layer, surface run off is not considered as a flux. When surface run off occurs, it stays
with in the control volume and exits by evaporation or infiltration and then drainage.

as

ET(t) = P(t)+ 1.(t) - D(t) - —

2.1)

where:

» ET is the evapotranspiration in [mm/h],

* Pis the in [mm/h],

* I, is the irrigation input in [mm/h],

* D is the outgoing drainage in [mm/h], and

. % is the rate of change of water storage in [mm/h].

Evapotranspiration represents the combined water loss due to soil evaporation and plant transpira-
tion and interception evaporation [22], [18]. In vegetated systems such as MeSUDa, transpiration is
typically the dominant component and is directly related to plant water uptake. So determining evap-
otranspiration provides a direct measure of the water demand of the vegetation in the system. This
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Figure 2.1: Schematic figure of the main fluxes of the hydrological fluxes of the mass balance

is under the assumption that plants are not water-stressed. Evapotranspiration reflects the amount of
water required to maintain plant physiological processes and growth, making it a suitable approxima-
tion for the plant water demand [22], [28]. Therefore, the main objective of the mass balance approach
is to estimate the water demand of the plants in the setup via the evapotranspiration. The next sec-
tions describe the experimental setup where the mass balance is applied on and reference values and
behavior of water balance fluxes. It also outlines what is included within the scope of this thesis.

2.2. The Experimental Setup: MeSUDa

The experimental setup that is used in this study was constructed, among others, by former MSc stu-
dent C.E. Martin in 2024/2025 [29]. In their thesis, Martin designed and constructed an open air lab,
which was intended to “inform research, practice, and educational activities for eco-based sustainable
water management,” with an emphasis on the enablement of long-term performance monitoring while
still supporting short-term experiments [29], [30]. They called this open air lab MeSUDa, Managed
experimental Sustainable Urban Drainage Area. MeSUDa will also be the experimental area for the
current project. MeSUDa was designed as a bioswale with a gradual slope split into "three sections to
monitor long-term vegetated swale hydrological and bio-chemical behaviour”. MeSUDa is located at
the Flood Proof Holland (FPH) site. This a site run by TU Delft's Green Village and VP Delta for outdoor
experiments and demonstrations. FPH is located on the southern end of the TU Delft campus [30].

In the next subsections the physical layout of MeSUDa, the materials and vegetation used in construct-
ing the setup and the instrumentation that is present in MeSUDa is described.
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2.2.1. Physical lay out of MeSUDa

av

(b) Base layer with a 2% slope

(c) Partitioning of MeSUDa into three compartments (d) Front view of MeSUDa (October 2025)

Figure 2.2: Overview of MeSUDa structural layout [29]

Figure 2.2 gives a general overview of the main structural features of MeSUDa. Sub-figures 2.2a and
2.2b depict the concrete retaining walls that form the foundation of MeSUDa and the base layer that cre-
ates a 2 % slope, respectively. The light slope promotes drainage for each compartment. In sub-figure
2.2c, the partitioning into three different compartments of equal size is seen. The setup is partitioned
with the use of wooden dividers and a LDPE plastic lining was used to isolate the compartments from
each other. The lining was draped over the barriers and outer walls. In sub-figure 2.2d a front view of
MeSUDa with vegetation.

An overview of the dimensions of the concrete foundation of MeSUDa can be found in figure A.1.

2.2.2. Materials and soil properties & Vegetation
With the physical layout established in the previous subsection, this subsection now presents the ma-
terials, soil properties and vegetation of MeSUDa.

Materials overview of MeSUDa

Figure 2.3 and table 2.1 provide an overview of all materials used to construct MeSUDa. The soil
properties of the fill media of MeSUDa can be found in table 2.2. Like mentioned earlier, the concrete
foundation of MeSUDa is divided into 3 compartments using wooden dividers (6). This division allows
for controlled experimentation, with one compartment serving as a control and the other two as experi-
mental compartments.

The impermeable LDPE plastic lining (7) is used to isolate the compartments from each other and from
the base layer (1) to prevent leakage and interaction between compartments and possibly the ground
soil. The lining was affixed to the barriers and walls and smoothed as much as possible, To prevent
preferential flow paths.

On top of the plastic lining, underdrains (8) are installed at the bottom of each compartment. They
consist of a perforated PVC pipe (8a) with filter stocking to prevent clogging. This perforated PVC pipe
is connected to a non-perforated PVC pipe (8b), which is slid through the concrete plastic lining and
concrete foundation to form an outlet drain for each compartment. An adhesive was used to seal the
lining around each pipe to prevent leakage. MeSUDa features two different kind of outlet drains (9 &
10) as can be seen in sub figure 2.3b. Compartment A and B have a free-flowing outflow configuration
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(9), while compartment C has an enforced water table configuration (10). This allows Compartment C
to have different hydrological conditions than Compartments A and B.

The fill medium of MeSUDa consists of the sloped base layer (1) , and on top of that successive layers
of: gravel and coarse sand (2) that cover the underdrains, fine sand (2) and the topsoil (4). There is
a layer of wood chips (5) present in compartment C, this is because MeSUDa was originally designed
to also study the effects of enhanced nitrate removal by addition of a supplementary organic carbon
source. The tree planting soil was specifically chosen as topsoil for its lower infiltration capacity to
promote a longer residence time, and therefore an extended treatment period, in MeSUDa [29], [30].
A drainage ditch (11) has been dug at the front of MeSUDa to drain the water from the outlets of the
compartments to a channel nearby.

S
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(a) Schematic side view of the soil layers (all dimensions in cm)
500 8

X

2 ®
)

®-

(b) Schematic top view of MeSUDa (all dimensions in cm)

Figure 2.3: Layers and materials of MeSUDa. This figure is linked to table 2.1 and adapted from [29]. All dimensions are in cm.
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Table 2.1: Construction Materials and Specifications for MeSUDa [29].

Number in figure 2.3

Material Name

Specification

Description

1

base material

Heterogenous mixture
of sand and rocky soil.

Available at FPH, used
to construct 2% slope.

2 gravel + coarse See table 2.2 for de- Available at FPH.
sand tails.

3 fine sand Classified as sandy Available at FPH.

loam. See table 2.2
for details.

4 topsoil Tree planting soil  Selected forlow infiltra-
(bomengrond). Clas- tion capacity (approx.
sified as sandy clay 0.25 cm/h), as tested
loam. See table 2.2 in[30].
for details.

5 woodchips Installed in compart- Available at FPH. Cal-
ment C with thickness  culated mass of ap-
=1cm,depth=90cm. prox. 16.5 kg. As-

sumed to be conifer
species.

6 wooden divider Wood planks, approx. Available at FPH.

3 cm in thickness.

7 impermeable lining  LDPE 0.5 mm plastic Used to isolate each
sheeting. compartment and pre-

vent leakage.

8 underdrain internal D0 mm PVC,  Placed at the bottom of
total length =5.8 m. 5 each swale to collect
m perforated (8a) and  and drain water at out-
0.8 m non-perforated lets.

(8b).
9 outlet drain, internal 90 mm PVC  Directs outflow down-
free-flowing joint with 45° bend. wards to drainage
ditch (11).

10 outlet drain, internal D0 mm PVC, Creates water table
enforced water 45° joint connected to  of 50 cm in the con-
level 70 cm of straight pipe  nected swale. Excess

(10a) with 90° joint at  water is directed down-
end (10Db). wards.

11 drainage ditch Dug-in ditch, width = Drains water from

30 cm, depth = 25 cm.

MeSUDa into nearby
channel.
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Table 2.2: Grain size analysis findings from [30].

Topsoil Finesand Gravel
Bulk density [g/m?] 0.96 1.81 1.60
Porosity [-] 0.64 0.32 0.40
Organic matter [%] 7 0.13 0.20
Clay [%] 15 <0.1 <0.1
Silt [%] 10 <0.1 <01
Ksat [M/s] 1.4e-5 2e-3 >2

MeSUDa's vegetation composition

Plant species differ in their transpiration rates, leaf surface area, and root water holding and uptake
capacities. Consequently, the evapotranspiration of MeSUDa is influenced by the plant species present.
A picture from the vegetation of October 2025 is seen in figure 2.4. The plant species that are present
in MeSUDa can be found in table 2.3. This selection of plants is made because they are commonly
applied in practice in typical swales and Blue-Green Infrastructure by landscape architects. In practice,
such vegetation is usually applied as pre-mixed flower/seed mixtures, developed for low-maintenance
public spaces such as swales, road verges, and sidewalks. They were planted once and then evenly
distributed across the three compartments, without a specific division per compartment.

3 o Y ] b !

muaswlmBN R

Figure 2.4: Picture of vegetation growing in MeSUDa taken 17 October 2025

Table 2.3: Overview of the vegetation present in MeSUDa.

MeSUDa’s vegetation
1. Coreopsis 7. Calendula 13. Cornflower
2. Dill 8. Purple Coneflower 14. Sneezeweed
3. Zinnia 9. Cosmos 15. Ox-Eye Sunflower
4. Borage 10. Wallflower 16. Hyssop Lavender
5. Crimson Clover 11. Cosmos Sensation 17. Bergamot
6. Aster 12. Black-Eyed Susan 18. Prairie Clover

2.2.3. Instrumentation and Measurement in MeSUDa

The MeSUDa experimental setup also features instrumentation in order to detect certain hydrological
fluxes and behavior within the three compartments, as well as materials to irrigate the compartments.
An overview of these can be found in figure 2.6 and table 2.4.

Figure 2.5 gives pictures of the monitoring and data logging instruments of MeSUDa. Those instru-
ments provide data in the form of time series. The N° notation is related to the location numbers in
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table 2.4. The weather station (N°8), shown in figure 2.5a, provides information of the precipitation.
The weather station is located at the Green Village on the TU Delft campus, which is roughly 1.5 km
from the location of MeSUDa. Figure 2.5b shows one of the types of soil moisture sensors (N°1) used
in MeSUDa. MeSUDa has two pairs of soil moisture sensors per compartment: one pair located at the
front of the compartment and one at the back. The sensors are installed in the topsoil, positioned di-
rectly above one another at depths of 10 cm and 25 cm. They provide time series of the soi moisture of
the soil at those points. Figure 2.5¢ shows a picture of one of the three tipping buckets (N°6). They are
connected to the outlet drainage pipes of each compartment and provide a time series of the amount
of water that flows out of the compartment. Finally, figure 2.5d gives a picture of a real-time water level
monitor using a pressure sensor, a diver (N°2). These divers are used to check if there is a water table
building up in the compartments.

The water reservoir (N°4), the water can (N°5) and the perforated tube (N°7) can be used to irrigate
the compartments.

Now that the study area and experimental setup are outlined, the next section will discuss the methods
of obtaining and quantifying the mass balance components.

(b) Example of a type of soil moisture sensor:
Decagon 5TM watercontent sensor [32]

‘ ) (d) Van Essen TD-Diver: water level
(c) ECRN-100 rain gauge datalogger [33]

Figure 2.5: Overview of monitoring and data-logging instruments in MeSUDa
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Figure 2.6: Schematic top view of MeSUDa with its instrumentation and irrigation material. The descriptions of the numbers
can be found in table 2.4
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Table 2.4: Overview of the instrumentation and irrigation material present in MeSUDa. N° are linked to figure 2.6

N° Feature Name Specification Description
1 Soil moisture sensors Soil moisture sensors (METER Provides soil moisture data at two depths (10
TEROS 12 (3), Decagon 5TM (8), cm and 25 cm), with two sensors per depth pro-
Decagon ECHO EC-5 (1) file (four per compartment, 1 pair in the front
and 1 in the back). This helps to identify wilt-
ing point and to control the fixed water table
compartment. And provides information of the
speed of the wetting front
2 Divers Van Essen TD-Divers (6) (2 per Creates data regarding water depth per com-
compartment) positioned 20 cm partment, helps to identify wilting point and con-
away from the walls trol the fixed water table compartment
3 Data receivers ZL6 data receiver (3) Two receivers are connected to the soil mois-
ture sensors, and one to the tipping buckets,
allowing for phone log storage and image anal-
ysis
4 Water reservoir 1000 L (1.0 m x 1 m x 1 m) plastic Storage and holding unit for water, used for the
container forced water table section
5 Water can 60 L plastic container with a tube (Intermediate) holding unit, for distriution of wa-

for forced irrigation

ter over the compartment via the perforated
tube (N° 7)

6 Tipping buckets

ECRN-100 tipping buckets (3)

Used to quantify the amount of water that is
draining from the compartments via their out-
lets

7 Perforated tube

A regular perforated tube that can
run from the water can to the end
of a compartment

The perforated tube is connected to the water
can and is used to distribute the water from the
water can for forced irrigation

8 Weather station

A Davis Vantage Pro2 weather sta-
tion, located approximately 1.5 km
from FPH site

Used to quantify precipitation

2.3. Scope of the water balance approach

The water balance as applied in this study considers precipitation and irrigation as the only incoming
fluxes, and outgoing drainage and evapotranspiration as the only outgoing fluxes. Several processes
that could in reality contribute to the water balance of MeSUDa are not considered. First, leakage
through the LDPE lining is assumed to be negligible, as the lining was installed to isolate the compart-
ments from each other and from the surrounding soil. However, imperfections in the lining, such as
folds or gaps around the outlet drainage pipe connections, could introduce unquantified water losses
that would be attributed to evapotranspiration in the rest term. Second, capillary rise from deeper soil
layers below the gravel layer is assumed negligible, because of the concrete foundation base and of
the impermeable lining at the base. When reading the thesis these simplifications need to be kept in
mind while reading the method and the results.

2.3.1. Reference magnitudes of the water balance components

To be able to assess whether the measured fluxes are physically plausible and consistent with the
expected hydrological behavior of MeSUDa, reference values for each component of the water balance
must be established.

For precipitation, the data from the weather station at the Green Village on the TU Delft campus is used
directly. To verify the reliability of these measurements, they are compared to precipitation recorded at
the official KNMI weather station at Rotterdam The Hague Airport, which is the nearest official KNMI
station to the FPH site.
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The cumulative precipitation over the entire observation period according to the weather station at Rot-
terdam the Hague Airport is 260.2 mm. Figure 2.7 compares the precipitation values between the data
from the Green Village and Rotterdam Airport. It is seen that the cumulative rainfall according to the
Green Village data is 350.6 mm which is 34 % higher compared with the cumulative rainfall according to
the data of Rotterdam Airport. This is a high difference. This questions the reliability of the precipitation
data and therefore it should be interpreted with caution. The weather station at Rotterdam Airport is
likely of higher quality and uses well-calibrated gauges. Nevertheless, the precipitation dataset from
the Green Village weather station is used in this study. This choice is made because the Green Village
location is approximately 1.5 km from the FPH site, whereas the Rotterdam Airport station is approx-
imately 4.7 km away. Due to the spatial variability of precipitation, the station closest to the site is
considered more representative and prioritized over measurement differences. The cumulative pre-
cipitation of Rotterdam Airport is 90 mm lower this introduces uncertainty in the analysis made in this
study. The overall shape of the time series are similar, but during the October month Rotterdam Airport
displays higher rainfall amounts and during the January month Green Village produces higher values.
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Figure 2.7: Rainfall amount and cumulative rainfall for the entire observation period for precipitation values according to
weather stations at the Green Village TU Delft and at Rotterdam The Hague Airport. Time resolutions are both 1 hour.

For evapotranspiration, a reference value is obtained from the monthly Makkink reference evapotran-
spiration values published by KNMI for De Bilt. Makkink requires the incoming shortwave radiation
and the mean daily temperature to calculate the reference evaporation for a particular day [34]. By
summing the monthly Makkink ET values for October, November, December and January, a cumu-
lative reference ET for the observation period can be obtained. This value provides an independent
order-of-magnitude estimate against which cumulative evapotranspiration values can be compared.

An overview of the cumulative evapotranspiration according to the weather station at the Bilt can be
found in table 2.5. According to this data, the total evapotranspiration over the observation period is
42.8 mm for the entire observation period.

Table 2.5: Table of the Makkink reference evaporation in mm of weather the Bilt of the entire observation period per month [35].

Month ET, cr [Mm]
17 - 31 October 11.0
November 13.8
December 8.1
1-19 January 9.9

Total: 42.8 mm
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For storage, the maximum possible water storage of a compartment is estimated from the physical
dimensions and soil properties of the fill medium of MeSUDa. The total pore volume available for water
storage in a compartment can be estimated as the product of the compartment volume and the porosity
of each soil layer. The compartment dimensions and soil layer thicknesses as well as the porosity are
known from the construction of MeSUDa as described in section 2.2.2.

The results of the pore volume estimation per soil layer per compartment of MeSUDa can be found in
table 2.6. As seen in the table the total pore volume of one compartment is 2.55 m3, which is 489 mm of
water storage that is possible in one compartment. It is also seen in the table that the top layer has the
largest pore volume of the three layers. The upper bound for the water storage in the upper layer of a
compartment, according to table 2.6, is 1.16 m? /(0.9 - 5.8) m? = 222 mm. So 222 mm is the maximum
possible storage in the upper 0.35 m of topsoil assuming all pores are filled with water, which means it
represents the storage when the soil is fully saturated.

Table 2.6: Total pore volumes available for water storage per layer per compartment [30]

Layer Porosity [-] Layer volume m?® Layer pore volume m3
Top soil 0.64 1.82 1.16
Fine sand 0.32 3.39 1.08
Gravel 0.40 0.78 0.31
Total = 2.55 m?

For outgoing drainage, no independent reference value can be determined prior to the measurements.
Instead, an estimated bound of the expected drainage is obtained from the water balance as D = P
- ET, under the assumption that the net storage change over the observation period is negligible. If
the net storage change is not negligible and storage increased over the observation period, the actual
cumulative drainage will be lower than this bound, because part of the precipitation is retained in the
soil rather than draining out. If storage decreased over the period, drainage could in principle exceed
this value, because water from before the observation period could have also drained out.

The result of the bound that is obtained via the water balance and the cumulative precipitation and
cumulative evaporation values can be seen in table 2.7.

Table 2.7: A bound for the cumulative drainage over the entire observation period, with ET the Makkink reference
evapotranspiration and P the cumulative rainfall over the period

P [mm] ET [mm] D [mm)]
350.6 42.8 307.8

This boundary value, D = 307.8 mm, is not a measured result, but an assumption-based estimate that
can be interpreted as a reference or upper bound for drainage, depending on the storage change. The
actual drainage depends on if the storage change increased or decreased over the entire observation
period.

2.4. Experimental Determination of Mass Balance Components

This section discusses how the different components of the water balance, as described in equation
2.1 and in section 2.1, are determined. The individual hydrological fluxes are quantified using the instru-
mentation described in Section 2.2.3. The digital sensor data is processed using Jupyter Notebooks,
which provide an accessible and transparent workflow. The following subsections present an overview
of the methods used to preprocess the sensor data, examine them and prepare them as usable inputs
for the mass balance equation.

2.4.1. Area and weather conditions during observed period
The documented observation period was from 17-10-25 until 19-01-26. During these months, the
weather conditions and the MeSUDa setup changed. Changes that need to be noted in weather condi-
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tions are that during the observed months the evapotranspiration is much lower compared to the sum-
mer months [35], due to the lower incoming shortwave radiation [34]. These low evaporation months
are suitable for closing the water balance because it is then easier to identify leakages, storage losses
and measurement errors. Also, during the observation period the plants in the MeSUDa setup were
pruned on 30-11-2025 for every compartment, see figure 2.8. This decreased the water interception
ability of the plants. Lastly, in the period 3-12 January, the weather conditions were cold with days
below the freezing point and heavy snowfall on the 3rd,5th,7th and 9th of January.

(a) before (b) after

Figure 2.8: Pictures of MeSUDa before and after pruning the plants. Pruning date 30-11-25

2.4.2. Precipitation and Irrigation

The precipitation is measured by the weather station present at the Green Village on the TU Delft
campus, which is located roughly 1.5 km from the location of MeSUDa. The precipitation time series
are retrieved from NetCDF files obtained from the Ruisdael Data Platform [36]. The data are provided at
a temporal resolution of 1 minute and expressed in units of mm h™'. The time series can be converted
to alternative temporal resolutions by resampling the data to the target resolution using mean or sum
aggregation over fixed time intervals. In addition, the data can be converted to precipitation amounts
and cumulative precipitation. These processing steps enable the analysis of precipitation at different
values and temporal resolutions.

Intentional irrigation could be performed with the water can and the perforated tube (number 5 and 7
respectively of figure 2.6). But during the observation, no irrigation was applied. Precipitation is the
only input to the water balance model during this thesis. After pre-processing, the precipitation data
from the weather station can directly be used as component of the water balance.

2.4.3. Water depth with respect to the bottom of the compartment

Inside each compartment there are two divers installed, one in the front and one in the back of the
compartment. These divers are placed in vertically positioned perforated pipes that reach up into the
gravel layer. They measure the hydrostatic pressure of the water column above the sensor if there is
any present. So, they obtain data on the water depth in the compartments and therefore if there is
water level in the compartment.

Because the divers measure pressure and not depth with respect to the bottom of the compartments,
their values have to be corrected. To account for the air pressure that also contributes to the pressure
measured by the divers, the air pressure has to be subtracted from the diver pressure value in order to
obtain the hydrostatic pressure of the water column above the diver. The correction looks like Pyatercolumn
= Pgiver - Pair- The diver data will mainly be used to check whether there is a water level build up inside
the compartments

2.4.4. Outgoing drainage
Tipping buckets are connected to the outlet drains of each compartment and they are rain gauges
that measure the outflow of the compartment. They collect the water from the outlet drains through a
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funnel and direct it to a double-bucket mechanism. This mechanism collects the water in one of its two
buckets, and when the bucket is full, the mechanism tips to one side. As a result, the bucket is emptied
and a signal is send to the sensor; each tipping event is recorded, hence the name tipping bucket. See
figure 2.9.

Figure 2.9: Schematic crossection of a tipping bucket rain gauge [37]

The ECRN-100 tipping buckets that are used in MeSUDa have a volume of 4.02 ml/tip and rain depth
of 0.2 mm per tip listed in the specifications [38]. So the surface where the tipping bucket calculates its
values over is Apycket = 4.02:107% m3 / 0.0002 m = 0.0201 m2. The surface area of the compartment
is Acompartment = 0.9 - 5.8 m?. So to correct the tipping bucket values that the data logger provides to
the area of compartment, they are multiplied with a correction factor of CF = Agycket / Acompartment =
(0.0201/0.9-5.8).

Due to the design of the tipping bucket, it is prone to errors. These errors can come from mechanical
movement against the housing of the tipping bucket, which may cause the bucket mechanism to tip
without there being any actual outflow. This unintended movement can be from accidental contact of
humans or movement caused during the resealing of the lids. Additionally, water that accumulates
in the ditch below the tipping buckets can, when the water level becomes sufficiently high, enter the
tipping bucket through the drainage openings in the housing. This may also result in tipping events
without corresponding outflow. Lastly, there is also the possibility that the lids of the tipping buckets are
not fully sealed. Water may accumulate on the lids and leak through the space between the lid and the
outlet pipe of the compartment, causing tips

To account for these errors, a filter threshold is applied to the tipping bucket data in order to remove
outliers. The threshold is determined empirically using the drainage data of compartment C. Since the
outlet drain of compartment C is configured such that drainage should only occur when the water level
exceeds 50 cm, and this water level was never reached during the observation period, any recorded
drainage in compartment C can then be attributed to these errors. The maximum outgoing drainage
recorded in compartment C at a 1 hour resolution is 0.458 mm over the compartment area. A value
of 0.46 mm is therefore used as the filter threshold for the outgoing drainage of the compartments.
The time series can also be resampled using sum aggregation over fixed time intervals just like the
precipitation data. After pre-processing, conversion to the right area and error filtering, the outgoing
drainage can be directly used as component for the mass balance.

2.4.5. Storage change

The compartments of MeSUDa all contain two pairs of soil moisture sensors. They are placed directly
above each other at two different depths, with one pair in the front and one pair in the back of the com-
partment. The soil moisture sensors were installed in the upper soil layer (see figure 2.3a) to monitor
moisture conditions within the active root zone. Placing them there allows for detection of soil mois-
ture levels approaching the permanent wilting point, and therefore providing information about potential
plant water stress. In addition, changes in soil water storage due to soil evaporation can be detected,
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because evaporation primarily occurs near the soil surface. Since the plants of the herbaceous and
shallow-rooted species that are used in MeSUDa are concentrated in the upper soil layer, this zone is
also where most water uptake for transpiration takes place. This makes it a relevant depth for monitor-
ing soil moisture changes related to evapotranspiration.

The sensors provide the soil moisture levels) of the soil in m3/m3. The soil moisture is defined as the vol-
ume of water per the total volume of soil [39]. The soil moisture values are in a 5 minute time resolution
and can also be resampled to different target resolutions when needed, also using mean aggregation
over fixed time intervals. The soil moisture sensors were calibrated using field measurements under
three reference conditions: dry (0 m3*m?), wet (0.375 m®/m?3), and saturated water (1 m3m3). For each
individual sensor, a linear relationship between the measured sensor output and the corresponding ref-
erence value was fitted (y = ax+b). The derived calibration coefficients were then applied to all raw time
series data to obtain calibrated soil moisture levels for further analysis. Unlike the other mass balance
components, the storage change is not directly measured by any instrumentation. The soil moisture
sensors measure the soil moisture at four locations per compartment and only within the upper soil
layer. Alternative approaches must be undertaken to determine the storage change component.

Upper layer storage estimation

The approach below describes a method for determining the storage change in the upper 0.35 m of
soil. This can be used to partially quantify the storage change component of the water balance for
the whole soil profile. This approach was implemented by using the soil moisture measurements of
the soil moisture sensors at the two different depths. Figure 2.10 displays a schematic front view of a
compartment, here the location of the the soil moisture sensors can be seen. The method reconstructs
a continuous vertical soil moisture profile from these point measurements and integrates it over depth
to estimate total water storage.

Figure 2.10: Schematic front view of a compartment of MeSUDa with the location of the soil moisture sensors depicted in
purple (all dimensions in cm).

The symbol for soil moisture that is used is 8. Let 8;4(t) be the soil moisture level measured at 0.10 m
depth and 825(t) at 0.25 m depth. A linear variation of soil moisture with depth is assumed between the
two sensor locations. The change of soil moisture with vertical depth is therefore calculated according
to equation 2.2

df a5 — 010

= 22 70 22
dz 0.25-0.10 (2.2)

With this assumption, the soil moisture profile 8(z) at time t can be expressed as seen in equation 2.3.
This is a one-dimensional (1D) vertical soil profile. This means that soil water dynamics are considered
to vary only as a function of depth z, while changes in the horizontal directions are neglected. In
other words, the control 'volume’ is assumed to represent a vertically oriented soil column with uniform
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hydraulic conditions across its horizontal extent. This means that water flow occurs only vertically and
horizontal changes in soil moisture are neglected.

9(2) =00+ %Z (Z — 010) (2.3)

Because measurements were only available between 0.10 m and 0.25 m, the linear trend was extrap-
olated to the upper and lower boundaries of the considered upper soil layer, so to z= 0 m and to z =
0.35 m. Now that the soil moisture profile 8(z) is known, the storage per unit area can be calculated by
taking the integral of 8(z), see equation 2.4. The resulting storage S(t) represents the equivalent water
depth in meters stored within the upper 0.35 m soil profile.

S(t) = /0 0(2)d> (2.4)

Because two independent pairs of soil moisture sensors were installed, one pair can be used as a
control to check and compare the storage estimates derived from the other pair. The result is data,
continuous in time, of storage in the upper layer derived from discrete depth measurements.

Night time water balance analysis

The method for evaluating the water balance during the night times with the use of the upper layer
storage change as described by equation 2.4 is presented here. If the cumulative rainfall and drainage
during the night correspond to the observed upper layer storage change, it indicates that the measured
fluxes describe the system well. During the night, evapotranspiration can be assumed negligible, which
simplifies the water balance. This makes it possible to check whether the remaining components close
the balance.

This nighttime water balance provides an independent consistency check of the precipitation and out-
going drainage component with the upper layer storage change component. This is done to see if the
upper layer storage change component is representative for the whole soil profile.

Nighttime intervals were defined as the time between sunset and the subsequent sunrise. Using these
periods allows the water balance to be simplified, as evapotranspiration can be assumed to be approxi-
mately zero. Therefore the night time water balance becomes equation 2.5, where Ppgn is the cumula-
tive precipitation over the night, Dnght the cumulative outgoing drainage over the night and ASgnt the
upper layer storage difference over the nights .

Pnight - Dnight = A‘S’night (25)

For each nighttime interval, the upper layer storage at the beginning and end of the night is determined
from the previously calculated upper layer storage time series. Because the storage data is recorded
at discrete time intervals, the storage values closest in time to the night start and night end are selected.
The nighttime change in upper layer storage is then calculated as: ASyignt = Send-Sstart- With Seng the
upper layer storage value at the end of the night and Sg,t the upper layer storage at the beginning
of the night. For each identified nighttime period, the cumulative rainfall and cumulative drainage are
calculated. This is done by summing all rainfall and drainage measurements that occur between the
start and end of the night. The soil moisture dynamics are also analyzed for the night periods. For both
the upper and lower sensor, the soil moisture value at the start and end of the night is determined, and
the total change over the nighttime period is calculated. This allows the short-term dynamics of soil
moisture during the night to be examined when necessary.

Estimation of time lag between the two soil moisture sensors

The following part describes two methods of estimating the time lag between the two soil moisture
sensors. The first method uses cross-correlation between the values of the two different soil moisture
sensors to see at what time lag the correlation value is maximized. The second method used is dynamic
time warping (DTW), to obtain a time-dependent estimate of the lag between the upper and lower soil
moisture responses.
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The time lag between soil moisture sensors provides information about how fast the water moves
between the two soil moisture sensors in the top soil layer. If this travel time is known an estimation
can be made for when it arrives at the bottom of the upper layer and moves into the sand layer. Knowing
this, it could help estimate how much water leaves the topsoil, thereby constraining the storage change
in the deeper part of the profile. This can help further quantifying the storage change for the whole soil
profile.

Cross-correlation is a statistical technique that measures the similarity between two time series as a
function of a time shift between them [40].Because the soil moisture sensors are located directly un-
derneath each other, the upper sensor reacts earlier than the lower one and therefore there is a time
lag between the two soil moisture sensor signals.

First the changes in soil moisture are calculated by taking the difference between consecutive mea-
surements. Then the mean is removed from both time series to ensure that the correlation only looks
at the temporal changes around the average behavior [41], [42]. The cross-correlation function is then
computed for a range of positive and negative time lags. This function quantifies how well the changes
in the upper and lower soil moisture sensors correspond when one signal is shifted relative to the other.
A positive lag indicates that the lower sensor responds after the upper sensor, which can be interpreted
as the time required for the moisture signal to propagate through the soil profile. The cross-correlation
function can then be evaluated for a range of time lags. The lag corresponding to the maximum corre-
lation value is interpreted as the statistical best estimate of the time lag between the responses of the
two soil moisture sensors.

Dynamic time warping (DTW) is an algorithm for measuring the similarity between two temporal se-
quences which may vary in speed [43]. This approach is particularly useful when similar patterns occur
in both time series but with varying timing or response rates [44]. Before applying the algorithm, the
soil moisture time series are normalized to remove differences in magnitude between the sensors.
The DTW algorithm then determines the optimal alignment between the upper and lower soil moisture
time series by minimizing the distance between the two signals. The result of the algorithm is a warping
path that describes how the two time series would be aligned in time. From this alignment, the differ-
ence between the matched indices of the two signals is extracted. When it is then multiplied with the
time resolution of the two soil moisture signals, the difference in indices is converted to the time lag
between the sensors in minutes. After this, the time evolution of the lag can be analyzed and related
to factors such as rainfall events.

Quantifying lower bound estimate of water storage on vegetation and first 10 cm of soil

Figure 2.11: Schematic front view image of the soil profile and the vegetation of MeSUDa. The purple squares indicate the
location of the soil moisture sensors and all dimensions are in cm.
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In the method described in this section, an attempt is made in quantifying a lower bound for the amount
of rainfall that can be temporarily stored on plant surfaces or in the upper 10 cm of soil (see figure 2.11).
This storage occurs before the water infiltrates further into the soil profile or before drainage occurs.
The estimation of this lower bound is done by combining precipitation measurements with soil moisture
observations at 10 cm depth and drainage measurements.

The goal of this analysis is to isolate the amount of water stored on the plants and thereby further
quantify the storage change component. This is because, in the upper-layer storage change, the water
stored on the vegetation is not accounted for, since this storage change is based only on data from the
soil moisture sensors.

Define rain events

Y

Calculate SM response to
those rain events

l

Define soil moisture sensor noise

\ 4

Check if there is a drainage response

Y

Classity non-responsive rainfall events

Y

Obtain lower bound estimate of
water storage on vegetation and
first 10 em of soil

Figure 2.12: Steps of the rainfall threshold event-based analysis for quantifying water storage on vegetation and first 10 cm of
soil

Figure 2.12 gives an overview of the steps of this method described in this section. The first step is the
identification of what is considered to be an individual rainfall events. Rainfall events are defined as
continuous periods during which precipitation is recorded (P > 0). Each time step where rainfall occurs
after a dry time step marks the beginning of a new rainfall event. For each event, the start time, end
time, duration, and total rainfall depth is determined. Events with very small rainfall totals are removed
using a minimum rainfall threshold. This is to exclude negligible precipitation that is unlikely to produce
a hydrological response.

To determine whether rainfall infiltrates into the soil profile, the response of the soil moisture sensors is
evaluated for each rainfall event. The soil moisture response is quantified by comparing the antecedent
soil moisture to the post-event soil moisture. Antecedent soil moisture is defined as the mean soil
moisture during a time window preceding the start of the rainfall event. After the rainfall event ends,
a response window is defined in which the maximum soil moisture value is determined. Separate
response windows are used for the two sensors to account for differences in infiltration timing between
depths. The soil moisture response at each depth is then calculated as seen in equation 2.6

Aaresponse = apost - apre (26)

Where 8, is the antecedent soil moisture and Bt is the maximum soil moisture level during the previ-
ously defined response window. The maximum level is used because it results in the most conservative
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response by ensuring that not all smaller soil moisture levels are classified as responses.

Because soil moisture sensors exhibit measurement noise, small fluctuations in soil moisture may occur
even when no real hydrological change takes place. To account for this, the magnitude of sensor noise
is estimated using dry nighttime periods. Dry nights are defined as consecutive nights in a period
with zero rainfall. The change in soil moisture between consecutive measurements is assumed to
represent measurement noise. These consecutive nights are the nights of dry period 04-11-25 till 09-
11-25. The 99th percentile and not the 95th percentile of the absolute soil moisture changes is used
as a conservative estimate of the sensor noise threshold for each sensor depth. The sensor noise is
determined separately and noise is assumed constant over time.

In addition to soil moisture changes, drainage measurements are analyzed to detect whether rainfall
water is leaving the compartment. For each rainfall event, the drainage volume is summed over a
specified period following the event. The drainage response window is limited to either a fixed duration
after the event or the start of the next rainfall event, whichever occurs first. This prevents drainage from
a subsequent rainfall event from being incorrectly attributed to the previous event.

In addition to soil moisture changes, drainage measurements were evaluated following each rainfall
event to determine whether measurable outflow occurred during the following period. The drainage
response window was limited to either a fixed duration after the event or the start of the next rainfall
event, whichever occurs first. This approach does not attempt to attribute drainage to individual rainfall
events, but rather tries to be as a conservative filter to exclude events where water left the system after
rainfall.

Using the precipitation, soil moisture, and drainage responses, rainfall events are classified according
to whether they produce a self- defined detectable hydrological response. A rainfall event is considered
an non- responsive rainfall event when the following conditions are satisfied:

« the soil moisture increase at 10 cm does not exceed the sensor noise threshold
* no measurable drainage occurs following the event

Events that meet these criteria are interpreted as rainfall events for which all incoming water is tem-
porarily stored on the plants surface or in the first 10 cm of topsoil. The capacity of the water stored
on vegetation and first 10 cm of soil is then estimated as the maximum rainfall depth among all non-
responsive rainfall events. This value represents the largest rainfall event that can take place without
producing a soil moisture response in the upper sensor or measurable drainage. This value is then
interpreted as a conservative lower-bound estimate of the water storage on vegetation and first 10 cm
of soil of the compartment.

Like stated in section 2.4.1, the plants in all the compartments were pruned at 30-11-25. This provides
data with plants and data without plants. Before the pruning the water storage that is being investigated
in this section consists of the interception on the plant and the water in the first 10 cm of soil. Lets call
this, lpefore,prune = lplants + lsoil. After the pruning the the water storage that is being investigated in this
section, only consists of the water stored in the first 10 cm of soil, SO latter prune = lsoil. With this information
the lower bound of the the water storage on the vegetation and first 10 cm of soil, can be estimated
separately according to equations 2.7 and 2.8 respectively.

Iplants = Ibefore,prune - Iafter,prune (27)

Isoil = Iafter,prune (28)

Where:

* lpefore,prune iS the lower bound estimate water storage on the vegetation and first 10 cm of soil,
before the pruning moment and

* latterprune the lower bound estimate of the water storage on the vegetation and first 10 cm of soil,
after the pruning moment and

* lpiants the lower bound estimate of the interception reservoir of the plants of MeSUDa and
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* lsoil the lower bound estimate of the water stored in the first 10 cm of soil.

A visual aid for interpreting equations 2.7 and 2.8 is provided in figure 2.13.

i
30-11-25
|t Lot
~— —
| before prune |aﬁer prune

Figure 2.13: Schematic supporting figure intended to aid interpretation of equations 2.7 and 2.8

Graphical approach

An additional graphical approach was applied to estimate the lower bound of the water storage on the
vegetation and first 10 cm of soil. For this approach, a dry period (04-11-2025 18:00 - 10-11-2025
07:00) is selected during which soil moisture at 10 cm depth is stable. Starting from this dry period,
the cumulative rainfall is plotted against the change in soil moisture at 10 cm depth. The soil moisture
signal is zeroed at the start of the period so that the vertical axis represents the change in soil moisture
relative to the initial dry conditions. Under these conditions, incoming rainfall is first intercepted by the
vegetation and stored in the upper soil layer before any soil moisture signal is detectable at 10 cm
depth. The capacity is then estimated as the cumulative rainfall at the point where the soil moisture
signal first exceeds the sensor noise threshold, as defined previously. This analysis is executed for
the period 06-11-25 till 19-11-25. This is still before the pruning date so it captures the influence of
the vegetation. This additional graphical approach is added as a check because it is less sensitive to
threshold choices.

2.5. Water balance over the entire observation period

If all mass balance components of the water balance are can be determined the cumulative water
balance over the entire observation period can be used to check for water balance closure. The goal
is to calculate the cumulative evapotranspiration via the water balance and compare the outcome with
the reference value for the cumulative evapotranspiration as described in section 2.3.1. The equation
for the water balance over the entire period is equation 2.9. The entire observation period that ran from
17-10-25 up to 19-01-26.

ETcumulative = Pcumulative - Dcumulative - AStotal (29)

Where:
* Poumulative 1S the cumulative precipitation over the entire period in mm
* Dcumulative is the cumulative outgoing drainage over the entire period in mm
* ASiuta is the storage change over the entire period in mm

If the the water balance in equation 2.9 can be closed or not, provides insights in if the mass balance
components of the compartments are determined correctly.



Results and Discussion

This chapter presents and discusses the results of the methods to determine each water balance com-
ponent. First the measured sensor data is analyzed and is checked for usability, this outlines which
sensor data can be used. Then, the results for the precipitation component and outgoing drainage
component are presented. After that, the attempts for quantifying the storage change component for
the whole profile are shown. Since the main objective of this thesis is to determine the water demand
of urban green spaces by solving the water balance, the components of the water balance are the
primary results. For each component, it is therefore also directly discussed whether the results are
usable. Lastly it is looked if the cumulative water balance over the entire period can be closed.

3.1. Sensor data quality check

Before presenting the results of the different analyses, the sensor data was first examined to verify that
the measurements were consistent and behaved as expected. This is a basic quality check to confirm
that the sensors were functioning properly during the observation period and that the recorded values
are physically plausible. Reference values established in section 2.3.1 are also used for this. The
sensor data is quality checked for all compartments and a judgment is made about the usability of the
sensor data.

Sensor check compartment A
What can be noted about the sensor data of compartment A, seen in figure 3.1 is:

+ All quantities for precipitation and soil moisture are in the right order of magnitude and consistent
with the reference values established in section 2.3.1.

» The lower soil moisture sensor displays roughly the same pattern as the upper, but in general
with a time delay.

* Most increases in soil moisture are preceded by precipitation events.
* During extended dry periods ~6-14 November), soil moisture gradually decreases.

23
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Figure 3.2: Outgoing drainage timeseries of the entire observed period of compartment A in mm. Resampled to 1 hour with
the sum. The drainage values in this figure are over the area of the entire compartment.

For compartment A, there were limitations in the measurement of the outgoing drainage. The time
series indicates almost no drainage except for some spikes at certain time stamps (see figure 3.2). Over
the entire observation period the total outgoing drainage added up to 0.022 mm, which is too small. Two
explanations for this lack of outgoing drainage are leakage and tipping bucket malfunctioning. Leakage
is considered possible because the divers do not indicate a water level inside the compartment, so water
has left the compartment undetected by the tipping buckets. This is either because of leakage through
the plastic lining or through the seal between the under drain and the foundation walls or through the
sealing between the outlet drain pipe and tipping bucket lid. The other explanation is that the tipping
bucket of compartment A is malfunctioning and it can not register reliable drainage values. Which of
these explanations is true is not determined

Sensor check compartment B
What can be noted about the sensor data of compartment B seen in figure 3.3

+ All quantities for precipitation, outgoing drainage and soil moisture are in the right order of mag-
nitude and consistent with the reference values established in section 2.3.1.

» The lower soil moisture sensor displays roughly the same pattern as the upper, but in general
with a time delay.

* Most increases in soil moisture are preceded by precipitation events.

After peak drainage events, the drainage signal gradually decreases over time. This is as ex-
pected with gravitational drainage

» Drainage events occur mostly after periods of rainfall and elevated soil moisture levels. When this
is not the case this is an argument that storage / water retention is happening in the compartment.

» During extended dry periods ~6-14 November), soil moisture gradually decreases and drainage
approaches zero, which is consistent with evapotranspiration and redistribution of water within
the soil.

The lower soil moisture sensor that is located at the back of the compartment displays fluctuations
exceeding what can be attributed to typical sensor noise, as illustrated in figure 3.4. These spikes are
attributed to sensor failure. This makes the sensor values of the lower soil moisture sensor in the back
of compartment B not usable.
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Figure 3.4: Timeseries of soil moisture sensors of the entire observed period of the back of compartment B in m3*m3. The
values are in a 1 hour time resolutions

The time series from the sensors of compartment B that are plotted in figure 3.3 indicate that the
sensors functioned consistently and provide measurements which can be used for a water balance
model. Soil moisture dynamics and drainage responses are behaving as expected and magnitudes are
in agreement with the reference magnitudes established in section 2.3.1. Only soil moisture sensors
in the front of the compartment can be used since there is malfunctioning of one of the sensors in the
back.

What can be noted about the sensor data of compartment C seen in figure 3.5 is:

+ All quantities for precipitation and soil moisture are in the right order of magnitude and consistent
with the reference values established in section 2.3.1.

* The lower soil moisture sensor displays roughly the same pattern as the upper, but in general
with a time delay

* Most increases in soil moisture are preceded by precipitation events.
» During extended dry periods ~6-14 November), soil moisture gradually decreases.

For compartment C, there is also sensor behavior that is not expected. The outlet drain is configured
in such a way that the tipping bucket should only register drainage values when the water level in
compartment C exceeds 50 cm (see sub-figure 2.3b). Despite this outlet drain configuration, the divers
in compartment C that check whether there is a water table do not show a water level build up inside
the compartment. This indicates that compartment C has leakage either through the plastic lining or
through the seal between the under drain and the foundation walls or in the outlet drainage pipe.
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Figure 3.6: Outgoing drainage timeseries of the entire observed period of compartment C in mm/h. Resampled to 1 hour with
the sum

Despite this leak figure 3.6 shows values. It shows a maximum drainage peak of 0.45 mm/h. The
compartment area was 5.22 m?, so this peak corresponds to 0.00045 m - 5.22 m? = 2.35 L of water.
With the tipping bucket spoons having 4.02 mL/tip, this translates to 2.35/0.00402 = 584 tips. Therefore,
the possibility that caused by mechanical movement of the housing of the tipping bucket is ruled out.
Since the tipping bucket is elevated further from the ditch than those of compartments A and B, water
entering from below cannot be the cause of these tips. A more likely cause of this outgoing drainage
measurement and by the same logic also the smaller ones, is that the lids of the tipping buckets are
not fully sealed. Water may accumulate on the lids and leak through the space between the lid and the
outlet pipe of the compartment. That together with measurement noise can cause the registration of
outflow when there should not be any.

3.1.1. Statement about snow processes and frozen soil conditions

Snow accumulation and frozen soil conditions introduce processes that are not explicitly accounted for
in this thesis. When snow accumulates on the surface, the actual water input to the compartments
is delayed until the snow melts. Also, frozen soil conditions can reduce infiltration capacity, delaying
the movement of water through the soil profile. However, these processes are not expected to affect
the conclusions of this project. For the cumulative water balance over the entire observation period,
the timing of water input is not important since all accumulated snow will eventually melt and enter the
system as liquid water. For the outgoing drainage component, any delayed infiltration or snowmelt-
driven drainage would occur near the end of the observation period, where the tipping bucket data of
compartment B already shows near-zero drainage, meaning the effect on the cumulative drainage is
negligible. For the nighttime water balance analysis, the snow and frozen soil conditions could introduce
timing inconsistencies between the recorded precipitation and the observed storage response during
the affected nights. However, this analysis is used to evaluate trends in water balance closure rather
than quantifying exact quantities. Lastly, the days of snow and freezing are approximately 9 days and
are a small fraction of the total 94-day observation period. For these reasons, snow accumulation and
frozen soil processes are not explicitly included.

3.2. Results of the mass balance components

Section 3.1 showed that compartment A and compartment C have unreliable outgoing drainage values.
Therefore they can not be used to apply the mass balance method on and obtaining a reliable estimate
for the evapotranspiration term. Compartment B showed sensor values that are possible and the outgo-
ing drainage value of compartment B does not have the same unexpected behavior as compartments
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A and C. It it therefore chosen to apply the methods for determining the mass balance components,
as described in section 2.4, only to the dataset of compartment B. The results described in the current
section will mainly be focused on compartment B.

3.2.1. Precipitation component

The precipitation data for the observation period was obtained directly from the weather station at Green
Village. During this period, the majority of precipitation fell in the periods 20-10-25 / 28-10-25 , 13-11-
25/ 25-11-25 and 02-01-26 / 10-01-26. Like stated in subsection 2.4.2, no irrigation was applied, so
all water inputs to the compartments originate from precipitation. These measurements serve as the
primary input for the water balance calculations. Figure 3.7 provides an overview of the rainfall amount
and the cumulative rainfall of the entire observation period. There is uncertainty in the analysis made
with precipitation because of the difference in precipitation values between the data from the Green
Village station and the Rotterdam Airport station, mentioned in section 2.3.1.
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Figure 3.7: Time series plot of the cumulative rainfall and the rainfall of the entire observation period in mm. Rainfall is
resampled to 1 hour with the sum

3.2.2. Outgoing drainage component

Like stated earlier outgoing drainage measurements in compartments A and C are unreliable because
of leakage and or tipping bucket malfunctioning. Figure 3.8 shows the time series of the outgoing
drainage of compartment B. When drainage occurs, it would normally be visible over multiple consec-
utive time steps and would show a gradual increase and decrease, which is observed in compartment
B. The cumulative drainage over the entire observation period for this compartment is 51.8 mm, which
is below the bound established in section 2.3.1. So if storage change over the observation period is
larger than zero, the 51.8 mm is in agreement with the outgoing drainage bound. The outgoing drainage
values of compartment B are considered usable for the mass balance method.



3.2. Results of the mass balance components 31

0251 —— drainage compartment B
0.20 1
£
E
E
c 0.15-
LY
o
(]
s
©
T 0.10
o
c
©
o
5
o
0.05 1
R
s s L L T U D

A0 30" 307 '\0

ATATANAY ALK
A RO RY AV Y

O A0 A0 A0 LY AV AV AV AV AV AV AV AV AV AV AL ALV AL AL AL AL AL AL AL AL AL
TR X X 5N R B 35 1 3 B0 R B 35 B YA S 3

Date

OY QY 0¥ 0¥ oY OY oY oY oY
o O o e PR

Figure 3.8: Time series plot of the outgoing drainage of compartment B for the entire observation period. Resampled to 1 hour
resolution with the sum. The drainage values in this figure are over the area of the entire compartment.

3.2.3. Storage change components

Storage change is not directly measured by the instrumentation and therefore must be estimated using
the soil moisture observations and different analytical approaches. Storage change is not quantified for
the whole soil profile. This section describes the results of estimation of partial storage changes in the
top soil layer. Also, the night time balance closure results are presented here together with the results
of the estimation of lower bound of water storage on vegetation and first 10 cm of soil and the time lag
between soil moisture sensor signals.

Upper layer storage dynamics results

This section discusses the results of the storage estimation in the upper 0.35 m of soil of MeSUDa.Figure
3.9 shows the linear soil moisture profiles based on equation 2.3 for three representative soil moisture
conditions in compartment A: a dry period, an after-rainfall moment, and an intermediate state. Ap-
pendix figures A.2 and A.3 provide the other soil moisture profiles of the other compartments.

6(z) compartment A front
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Figure 3.9: Linear soil moisture profiles 8(z) for the first 0.35 m of upper soil, based on soil moisture measurements of three
representative periods. This one is from compartment A.
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The time series of the storage estimation according to equation 2.4 for the whole observation period is
plotted in figure 3.10.
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Figure 3.10: Timeseries of the storage estimates for the upper 0.35 m of soil for each compartment for the entire onservation
period. Rainfall in mm/h. The time resolution of the soil moisture sensors where this estimation was based of was 1 hour

As can be seen in figure 3.10 the increases in storage correspond to rainfall events, while gradual
decreases correspond to soil drying due to evapotranspiration and drainage. Compartment C generally
shows higher storage values than compartments A and B. The differences between the estimated
upper layer storage between the last observation day and the first observation day are: 45.4 mm for
compartment A, 45.4 mm for compartment B and 49.0 mm for compartment C. So all the storage values
increased over the observation period. Note these increases are only of the estimation for water storage
in the upper layer of the compartment not of the whole profile. So, what can be said is that the change
in storage in the upper layer is not equal to zero over the observation period, i.e. dS,pper/dt # 0. And
because this only applies to the upper layer, it does not necessarily mean that the storage change over
the entire soil profile cannot be zero.

The assumption of the linear interpolation and extrapolation of the soil moisture profile between and
beyond the two sensor depths (equation 2.3) affects the results for estimation of the upper layer storage.
The sensors are placed at 10 cm and 25 cm depth, but the linear trend is extrapolated downward to 35
cm and upward to 0 cm. The extrapolation to 0 cm is critical, because the topsoil close to the surface
is where the most dynamic moisture changes happen like evaporation, rainfall interception and wetting
fronts. If the actual soil moisture near the surface deviates from the assumed linear profile (for example,
if it is much drier due to surface evaporation or much wetter immediately after rainfall), the estimated
storage S(t) from equation 2.4 will be wrong. This affect also all subsequent conclusions that are drawn
with the upper layer storage.

Results night time water balance analysis

The nighttime water balance was evaluated by comparing the net input Ppight — Dnight With the observed
storage change for each night. Figure 3.11 shows a scatter plot of these variables for compartment B,
together with the 1:1 reference line. Important to note that the storage mentioned in this subsection,
is the same storage as defined in sub subsection "Upper layer storage dynamics results”. Each dot
represents a night of the data set and the colored bar on the right of the figure shows the upper layer
storage level at the beginning of the night, the "antecedent storage”.
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Figure 3.11: Scatterplot of the net input in mm v.s. the change in upper layer storage over the night in mm of compartment B.
The colored bar indicates the upper layer storage value at the beginning of each night

Most points in the scatter plot lie below the 1:1 line, this indicates that the observed nighttime storage
change ASygnt is generally smaller than the net input Ppignt — Dnignt. This suggests that not all infiltrat-
ing water is captured within the upper layer storage, with some water likely redistributing to deeper
layers of the soil profile. Also, a cluster of points with Ppigni = Dpignt Shows negative ASnight, implying
that downward redistribution within the soil dominates even in the absence of net rainfall or drainage.
Overall, the upper layer storage dynamics reflect local wetting and drying patterns rather than the full
soil profile response. This is confirmed by scatterplots of compartment A and C, these can be found in
appendix figures A.4 and A.5.

Results estimation of time lag between the two soil moisture sensors

The time relationship between the upper and lower soil moisture sensors was evaluated using two
approaches: cross-correlation and dynamic time warping (DTW). The aim was to quantify the time lag
in water propagation from the upper to the lower soil moisture sensor. This is to quantify the travel time
of water through the top soil and thereby estimating when it leaves the top soil layer and moves into
the fine sand layer. This could help constrain the storage change for the deeper parts of the soil profile.
Rainfall events were also considered to contextualize variations in soil moisture response.

The cross-correlation approach was performed on the differenced and mean-centered soil moisture
time series. The cross-correlation method provides a statistical estimate of the lag. To evaluate the
sensitivity of the cross-correlation approach to the time resolution of the soil moisture data, the analysis
was repeated for a range of time resolutions between 1 minute and 180 minutes. Table 3.1 gives the
time resolutions of the soil moisture sensors of compartment B and the calculated time lags with their
correlation values.
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Table 3.1: Correlation and time lag for selected time resolutions of compartment B.

Time resolution Time lag [min] Correlation [-]

1 min 7.0 0.07
5 min 35.0 0.07
15 min 45.0 0.22
30 min 60.0 0.38
45 min 45.0 0.44
50 min 50.0 0.47
60 min 60.0 0.54
120 min 120.0 0.63
180 min 180.0 0.59

At high time resolution (5 minutes), the correlation between the two soil moisture signals is very low
(0.07), and the estimated lag (= 35 minutes) is not considered reliable. This indicates that the signals
are dominated by high-frequency variability and sensor noise.

At lower time resolutions (15-60 minutes), the correlation increases (up to 0.54), while the estimated
lag stays between approximately 45 and 60 minutes. This suggests that lower time resolutions reduce
noise and become more suited as signals for the cross-correlation to estimate the time of the verti-
cal movement of water between the two soil moisture sensors. At even lower resolutions (120-180
minutes), the correlation further increases (up to 0.63), but the estimated lag also increases to 2—3
hours. This is interpreted as that the time aggregation of the soil moisture signals artificially delays the
apparent response of the lower sensor. As a result, the lag is overestimated at these resolutions.

It is also observed that for some time resolutions, the estimated time lag is equal to the resolution itself
(e.g. 60 minutes at 60-minute resolution, and 120 minutes at 120-minute resolution). This is because
the cross-correlation works with discrete time steps, so the lag is limited to multiples of the chosen time
resolution. Therefore, these results should be interpreted as order of magnitude values of the lag and
not as exact values.

The DTW approach provides a time-dependent estimate of the lag between the two soil moisture signals.
DTW can account for varying response speeds. The DTW algorithm was applied to the upper and
lower soil moisture time series for the entire observation period. Figure 3.12 shows the resulting time
lag signal of compartment B, together with the rainfall record and the original soil moisture signals .
Several features of the lag signal are to be interpreted carefully.

The most physically meaningful periods are the ones following precipitation events because there the
soil moisture signals react after each other to the infiltrating rain water. Based on the saturated hydraulic
conductivity of the topsoil of ksst = 1.4-10~° m/s [29], [30] and the vertical distance of 15 cm between
the two sensors, a range of the time lag is estimated to be between 0 and approximately 180 minutes.
The lower bound of 0 corresponds to the case where the soil is already saturated and both sensors
respond at the same time. The upper bound is obtained by dividing the distance between sensors by
ksat, giving the slowest realistic travel time under saturated conditions. The lag values observed in the
signal however frequently exceed this range, which indicate that the DTW-derived lag does not reliably
capture true wetting front speed. A zoomed in version of figure 3.12 is given in figure 3.13, where the
theoretical range of the time lag is given based on saturated conductivity.

These unrealistic values come from a fundamental limitation of the global DTW alignment: the algorithm
optimizes a single warping path across the entire time series simultaneously, without any constraint on
the direction or magnitude of the lag [45]. During dry periods or gradual seasonal transitions, the two
soil moisture signals can evolve quite differently from each other. Since DTW must match every point
in one signal to some point in the other, it is forced to find a partner for each point regardless of whether
a meaningful physical relationship exists. In these periods, the algorithm will therefore match points
that are far apart in time simply because they are the closest available match, producing lag values
that show the mathematical constraints of the warping method instead of any real hydrological process.
Negative lags, in which the lower sensor appears to respond before the upper one, occur when the
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lower sensor keeps elevated moisture from a prior event while the upper sensor has already dried,
leading to a reversed alignment that has also no physical meaning.

All together, these results indicate that the DTW approach as implemented here does not produce
physically interpretable lag estimates for this dataset. The absence of a constraint on the warping path
length and direction allows the algorithm to generate alignments that are mathematically optimal but
physically meaningless.

Results quantifying lower bound estimate of water storage on vegetation and first 10 cm of soil
The event-based rainfall threshold analysis to quantify the lower bound of water storage on vegetation
and first 10 cm of soil is applied on the data of each compartment. The results can be seen in table
3.2. Like stated in section 2.4.5, the total observation period is split around the pruning date of 30-11-
2025. What can be seen in table 3.2, is that all the estimated lower bounds after cutting the plants,
are higher than before cutting the plants. This is a counterintuitive result, because that means that the
lower bound estimated water stored on vegetation and first 10 cm of soil is larger after the removal of
plant than with plants. Therefore, these results must be interpreted carefully.

Table 3.2: The lower bound estimates of the water storage on vegetation and first 10 cm of soil before, after pruning and of the
plants of all compartments of MeSUDa, all in mm

Ibefore,prune [mm] Iafter,prune or Isoil [mm] Iplants [mm]
compartment A 3.14 11.23 -7.09
compartment B 2.49 11.23 -6.74
compartment C 2.81 3.64 -0.83

The most likely explanation for this counterintuitive result, lies in the nature of the lower bound estimation
method itself. The method is sensitive to which rainfall events happen to occur within a given period. If
no sufficiently large rainfall event qualifies as a non-responsive rainfall event in a given period, the lower
bound will be artificially low, independent of the true physical capacity. The period before the pruning
is shorter and contains fewer events, which reduces the probability that a large non-responsive rainfall
event is present in the dataset, and therefore likely underestimates the true capacity for that period.

In addition to the lack of data, antecedent soil moisture conditions likely differ between the two periods.
Before the cut, soils may have been wetter due to earlier autumn rainfall, meaning that even moderate
rainfall events were enough to produce a detectable soil moisture response at 10 cm. This would push
events out of the non-responsive rainfall category and would decrease the estimated maximum. After
the cut, if the soils were drier on average, more events would satisfy the no-response filter because
the soil has more available pore space to absorb incoming water. This is also true for the larger rainfall
events, so this makes the estimated lower bound for that period larger.

Also, there is the difference in rainfall event characteristics between the two periods. If the events
before the pruning date were on average more intense or longer, they would be more likely to exceed
the threshold and therefore less likely to qualify as non-responsive rainfall events, again making the
estimated capacity artificially lower

Taking this all in consideration, this also explains the negative values for |jants in table 3.2. Just because
of the way equation 2.7 was constructed.

Given these considerations, a direct comparison of the before and after estimates to derive a lower
bound estimate for the water storage on the vegetation and the water stored in the first 10 cm of soil is
not straight forward and this method is not suited to give an estimation for the storage capacity on the
plants.

Results graphical approach

Figure 3.14 shows the result of the graphical method for the estimation of the amount of rainfall required
to reach the upper soil moisture sensor depth for compartment B. This estimation was based on a time
period from 6 November 2025 to 19 November 2025, which was before the pruning date of the plants.
The cumulative rainfall is plotted on the horizontal axis and the zeroed soil moisture change at 10 cm
depth on the vertical axis.
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Cumulative rainfall vs. soil moisture response — Compartment B. 2025-11-06 / 2025-11-19
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Figure 3.14: Cumulative rainfall v.s. the zeroed soil moisture level at 10 cm depth in [mm] and [m®m?] respectively. This is for
compartment B in period 06-11-25 till 19-11-25

During the first approximately 10 mm of cumulative rainfall, the soil moisture signal remains near zero
and shows only small fluctuations indicating that incoming rainfall is being intercepted before reaching
10 cm depth. At a cumulative rainfall of 10.39 mm the signal first exceeds the noise threshold of 0.0008
m3/m?3, which is indicated by the red dashed line and marker in the figure. For this graphical approach,
this value is therefore taken as an estimate of the amount of rainfall required to reach the upper soil
moisture sensor depth. The estimations according to this graphical approach for compartment A and
C are 14.78 mm and 10.39 mm respectively and their figures can be found in appendix figures A.6 and
A7

The same graphical method has been done fore a post-pruning period running from 21-12-2025 till
03-01-2026. This is also a dry period followed up by rainfall event(s). The result is seen in figure 3.15

Cumulative rainfall vs. soil moisture response — Compartment B. 2025-12-21/ 2026-01-03
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Figure 3.15: Cumulative rainfall v.s. the zeroed soil moisture level at 10 cm depth in [mm] and [m®m?] respectively. This is for
compartment B in period 21-12-25 till 03-01-26 (post-pruning)

In this case the estimate for the capacity of only the first 10 cm of soil is 2.24 mm, since it was post-
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pruning so no water could be stored on the plants. The capacity of the storage on the plants can
then be calculated as the graphical method estimate of the storage on the plants and first 10 cm of
soil (so pre-pruning) minus the graphical method estimate of storage in only the first 10 cm of soil (so
post-pruning). For compartment B this would become 10.39 mm - 2.24 mm = 8.15 mm.

Comparing the graphical estimate for the pre-pruning period to the pre-pruning lower bound estimates
obtained from the event-based classification method in table 3.2, which were 3.14 mm, 2.49 mm and
2.81 mm for compartments A, B and C respectively, a difference is observed. The graphical method
produces estimates that are approximately three to five times higher than the event-based estimates
for the same pre-pruning period. This difference is not necessarily a contradiction between the two
methods, but rather reflects the fundamental limitation of the event-based method that was already
identified (the pre-pruning period is relatively short and contains fewer qualifying rainfall events, which
reduces the probability that a sufficiently large non-responsive event is present in the dataset). The
graphical method is based on one period of drought followed by cumulative rainfall, it does not rely on
the classification of individual events and is therefore less sensitive to this limitation .

It should also be noted that the graphical estimate is sensitive to the soil moisture levels in the soil
layer above the sensor at the start of the selected dry period. If the soil moisture levels above the
10 cm sensor differs per compartment, the same cumulative rain can trigger a different soil moisture
response. This is because if this 10 cm is wetter, there is less space to store the water in before it
reaches the soil moisture sensor at 10 cm depth. This is an explanation for the different results for
the lower bound estimate of the water storage on the vegetation and the first 10 cm of soil between
compartments according to the graphical method and the reason for underestimation of water storage
in the first 10 cm of soil. This underestimation leads to an estimate for the storage capacity on the
plants that is too high.

The goal of these analyses was to isolate the amount of water on the plants and further quantify the
storage change component. Because of reasons discussed above this analysis was unsuccessful. It
should be noted that even if this analysis gave reliable results, this would provide with a lower bound
for the storage capacity on the plants and not the storage change on the plants for each time step.

Concluding statement storage change component
Although several approaches were explored to (partially) characterize storage change in the system,
the storage change for the entire soil profile is not quantified in this project.

3.3. Results water balance over the entire observation period

The cumulative water balance over the entire period provides insights in if the mass balance com-
ponents of the compartment are determined correctly. Like stated before the storage change is not
quantified for the whole soil profile. Table 3.3 shows the results of the cumulative water balance over
the entire observation period for compartment B according to equation 2.9 under the assumption that
the net total storage change over the entire period is 0, e.9. ASita = 0. The ET value presented in
table 3.3 is not a physical measurements but the rest term of the water balance under the assumption
that net storage change over the entire compartment is zero.

Table 3.3: Water balance over the entire observation period for compartment B according to equation 2.9.

|:’cumulative [mm] I:)cumulative [mm] ETcumulative [mm]
compartment B 350.6 51.8 298.8

The results of this water balance can be compared with the reference value as described in section
2.3.1. There, the cumulative evapotranspiration over the entire period showed a value of 42.8 mm.
This is far lower than the evapotranspiration value presented in table 3.3. This can be an indication
that the assumption that ASa~ 0 is false and part of the input water is retained in the soil.

To assess whether the upper layer storage change can account for part of this discrepancy, the water
balance over the entire observation period is corrected by including AS,per @s an approximation of the
total storage change. For compartment B this gives ET =P - D - ASpper = 350.6 — 51.8 - 45.4 = 253.4
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mm. This is still higher than the reference value of 42.8 mm, indicating that the upper layer storage
change alone cannot explain the discrepancy.

Two explanations are considered for the remaining difference. First, the upper layer storage change
may not be representative of the storage change over the full soil profile, since the upper layer storage
only considers the upper 0.35 m of the approximately 1.15 m deep soil profile. The actual storage
increase over the full profile could therefore be larger than the 45.4 mm estimated from the upper layer
alone, which would bring the corrected ET closer to the reference value.

Second, section 2.3.1 discusses the difference between the precipitation values from the Green Village
weather station and the Rotterdam Airport station. The cumulative precipitation over the entire period
(350.6 mm) is used in the water balance over the entire observation period that is described here. If
instead the cumulative precipitation data of Rotterdam Airport (260.2 mm) is used, the water balance
over the entire observation period for compartment B would become ET = 260.2 -51.8 = 208.4 mm,
assuming that the net storage change is zero. When it is not assumed that the net storage change is
zero and the upper layer storage change is considered as the storage change component, the water
balance would become ET =260.2 -51.8 - 45.4 = 163.0 mm. Although this is closer to the reference ET
of 42.8 mm then when the dataset of the Green Village is used, the same uncertainties unaccounted
storage change remain.

It is not possible to determine from the available data which of these explanations dominates, or to
what extent both contribute to the observed discrepancy.

In summary, although compartment B shows plausible drainage values, a trustworthy water balance
cannot be constructed for this compartment. The storage change term remains incompletely deter-
mined, and the gap between the reference ET (42.8 mm) and the rest term of the water balance is
too large. It remains unclear whether this discrepancy stems from an overestimation of cumulative
precipitation, false or incomplete assumptions about net storage change, or a combination of the two



Conclusions

This thesis investigated whether the minimal water demand of urban green spaces can be determined
experimentally, by applying a mass balance approach to MeSUDa, an isolated vegetated bioswale
located at the Flood Proof Holland site on the TU Delft campus. The observation period ran from 17
October 2025 to 19 January 2026. By measuring precipitation, outgoing drainage, and changes in
water storage, evapotranspiration was to be determined as the rest term of the water balance. The
following conclusions can be drawn.

The sensor data quality check showed that not all compartments could be used to apply the mass
balance method. Compartments A and C had unreliable outgoing drainage measurements, attributed
to tipping bucket malfunctioning and leakage through the LDPE lining or the seals around the outlet
drainage pipes. As a result, only compartment B can be used to apply the mass balance method to.

For compartment B, the precipitation and outgoing drainage components could be determined. The
cumulative precipitation over the entire observation period was 350.6 mm, though this value carries
uncertainty due to a 34% discrepancy with precipitation data from the official KNMI station at Rotterdam
The Hague Airport, which recorded 260.2 mm over the same period. The cumulative outgoing drainage
of compartment B was 51.8 mm, which is below the reference bound established from the water balance
and is therefore considered possible.

The storage change component could not be fully quantified for the entire soil profile. The upper layer
storage estimation, based on soil moisture sensors at 10 and 25 cm depth, only represents the upper
0.35 m of the approximately 1.15 m deep soil profile. The nighttime water balance analysis showed
that the upper layer storage change does not capture the full soil profile response, as a consistent
offset was observed between the net input and the upper layer storage change. Attempts to quantify
the lower bound of water storage on the vegetation and the first 10 cm of soil using an event-based
rainfall threshold method and a graphical approach produced results that could not be reliably compared
between the pre- and post-pruning periods, due to differences in antecedent soil moisture conditions
and the number of qualifying rainfall events in each period. This did not lead to a reliable estimate for
the lower bound storage capacity of the storage on the vegetation. The time lag analysis between the
two soil moisture sensors using cross-correlation and dynamic time warping did not produce physically
interpretable results that could be used to further constrain the storage change in the deeper parts of
the soil profile.

Because the storage change component for the entire soil profile could not be determined, the cumula-
tive water balance over the entire observation period could not be closed. Under the assumption that
the net storage change over the entire period is zero, the rest term of the water balance gives a cumu-
lative evapotranspiration of 298.8 mm for compartment B. This is far higher than the Makkink reference
evapotranspiration of 42.8 mm for the same period, which indicates that this assumption is likely incor-
rect and that a substantial part of the precipitation is retained in the soil. When the upper layer storage
change of 45.4 mm is included as an approximation of the total storage change, the corrected evapo-
transpiration is 253.4 mm, which is still far above the reference value. It was not determined whether
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the remaining difference of the water balance ET relative to the Makkink reference value is primarily
caused by an underestimation of the storage change over the full soil profile or an overestimation of
input precipitation data by incorrect precipitation data or a combination of these factors.

In answer to the research question: ”Is it possible to determine the minimal water demand of urban
green spaces experimentally?” the conclusion of this thesis is that, within the current setup and obser-
vation period, it was not possible. The mass balance approach applied to MeSUDa is in principle well
suited to determine evapotranspiration as a proxy for the water demand of the vegetation. However,
the reliable determination of all components of the water balance is a necessary condition for this ap-
proach to work. In this study, the outgoing drainage component could only be reliably determined for
one out of three compartments, and the storage change component could not be fully quantified for the
entire soil profile. As a result, water balance closure could not be achieved and a trustworthy estimate
of the (cumulative) evapotranspiration, and therefore the water demand of the vegetation, could not be
obtained.



Recommendations

5.1. Further verification of precipitation data

There are uncertainties regarding the reliability of the precipitation data used in this study, particularly
when compared with data from the official KNMI weather station at Rotterdam Airport. It is therefore
recommended to include precipitation data from a third weather station to allow for additional compar-
ison. The proposed station is the weather station at the Zweth, which is located approximately 2 km
from the FPH site. If the data from this station also differs substantially from the precipitation data used
in this study, it is recommended to install a dedicated weather station near MeSUDa in order to obtain
more site-specific precipitation measurements.

5.2. Outgoing drainage component validation

The outgoing drainage data obtained from the tipping buckets from compartment A and C did not
behave as expected. It therefore should be tested if the tipping buckets are still functioning correctly
and the possibility of another not registered outflow from the compartments should be investigated in
order to close the water balance. To verify that the tipping buckets of the compartments can correctly
measure outflow, a known quantity of water can be applied to the compartments. This known quantity
of water can be "irrigated” by the 60L water can (see table 2.4) close to the outlet of the compartment.
In the days following this irrigation of the compartments, the tipping bucket data should be retrieved.
When the tipping bucket of compartment A still does not register any values, the possibility of possible
leakage should be investigated or the outlet drainage pipe should be checked for clogging. If these
possibilities are ruled out, the most likely explanation will be that the tipping bucket malfunctions. It
should then be removed from the MeSUDa set-up and checked if the water quantity to tip conversion
is performed correctly. To rule out the possibility that the water standing in the drainage ditch below
the tipping buckets is influencing the sensors, a permanent pump can be installed to prevent the water
from entering the tipping buckets from below. Lastly because the divers did not detect any water level
build up in compartment C indicating a leak. It should be investigated if the water is leaking through
the plastic lining or the seal between the foundation wall and under drain. After the leak has been
identified, it should be patched and the diver data should be checked for any water level build up inside
the compartment

5.3. Quantifying storage change over the whole soil profile

In order to quantify storage change for the whole profile, more information is necessary to know what
is happening below the upper layer of MeSUDa. A soil moisture sensor could be placed at the bottom
of the fine sand layer, below the pair that is already placed in the upper layer. This will provide an
additional information point about the soil moisture level. This information can be used to extend the
existing the vertical soil moisture profile 8(z) of equation 2.3. Now 8(z) is linear, but the addition of this
extra soil moisture sensor can make a profile that is of a higher dimension.
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5.4. Change of observation period and observation length

The observation period of this project was from 17-10-25 until 19-01-26. During these months the
evapotranspiration was considerably lower than the summer months. Because the main objective
of the project was to estimate the evapotranspiration, an observation spanning the summer months
would be more suitable. More specifically, targeting a dry period in the summer months could be
more meaningful to answer the question of what is the minimal water demand of plants. Then, the
plants are more water stressed than in the current observation period, where there was relatively high
precipitation. In section 3.2.3, the results of the water balance over the entire observation period is
presented under the assumption that net storage change over a sufficiently large period would be 0.
Within the current observation period, it could not be determined if the net change is zero, given the
uncertainties over storage change estimation and outgoing drainage values. It is recommended to
observe for a longer period than the 94 days of this project after the uncertainties over storage change
estimation and outgoing drainage values have been taken away.
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Figure A.1: Schematic side and top views of MeSUDa (dimensions in cm). The structures volume is 24.4 m* [29]
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Figure A.2: Linear soil moisture profiles 6(z) for the first 0.35 m of upper soil, based on soil moisture measurements of three
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Figure A.3: Linear soil moisture profiles 6(z) for the first 0.35 m of upper soil, based on soil moisture measurements of three

representative periods. This one is from compartment C.
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Figure A.4: Scatterplot of the net input in mm v.s. the change in upper layer storage over the night in mm of compartment A.
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Figure A.5: Scatterplot of the net input in mm v.s. the change in upper layer storage over the night in mm of compartment C.

The colored bar indicates the upper layer storage value at the beginning of each night
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Cumulative rainfall vs. soil moisture response — Compartment A. 2025-11-06 / 2025-11-19

—— SM at 10 cm depth (zeroed) :

0.054 ___. Interception estimate: 14.78 mm

Noise threshold: 0.0008 m?*/m?

0.04 1

0.03 A

0.02 A

0.01 A

0.00

Soil moisture at 10 cm depth [m*/m?]

-0.01 4

0 10 20 30 a0 50
Cumulative rainfall [mm]

Figure A.6: Cumulative rainfall v.s. the zeroed soil moisture level at 10 cm depth in [mm] and [m3®/m?] respectively. This is for
compartment A in period 06-11-25 till 19-11-25
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Figure A.7: Cumulative rainfall v.s. the zeroed soil moisture level at 10 cm depth in [mm] and [m®/m?] respectively. This is for
compartment C in period 06-11-25 till 19-11-25
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