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Abstract 
Small islands are particularly vulnerable to the effects of climate change, such as more intense 

rainfall. Bonaire, one of the Dutch Carribbean Islands,characterized by intense rainfall events during 

the rainy season, faces significant threats to its vulnerable ecosystems, such as coral reefs, as well as 

to its communities, which are heavily dependent on the tourism sector. Urbanization in Kralendijk is 

projected to increase further, driven by rapid population growth. As urbanization continues, the 

exposure to the impacts of heavy precipitation events increases the urgency for adaptation measures.  

The goal of this research was to quantify the spatial patterns of runoff and erosion in the LVV 

catchment, through the use of the OpenLISEM model. Additionally, the study aimed to simulate the 

impact of Nature-Based Solutions (NBS) like increased vegetation, and identify bottlenecks for 

potential interventions.  

This was done through field measurements of the OpenLISEM parameters on the LVV catchment on 

Bonaire, calibration of the model results, field observations and scenario analysis.  

A performance rate with a Percent Bias (PBIAS) of 0.021% was obtained through calibration of total 

measured outflow, instead of a hydrograph comparison due to data limitations. The total soil loss was 

simulated as 4.28 t/ha/year. 

The spatial pattern analysis of the OpenLISEM model outputs revealed that particularly urban bare 

areas, roads, and steep slopes, were the primary contributors to simulated runoff and soil erosion. It 

should be noted the erosion rates were uncalibrated. The scenarios showed that urbanization can 

lead to a significant increase in runoff and soil loss. 

Targeted NBS such as increased vegetation in urban areas show the most significant reduction in 

runoff and soil erosion. Overall, with current model settings, the total soil loss poses threats to the 

vulnerable ecosystems of coral reefs, particularly in the context of climate change likely to increase 

peak runoff further increasing soil loss and adding nutrients to coastal waters. The findings contribute 

to a better understanding of spatial pattern of runoff and erosion in LVV catchment for current 

scenario and with implemented NBS.  
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1. Introduction 
In recent decades, global warming has come to the forefront as one of the most pressing global 
challenges currently affecting ecosystems, economies, and human societies worldwide. The IPCC 
stresses that climate change manifests itself in worldwide effects such as increased temperature, 
increased heavy precipitation, and sea-level rise (Lee et al., 2023). Approximately 3.3 to 3.6 billion 
people live in contexts at high risk of suffering from these effects (Lee et al., 2023). Moreover, the 
regions and populations facing the greatest challenges are often subject to significant developmental 
constraints. CƻǊ ŜȄŀƳǇƭŜΣ άōŜǘǿŜŜƴ нлмл ŀƴŘ нлнлΣ ƘǳƳŀƴ ƳƻǊǘŀƭƛǘȅ ŦǊƻƳ ŦƭƻƻŘǎΣ ŘǊƻǳƎƘǘǎ ŀƴŘ 
storms was 15 times higher in highly vulnerable regions compared to those with very low 
ǾǳƭƴŜǊŀōƛƭƛǘȅέ όLee et al., 2023, p.5). The IPCC notes the greatest adverse impacts in parts of Africa, 
Asia, Central and South America, small islands, and the Arctic (Lee et al., 2023). 

One of the most consequential effects of increased heavy precipitation events is how it affects runoff 
and soil erosion. All of the SSP1 & RCP2 scenarios suggest a stronger hydrological cycle, potentially 
increasing global water erosion by 30% - 66% (Borrelli et al, 2020). Climate change affects how runoff 
and soil erosion manifest by changing the spatiotemporal distribution and increasing the amount and 
intensity of rainfall (Li & Fang, 2016). Firstly, changes in the spatiotemporal distribution of 
precipitation can have drastic effects on land use. For example, if more rain falls in winter when 
vegetation cover is lower, the lack of protection and stronger rainfall will amplify soil erosion (Li & 
Fang, 2016). Secondly, higher soil moisture can increase runoff, as saturated soil cannot absorb more 
water resulting in saturation excess overland flow. Consequently, this leads to higher runoff and 
increased erosion (Li & Fang, 2016). Lastly, increased rainfall intensity leads to higher rates of soil 
particle detachment due to enhanced rain splash erosion, while faster water accumulation intensifies 
gully erosion (Li & Fang, 2016). Both types of soil erosion eventually reduce the soils water holding 
capacity and organic matter content (Zuazo & Pleguezuelo, 2009).   

While soil erosion has many harmful effects, it can be prevented and remediated through 
conservation practices. According to Zuazo & Pleguezuelo (2009) the formation of plant cover is one 
of the most effective measures. In central Italy for example, vegetative buffer strips3 proved to be 
able to mitigate runoff and sediment losses (Pignalosa et al., 2022). In the literature, these types of 
measures are typically referred to as nature-based solutions (NBS), because they mimic natural 
hydrological processes to improve water retention, infiltration, and evapotranspiration through 
greening, reducing runoff to limit soil erosion (Pinto et al, 2021). It is important to further improve 
our understanding of how to reduce runoff and soil erosion, especially as their impacts are expected 
to increase in the future. This research aims to contribute by exploring potential effective measures.  

Although NBS are increasingly mentioned in scientific debate recently, scientific evidence supporting 
the usefulness of NBS remains limited (Lalonde et al., 2024; Pinto et al., 2021). Whether NBS 
measures lead to the desired outcome in water management remains unclear. Accordingly, it 
becomes crucial to evaluate NBS interventions before implementation. Hessel & Tenge (2008) for 
example, used an erosion model to simulate soil water conservation measures (SWC) on a catchment 
scale. This study quantified the current land use and simulated a scenario with SWC measures that 
indicated a 28% reduction in runoff and a 60% drop in erosion.  

 
1 Shared Socioeconomic Pathways are climate change scenarios that model socioeconomic global change till 
2100 
2 Representative Concentration Pathways describes the development of greenhouse gas emissions  
3 Vegetative strips are areas of land planted with vegetation designed to slow down water runoff and trap 
sediment 
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As indicated by the IPCC, small islands are among the areas vulnerable to be adversely impacted (Lee 
et al., 2023). Small islands are particularly vulnerable, due to their geographic isolation, fragile 
ecosystems, small economies and low-lying urban coastal areas (Beukering et al., 2022,). This 
vulnerability is amplified when there are major changes in demographics, lifestyle patterns, economic 
changes, natural resource availability, and environmental conditions (Duvat et al., 2017). Islands often 
support fragile ecosystems such as coral reefs and mangroves, which are susceptible to climatic 
changes such as temperature rise or ocean acidification (Wilson, 2017; Nurse et al., 2001). The 
communities living on these islands often depend on the ecosystem services these habitats provide, 
such as coastal protection, fisheries, and tourism. Thus, it is likely that the degradation of these 
ecosystems will negatively impact the island's local inhabitants and their livelihoods (Nurse et al, 
2014).  

One of the Dutch Caribbean islands Bonaire is expected to endure the effects of changes in 
precipitation, rising temperatures, coral bleaching, sea-level rise, cyclones, droughts, and floods 
(Beukering et al., 2022). In previous decades, all forests have been cut down for charcoal production 
(Waterschap Rijn & IJsel, 2023). This has enhanced processes such as wind and water erosion, 
ŦƻǊƳƛƴƎ ŀ ǘƘǊŜŀǘ ǘƻ ǘƘŜ ƛǎƭŀƴŘΩǎ ŦǳǘǳǊŜ. More intense rainfall due to climate change has led to 
uncontrolled flooding in the biggest urban area on the island Kralendijk, causing soil erosion that 
degrades the coral reef ecosystem (Figure 1a & 1b) (Waterschap Rijn en IJssel, 2023).  

Tourism accounts for approximately 40% of Bonaire's GDP (CBS, 2019). The lack of a diversified 
economy makes Bonaire inherently vulnerable to external shocks, such as coral degradation, 
όhƻǎǘŜǊƘƻǳǘ Ŝǘ ŀƭΦΣ нлноύΦ DƛǾŜƴ ǘƘŜ ƛƳǇƻǊǘŀƴŎŜ ƻŦ ǘƘŜ ŎƻǊŀƭ ǊŜŜŦǎ ŦƻǊ .ƻƴŀƛǊŜΩǎ ǘƻǳǊƛǎƳ ƛǘǎ 
degradation not only threatens its environment and vital ecosystems but also endangers Bonaire's 
economic future.  

In response, conservation practices like NBS can serve as a mitigation strategy to reduce erosion, 
improve the availability of fresh water on the island, reduce coral degradation and play a vital role in 
improving .ƻƴŀƛǊŜΩǎ ŦǳǘǳǊŜ. Interestingly, Bonaire featured an extensive network of nature-based 
solutions (NBS) in the past, including native dams4, basins, and saliñas5, which were used to retain 
water for drinking water. However, due to the loss of agriculture, and the urbanization of Kralendijk 
natural systems of water retention have disappeared or are under threat of disappearing (Mona, 
2016). 

 

 
4 Native dam refers to is a type of water control structure that uses natural materials and techniques to manage 
water flow, often within the context of indigenous or local practices. These dams are designed to be 
harmonious with the environment.  
5 Saliñas are salt marshes which use to be an inlet with the ocean, but currently cut off from the ocean through 
a dam of dead coral. 
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1.2 Problem statement 

There is currently a knowledge gap regarding the effects of climate change on Bonaire (Beukering et 
al., 2022). Specifically the effects of extreme weather events with subsequent flooding as a result. 
These events enhance erosion and thereby contribute to sedimentation of eroded material in the 
ocean. Additionally, it is unclear which areas in the catchment contribute to flooding and soil erosion, 
and where the bottlenecks of flooding are located (Koster, 2013). Moreover, according to de Boer et 
al (2023), there is a gap in knowledge regarding the implementation, effectiveness, and best location 
for implementation of NBS. Previous research has investigated runoff and erosion in the Playa 
catchment (Koster, 2013) and Catchment of Saliña di Vlijt (Breeman, 2024). This research aims to 
further improve upon this existing knowledge, by incorporating different scenarios and analyzing the 
up-to-date field data with a different model. While Koster (2013) and Breeman (2024) used the 
Kineros2 and the SWAT models, respectively, this study applied OpenLISEM on a catchment level. 
OpenLISEM is a more complex model which requires more input parameters than the Kineros2 model 
potentially leading to different and more credible results. Reason for selecting the LVV catchment is 
that no model simulations have been done for this specific catchment with newly updated catchment 
boundaries derived new available Lidar data. 

Furthermore, the knowledge gaps are addressed regarding the effects of specific NBS, such as land 
use change in the form of urban expansion, increased vegetation in the Kunuku (local term of rural 
area), and in urban areas.  

1.3 Objectives 

The goal of this research was to quantify the spatial patterns of runoff and erosion for the LVV 
catchment for the current situation (baseline) and scenarios with land use changes. This was done to 
provide recommendations to contribute to effective rainwater management that prevents runoff, and 
sediment transport therefore preventing damage to the coral reef and nuisance in Kralendijk. Thus, 
ǘƘƛǎ ǎǘǳŘȅΩǎ ƻōƧŜŎǘƛǾŜǎ were: 

1. To identify the quantity and spatial pattern of water runoff, erosion and sedimentation areas 
within LVV catchment through modelling, and field measurements. 

2. To use modelling to determine various management options for reducing runoff and 
sediment transport, thereby limiting or preventing damage and nuisance to the city of 
Kralendijk and the coral reef. 

  

Figure 1. a) sediment plume at J.A Abrahams in Kralendijk (Douma, 2022). b) sediment at Kaya Nicolaas in Kralendijk (own 
work, December 2024). 

A B 
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1.4 Research questions 

The main research question is as follows: 

How do spatial patterns of runoff and erosion change due to various management options? 

Sub-questions:  

- Which models are suitable for modelling runoff and soil erosion in this particular catchment? 
- What is the spatial pattern of runoff and erosion in the current scenario of the LVV 

catchment?  
- What are the bottlenecks that contribute to runoff, and erosion? 
- How does the potential implementation of new NBS measures affect the bottlenecks and 

spatial patterns of runoff and erosion? 

1.5 Study area 

Bonaire is an island located in the southern part of the Caribbean (Figure 2). The island has a land 
surface of 288 km2 (Borst & de Haas, 2005). Bonaire has a semi-arid to arid climate, and a dry and 
rainy season (de Boer et al., 2023). The temperature fluctuates between 23°C to 32°C during the day 
(Klimaatinfo, n.d). The average annual precipitation is 465 mm, which falls for the majority between 
October and December (de Boer et al, 2023). Between June and November there are possibilities of 
hurricanes during the Atlantic hurricane season (Ministry of Transport, Traffic & Urban Planning & 
Meteorological Department Curaçao, 2017). The catchment area for this study is 4.2 km2. 

According to the KNMI (Koninklijk Nederlands Metreologisch Instituut) 2023 scenarios Bonaire is 
expected to become hotter and drier. The dry season is also predicted to become longer (Dutch 
Caribbean Nature Alliance, n.d). However, when it rains in Bonaire it is often with rainfall intensity. On 
8th November 2022, a significant rainfall event was recorded, resulting in widespread flooding and 
disruptions in Kralendijk. The maximum rainfall recorded was 84.1 mm, and 66.5 mm of rainfall was 
measured in proximity to the LVV catchment (de Boer et al., 2023). De Boer et al. (2023) also 
identified a critical bottleneck where sediment flows enter the ocean at the outlet of Kaya Nicolaas 
downstream of the LVV catchment (Figure 1b).   

Within the broader hydrological system, it becomes evident that rainwater in the Kunuku region, 
located in the upstream part of the catchment (Figure 2), is unable to infiltrate the soil or be 
effectively stored due to the degradation of dams over time. Instead, surface runoff flows 
downstream, contributing to the flooding issues recorded in Kralendijk (de Boer et al., 2023). This 
phenomenon is exacerbated by overgrazing due to free-roaming goats and donkeys, which degrade 
vegetation cover in the KunukuΩǎ. The removal of vegetation increases soil erodibility, further 
intensifying erosion and runoff (Roberts et al., 2017; Lagerveld et al., 2015). 

Urbanization in Kralendijk is projected to increase further, driven by rapid population growth, with 
the population rising from 22,600 in 2022 to an estimated 27,200 by 2035 (CBS, 2022). This trend 
stresses the growing importance of effectively managing heavy precipitation events, given the 
growing number of people likely to be impacted. 
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Figure 2.  Location of study area and LVV catchment on Bonaire and wider regional context of the Caribbean. Left panel 
includes land cover map (Mucher & Verweij (2020). Right panel includes the DEM (AHN 2023). DEM features location of the 
weather station. 
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2. Methodology  

2.1 General design 

This thesis combined fieldwork, and quantitative based modelling. The research steps were as 
follows. At first, (1) field measurements were collected, and catchment characteristics were derived. 
Secondly, (2) the OpenLISEM model was calibrated with discharge data from a diver at the outlet of 
the catchment. Third, (3) the model output was validated using rainfall data from the same weather 
station but with a different rainfall event. (4) Thereafter, a scenario analysis was conducted. (5) 
Finally, recommendations to identify potential areas for intervention. OpenLISEM was selected to 
simulate runoff and erosion, with the use of a single rainfall event (van den Elsen & Stolte, 2002). 
Since OpenLISEM needs specific input parameters, the data collection is structured following the 
model structure of OpenLISEM (Figure 3).  

Different runoff and erosion models were evaluated, to be able to select the best-suited model based 
upon the criteria listed below. These models were: SWAT, RUSLE, OpenLISEM, WEPP, WaSIM-ETH, 
Kinereos2, and Erosion3D. All models were evaluated based on several criteria and scored as either 
sufficient or insufficient. Based on this evaluation, both OpenLISEM and Erosion 3D received the 
highest number of sufficient scores. OpenLISEM was chosen over Erosion 3D due to higher learning 
potential and availability of technical support. See Appendix A for evaluation and evaluation results. 

1) Type of model: what is the type of the model e.g. empirical-based, physically-based model, 

event-based or conceptual model.  

2) Technical aspect: what processes can the model simulate e.g. surface runoff, erosion control, 

sediment transport etc. The model should at least be able to simulate surface runoff, 

preferably also erosion processes. 

3) Spatial scale: the model should be suitable on a catchment scale level.  

4) Input data level of detail: level of detail of the input data required for the model.  

5) Temporal resolution: on what timescale does the model run, e.g event-based, monthly, or 

seasonal. Preferably event-based since measured catchment outlet discharge was available. 

6) Complexity of the model: ease of use.  

7) Availability of technical support: availability of user community or staff in Wageningen 

University to offer support. 

8) Learning potential: potential to learn how to use the model. 

9) GIS compatibility: ease of coupling with ArcGIS. 

10) Limitations of the model 

11) Possibility to run scenarios 

2.1.2 Model description  

The OpenLISEM model is a physically-based spatially distributed erosion model, which operates on 

catchment scale (De Roo et al., 1996; Takken et al., 1999). The model simulates and quantifies 

hydrologic and soil erosion processes while focusing only on single rain events (De Roo et al., 1996; 

Takken et al., 1999). OpenLISEM is able to predict spatial patterns of runoff, erosion detachment and 

deposition. As mentioned by Boardman (2006), only by using models we can quantify on which areas 

soil erosion rates form risks, and predict erosion for the future, under the changing conditions caused 

by climate change.  
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The model incorporates all major physical processes that play a role in sediment and runoff. 
Consequently, a substantial number of variables is required to ensure the model operate accurately  
(van den Elsen & Stolte, 2002).  

Figure 3 represents a schematic overview of how OpenLISEM works. The run file contains the settings 
and directs the model to the input parameters. Various parameters such as soil properties, 
vegetation, and Manning's N are used to calculate processes indicated in the blue boxes. Table 1 
represents a complete list of input parameters. Then processes such as splash detachment, sediment 
transport, flow detachment and deposition (indicated in red) are simulated by the model. 

 

 

Figure 3. Schematic overview OpenLISEM processes and input requirements (Akpejiori, 2018). 

OpenLISEM enables the spatial simulation of runoff and how soil particles are detached, transported 
and deposited. This made it possible to see which areas contribute the most to runoff and erosion. 
Furthermore, OpenLISEM runs on event-based data that is calculated on a timestep basis (van den 
Elsen & Stolte, 2020). This capability enables the selection of an intense rainfall event as input, which 
was assumed to give the most severe outcomes in terms of runoff, flooding, and erosion. OpenLISEM 
is raster-based and therefore simulates detailed spatial patterns of erosion (van den Elsen, 2002).  

Below is a detailed description of the most relevant equations for the runoff component of the 

OpenLISEM model. For overland flow and channel flow OpenLISEM uses the transport equation 

developed by Govers (1990) (Hessel, 2002) using eq. 1.  

TC = c(S · V ς SVcr)d ϊ ˊs    [eq.1] 

TC is transport capacity (g/l), S is slope (m/m), V is mean velocity (cm/s), SVcr is critical unit stream 

ǇƻǿŜǊ όŎƳκǎύΣ ˊǎ ƛǎ ŘŜƴǎƛǘȅ ƻŦ ǎƻƭƛŘǎ όƪƎκƳоύ ŀƴŘ ŎΣ and d are the median grain size coefficients (µm).  
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The net flow detachment and deposition are calculated using equation 2 (Hessel, 2002). 

Df = y · (TC ς C) · ̟  · w · DX · dt   [eq.2] 

Df is net flow detachment/deposition (kg), y is an efficiency coefficient, TC is the transport capacity 

όƎκƭύΣ / ƛǎ ǘƘŜ ǎŜŘƛƳŜƴǘ ŎƻƴŎŜƴǘǊŀǘƛƻƴ όƎκƭύΣ ˖ ƛǎ ǘƘŜ ǎŜǘǘƭƛƴƎ ǾŜƭƻŎƛǘȅ όƳκǎύΣ ǿ ƛǎ ǘƘŜ Ŧƭƻǿ ǿƛŘǘƘ όƳύΣ 5· 

is the pixel length (m), and dt is the time step length (s). 

Model settings 

In this study we used OpenLISEM version 7.4.5 with input raster layers with a spatial resolution of 3 m 
and a temporal resolution of 3 seconds. To calculate infiltration, Green & Ampt formula was used. 
Evapotranspiration, infrastructure, channels and groundwater flow, were excluded from the model.  
The surface flow was set from dynamic wave 2D (using DEM) to kinetic wave (using LDD). This is the 
more simple routing method since dynamic wave also accounts for momentum terms and frictional 
forces on slopes (University of Twenty, 2018). This was necessary since errors occurred while running 
with dynamic wave.  

At last, the overland flow detachment efficiency was adjusted from the EUROSEM model setting to 

the original LISEM model setting for silty loams. This setting gives the maximum amount of flow 

detachment, while the EUROSEM model setting gives the lowest detachment. This change was made 

because EUROSEM model settings produced unrealistically low detachment values. Moreover, 

original LISEM model setting is recommended for loamy soils or soils with high proportion of fine 

material. The observed soils were dominantly loamy soils.  

2.2 Data collection 

2.2.1 Landuse classification 

A land cover map was used from Mücher & Verweij (2020). The land cover map was reduced from 21 

original thematic classes to 6 major land use classes (Table 1). Figure 4 visualizes these land use 

classes division used in the simulations.  

The land cover map was divided in five main classes: forest, urban, urban green, urban bare soil, 

shrub, and bare soil. The shrub and bare soil class were combined from multiple layers (Table 1).  

Table 1: Land use classification. 

Land use classification in Mücher 
& Verweij (2020) 

Land use classification in this 
thesis 

Percentage of total 
catchment area 

Low Shrub Shrub 56 

Low shrub with cactus Shrub  

High shrub  Shrub  

High shrub with cactus Shrub  

Road Road 1.9 

Urban bare soil Urban bare soil 7.5 

Bare soil & pioneer vegetation Bare soil 21.6 

Built-up Built-up 2.3 

Urban green Urban green 3.1 

Forest Forest 7.7 
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Figure 4.  Land use cover division of the LVV catchment area used in OpenLISEM simulations. The classification is based on 
the land cover map by Mücher & Verweij (2020), which was simplified into 6 major categories. 

2.2.2 Input parameters 

OpenLISEM was run by gathering 14 parameters, details are given in Table 2. The PSI in OpenLISEM 

version 7.4.5 is calculated automatically. Therefore, no values for PSI had to be put in the model. 

Table 2: Input maps and parameters for OpenLISEM. 

Variables Indicators Sampling method:  Source: 

Calibration Measured discharge Time frame: 10 minutes Measured in field 
with a diver 

Weather input data Precipitation  Timeframe: 5 minutes Weather 
underground, 
Ibonai15 

Catchment maps Land use  Derived from land use 
map 

(Mücher & 
Verweij, 2020) 

 Local drainage direction 
(LDD) 

Derived from DEM  (AHN, 2023) 

 Catchment boundaries 
(area) 

Derived from DEM  (AHN, 2023) 

 Slope gradient Derived from DEM  (AHN, 2023) 

 Location of the catchment 
outlet 

Derived from DEM  

Vegetation maps Leaf area index (LAI) Literature (Li et al., 2016; 
Lemos-Filho et al., 
2010; 
Tian et al., 2021) 
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 Fraction of soil covered by 
vegetation (PER) 

Visually estimated by 
assuming an average of 
the surrounding area 

 

 Crop height (m) Visually estimated by 
assuming an average of 
the surrounding 
vegetation for the 
dominant vegetation 
types 

 

Soil surface maps aŀƴƴƛƴƎΩǎ b  Literature (Arcement & 
Schneider, 1989) 

 Random roughness (rr) 
(cm) 

Pin board  

 Fractions covered with 
stones  

Estimation using a 1 m2 
square 

 

 Width of impermeable 
roads (m) 

Estimation through 
Google Earth 

 

Infiltration related 
maps 

Saturated hydraulic 
conductivity (mm/h) 

Infiltrometer  

 Saturated soil moisture 
content (porosity)  

Pedotransfer functions 
of soil texture 

(Ding et al, 2016) 

 Initial soil moisture 
content (ThetaI) 

Time domain 
reflectometer (TDR) 

 

 Soil depth (mm) Pin in the ground, 
measuring how far the 
pin penetrates in the 
ground.  

 

Erosion/deposition 
maps 

Aggregate stability  Literature (Canton et al., 
2009) 

 Cohesion of bare soil (kPA) 
(COH) 

Torvane test  

 Additional cohesion by 
roots (COHADD) (kPA) 

Literature  (Cammeraat et al., 
2005) 

 Median texture of the soil 
(µm) (D50) 

Global soil grids data & 
literature  

(ISRIC, n.d) & 
(Pabst et al, 2000) 

 

Rainfall Event 

The simulated rainfall event occurred on 13 November 2024; data was taken from the weather 

station Ibonai15. This rainfall event had a total of 38.29 mm, a peak intensity of 81.53 mm/h and a 

duration of 155 min (Figure 9). There were three weather stations located in proximity to the 

catchment, and large discrepancies were observed in rainfall amounts between the weather stations. 

Notably, two weather stations Ibonai15 and Ibonai21 were situated only one street apart yet 

recorded different rainfall amounts, highlighting small-scale spatial variability in rainfall in Bonaire 

(and/or uncertainty in the measurements). Ibonai15 was selected since its location was the closest to 

the catchment. The validation was conducted with a separate rainfall event that occurred on 2 

November 2024. This event had a total rainfall of 42.44 mm, a peak intensity of 60.50 mm/h, and a 

duration of 265 min. See Appendix F for rainfall events. See Figure 2 for the location of Ibonai15 in 

the catchment.  
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Vegetation parameters 

Crop height 

The crop height of vegetation was determined by visually estimating an average height representative 

among the represented vegetation types like gras, trees, or bushes. 

 

Fraction covered with vegetation 

This was determined by assuming an average coverage of the type of vegetation of the surrounding 

area. The fraction (0-1) of vegetation covering the soil surface was determined by visually estimating 

an average coverage of vegetation types of the surrounding area.  

 

Soil parameters 

Fraction covered with stones  

To measure the fraction covered with stones, a bounded plot of 1 m x 1 m was used, where an 

estimation was made of the area covered by stones using equation 3.  

Fraction covered = 
   

  
     [eq.3] 

Random roughness 

Pinboard measurements were conducted to measure the random roughness (rr) of the surface 

(Figure 5). Thomsen et al (2014) noted that multiple methods, such as roller chain, pinboard, and 

sensor methods, were in alignment in terms of results. Therefore, pinboard was chosen for this study 

since it was possible to build independently on location. The pins of the pinboard had to be the same 

size. The photos of the pinboard were converted into rr values using a software program called PMP 

new. This program calculated the average standard deviation of the heights of the pins. 

 
Figure 5. Example of a pinboard. 

Infiltration parameters 

Soil depth 

To determine the soil-to-bedrock depth, a steel pin was driven into the ground with a hammer until it 

reached the point of resistance. The remaining length of the pin was measured, where the depth is 

calculated through subtracting the remaining length from the total length. This was then assumed to 

be the depth of the bedrock.  

 

Saturated hydraulic conductivity (Ksat) 

The infiltration capacity of the different soil types was measured through the use of a mini-disk 

infiltrometer. For every sample point three measurements were obtained. An average value was then 
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taken as representative for that location. For the measurement to be accurate 11 sample intervals 

were recorded, 8 when there was a time constraint. The suction rate was moved from 2cm to 1cm 

when there were time constraints, see Appendix B for the protocol of the infiltrometer. The saturated 

hydraulic conductivity (Ksat) was calculated through the use of equation 4. Where C2  represents the 

slope of the curve of the cumulative infiltration against the square root of time, and A corresponds to 

the value obtained from Van Genuchten parameters, which is based on a specific soil type to the 

suction rate and the radius of the infiltrometer disk (Naik et al., 2019).  

 

Ksat = 
  
       [eq.4] 

 

To calculate Ksat the soil texture must be determined. This is done through the use of ΨǘȅǇŜ ƻŦ ŦŜŜƭΩ 

method by Thien (1979), see Appendix C.  

 

Initial soil moisture content 

The initial soil moisture content of the different soils types was measured through the use of a time 

domain reflectometry (TDR) soil moisture sensor as based on Walker et al. (2004) and Top et al. 

(1996).  

Erosion parameters 

Cohesion of bare soil 

The torvane shear strength device was used to determine the shear strength of the different soil 

types in the catchment, calculated by equation 5, from Madenford & Scholtes (1973). Where S is the 

shear strength, C is cohesion, N is the normal pressure to the shear surface, and Ø is the angle of 

internal friction. 

S = C + NtanØ    [eq.5] 

2.2.2 Sampling strategy 

¢ƘŜ ƳŜŀǎǳǊŜƳŜƴǘǎ ƻŦ ǘƘŜ ƳƻŘŜƭΩǎ ƛƴǇǳǘ ǇŀǊŀƳŜǘŜǊǎ όTable 2) of soil, infiltration, and erosion were 

executed through a semi-stratified sampling strategy based on the land use classes of the studied 

catchment (chapter 2.2.1) (Figure 4). The semi-stratified approach allowed for flexible sampling, 

which accounted for practical constraints while still maintaining a degree of structure to ensure 

representation from each land use class. The sample locations are presented in Figure 6. 
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Figure 6. Sampling locations in the LVV catchment. 

2.2.3 Field observations of soil erosion 

Erosion was identified by mapping key visible erosion indicators, such as sheet, rill, gully, exposed 

roots, and sediment accumulation. Signs of erosion were marked in Google Maps through a live 

location and classified based on their severity (Table 4). 

This was conducted to assess whether the erosion locations identified through field observations 

correspond with the results generated by the OpenLISEM model. To estimate the magnitude of 

erosion, the dimensions of the erosion features were determined. Okoba & Sterk (2006) included soil 

surface level, rill depth, width, and total length combined, see Table 3 for an overview of how the 

indicators were measured. During field observations, an estimation was conducted based on Table 4. 

Table 3: Overview of erosion signs with the measurement method. 

Erosion type Measurement 

Rill/gully Soil surface level, length & cross sections 
(measuring width and depth)(Okoba & Geert, 
2006) 

Root exposure Distance of the original soil surface with the 
current soil surface over the area of exposure. 

Rock, signs of deposition and others Pictures  
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Table 4. Severity classification (Okoba & Sterk, 2006). 

Type erosion Depth Severity Label 

Sheet/rill/root  Surface 1 cm 1 Very slight 

Sheet/rill/root  2-3 cm 2 Slight 

Sheet/rill/root  4 - 7 cm 3 Moderate 

Sheet/rill/root  7+ cm 4 Significant 

Gully All. When it cannot be 
removed through 
ploughing  

5 Severe 

 

Figure 7 shows examples of the severity classification corresponding to observed erosion. The 

number in the photo refers to the severity magnitude classified in Table 4. The classified points were 

mapped in ArcGIS Pro to spatially visualize erosion-prone areas, see chapter 3.2.  

 

Figure 7. Overview of erosion severity classes 1-5: from Very slight, Slight, Moderate, Significant, and Severe. 

2.2.4 Catchment delineation 

The catchment boundaries for the LVV catchment were delineated using ArcGIS Pro. The delineation 

of the catchment was determined using the new Lidar Digital Terrain model (DTM) of Bonaire (AHN, 

2023). The DTM provided a spatial resolution of 1 m but was resampled to 3 m to reduce the models 

run time. Furthermore, the fill and flow direction tool was used to make the flow direction map. The 

flow accumulation tool was used to establish the flow path, and the watershed tool was used to 

establish the catchment boundaries. The catchment outlet was determined through the Local 

Drainage Direction map (LDD) using PCRaster coding language.  
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2.2.5 Calculating the storage capacity of the upstream dam 

In order to validate the discharge calculated by OpenLISEM the volume of the dam in front of the 

outlet channel (Figure 2) was estimated. Most of the water first goes through the dam before leaving 

the catchment at the outlet. The volume of the dam is estimated to validate the discharge calculated 

by OpenLISEM.  

To calculate the storage capacity it is assumed that the reservoir is filled to its maximum capacity. To 

estimate the storage capacity of a small earth dam reservoir, equation 6 can be used (Liebe et al, 

2005).  

ὠ   ὃz Ὠz     [eq. 6] 

V = storage capacity [m3] 

A = surface area [m2] 

d = maximum depth [m] 

However, equation 6 has been modified because the surface area A was calculated using a GPS. The 

volume of the dam's reservoir was calculated by measuring its maximum water level outline using a 

Garmin Etrex SUMMIT GPS. The visible high-water mark was used to delineate the outline, which was 

used for the determination of the surface area.  

The maximum water depth was measured using a measuring tape, with five depth samples taken 

randomly along the middle of the reservoir's cross-section. In addition, cross-sectional measurements 

were conducted at two points to estimate the shape of the dam's reservoir. The deeper sections 

(Sections 3 and 4) were assumed to have a triangular shape, while the shallower sections (Sections 1 

and 2) were considered to have a flat bottom. Depth measurements for determination of the shape 

of the reservoir were taken every six footsteps along the cross-section, this resulted in a triangular 

cross-section (Figure 8). 

Based on field observations and cross-sectional measurements, the reservoir was determined to have 

a triangular shape for its deeper sections. The adjusted formula of the storage capacity is seen in 

equation 7: 

ὠ  ὃz   Ǫ Ὠz   Ǫ ὃ   Ǫ  zὨ   Ǫ     [eq. 7] 

 

V = Storage capacity [m3] 

A = surface area based on GPS coordinates [m2] 

d  = maximum water depth [m] 

 

Furthermore, a channel after the dam leading to the outlet point was included in the calculation. The 

volume of the channel was determined by measuring the length using a measuring wheel, and its 

width and depth using tape measurements.  
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Figure 8. Schematic visualization of the triangular-shaped reservoir in the catchment. 

2.2.6 Discharge measurements 

Two diver barometers were installed at the catchment outlet prior to this thesis research (Figure 2). 

These devices measured the pressure (cmH2O) and temperature in °C. The measured pressure data 

was converted to water level height in the diver using the software program Diver Office 2022. See 

Appendix E for assumptions made in converting water level height (stage) to discharge. Figure 9 

shows the measured discharge and the rainfall event of 13 November 2024.  

 

Figure 9. Rainfall and discharge hydrograph for 13 November 2024. Orange curve: rainfall (mm/h) at Ibonai15; blue curve: 
measured discharge (l/s) at the LVV outlet. Discharge peaks about 4.5 hours after peak rainfall, showing delayed runoff and 
a prolonged recession. 
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2.3 Model evaluation 

2.3.1 Calibration & Validation 

To calibrate the OpenLISEM model measurements of the discharge of the catchment outlet were 

used.  

At the catchment outlet a dam was located just upstream of the measurement point where the 

discharge was recorded (subsection 2.2.6). As a result, the timing and peak curve of the measured 

discharge ǿŜǊŜ ƘŜŀǾƛƭȅ ŀŦŦŜŎǘŜŘ ōȅ ǘƘŜ ŘŀƳΩǎ ǇǊŜǎŜƴŎŜ. Due to the presence of the upstream and 

downstream dams, inflowing water first filled the reservoir until it reached maximum capacity before 

discharging through the outlet. This resulted in a delayed timing of the observed discharge peak, 

creating a discrepancy when compared to the simulated discharge (Qsim), which did not include the 

dam. Furthermore, the measured discharge hydrograph exhibited a small sharp dip immediately after 

the peak, followed by a small peak again, followed by a gradual decrease (Figure 9). This pattern 

suggests backwater effects, likely caused by downstream impoundment, which resulted in a 

temporarily stagnant water level and a slower falling limb. Therefore, the measured discharge 

hydrograph was not reliable for direct calibration, thus, an alternative method had to be used, which 

was calibration on the total outflow of the catchment.  

To estimate the total outflow, a reference point was assumed on the falling limb of the hydrograph, 

from which the discharge was assumed to begin its decline. Figure 10 shows the assumed hydrograph 

of total outflow. The assumptions for converting stage to discharge can be found in Appendix E. For 

the validation with rainfall event of 2 November 2024 the falling limb was also assumed by extending 

the falling limb of the hydrograph (Figure 11).  

To verify calibration results of the total discharge an estimate of the total storage capacity of the 

upstream dam was calculated (subsection 2.2.5). This estimate served as a reference to assess 

whether the simulated discharge volumes were physically plausible. In addition, the percentage of 

observed erosion points that corresponded with the simulated erosion areas was calculated. 

 

Figure 10. Assumed falling limb of the discharge hydrograph at the LVV catchment outlet for 13 November 2024. Blue dots 
show measured discharge (m³/10 min); the fitted curve represents the assumed recession used in model calibration. The 
rising limb is stage data that was not modified. 
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Figure 11. Assumed falling limb of the discharge hydrograph for the validation event on 2 November 2024. This graph shows 
the measured discharge (m³/10min). The last part of the recession is manually extended. 

Model performance 

A goodness-of-fit assessment of the model performance was conducted with a Percent bias (PBIAS) 

method. PBIAS was chosen since it is a common method for model evaluations in watershed 

simulations (Ritter & Munoz-Carpen, 2013; Moriasi et al, 2007). 

According to Moriasi et al (2007) a model performance of <25% PBIAS to be called satisfactory.  

PBIAS = 
В

В
ρzππ   [eq. 8] 

2.3.2 Model parameters 

Overall, OpenLISEM offers 17 parameters that can be used for calibration. Among these parameters, 

Saturated hydraulic conductivity (Ksat) and Mannings roughness (n) are the most sensitive (Wu et al., 

2021). Random roughness (rr), soil texture (D50), cohesion of soil (COH), and aggregate stability are 

also significant parameters (Wu et al., 2021). For the purpose of this study, Ksat was selected as the 

sole parameter for calibration, based on its high sensitivity to the model outcomes.  

The models parameters were kept at the settings from the fieldwork and literature study unless 

mentioned otherwise (Table 2). 
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2.3.3 Scenario analysis 

The modelled LVV catchment represents the situation between October and November 2024. Based 

on this baseline, certain scenarios were simulated. All the scenarios were simulated using the rainfall 

event of 13 November 2024. 

Scenario 2: Urbanization Impact 

Scenario of new urbanization development in Kralendijk. This was simulated by increasing the urban 

bare land use class by 163.000 m2 (69%). If built-up classes (houses) are counted in the equation, it 

was a 50% increase in urban area (urban bare + built-up) as compared to the current built-up and 

urban bare area. In the Urbanization Impact scenario, 15.0% of the catchment consists of urban areas 

(built-up + urban bare). Before this was 10.6% of the urban area. The parameter for each class did not 

change, only the urban bare area has increased. 

 

Scenario 3 A: Re-greening of bare soil 

In this scenario, the vegetation cover (PER) was changed for the bare soil land use class. This scenario 

assumes that the bare soil class has a vegetation fraction comparable to the forest class (86% 

coverage instead of its current 34%). By introducing re-greening to bare soil areas, less splash 

detachment is expected. The crop height was set at the original 12 cm. Demir & LǒƤƪ (2019) reported 

that the effects of cover crops resulted in changes in Ksat ranging from 117.8% to 229.9% in 

persimmon orchards in Turkey. Following this, Ksat was increased with 229.9%, see new values in 

Table 5. 

 

Scenario 3 B: Enhanced Ksat bare soil 

In this scenario, it was assumed that changes in PER in the bare soil class positively influence the soil 

hydraulic conductivity (Ksat). As described in the paragraph above, the Ksat was set to 229.9% of the 

original value, which is described in Demir & LǒƤƪ (2019). Although Ksat was adjusted to reflect the 

impact of increased vegetation on infiltration capacity, the PER and crop height (CH) values were not 

modified in this scenario. This approach isolates the effect of changes in Ksat in this scenario. See 

new values in Table 5.  

 

Scenario 4 A: Urban Oasis 

In this scenario, urban bare areas were transformed into a water-friendly oasis, characterized by 

green gardens and shrub like vegetation. As a result, the PER and CH values were set similar to the 

shrub areas. Consequently, the Ksat also increases, therefore, the Ksat is set similarly to one recorded 

shrub measurement of 12.99 mm/h. This is done using an upper value measurement to avoid 

underestimating the Ksat improvements expected in a well-established urban oasis. The feedback 

between increased PER and increased Ksat is highlighted in previous studies. Niemeyer et al (2014) 

highlighted a similar effect for woody vegetation in dry tropics of Nicaragua, and Kabir et al (2020) 

observed a similar effect for semi-arid regions in central Iran.  

 

Scenario 4 B: Urban roughness 

This scenario increased the microtopographic variability through surface roughness. The increase in 

roughness is expected to decrease the runoff by enhancing water retention. Thus, rr was set twice as 

high as the original value for the urban bare areas. 
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Table 5: OpenLISEM parameter values for the scenarios. Orange-brown represents calibrated values, bright blue represents 
the scenario values. 

 Calibrated values Scenario settings 

Scenarios Ksat 
(mm/h) 

PER  CH (m) RR  Ksat 
(mm/h) 

PER CH 
(m) 

RR 

3A Re-greening of bare soil 16.07 0.34 0.12 0.22 36.94 0.86 0.12 0.22 

3B Enhanced Ksat bare soil 16.07  0.34 0.12 0.22 36.94 0.34 0.12 0.22 

4A Urban oasis 0 0 0 0.22 12.99 0.75 1.47 0.22 

4B  Urban roughness 0 0 0 0.22 0 0 0 0.44 
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3. Results 

3.1 Calculated storage capacity of the reservoir 

Tables 6 and 7 display the calculations of the storage capacity of the reservoir and the artificial 

channel section, which is attached to the dam (Figure 12). The calculated storage capacity of the dam 

reservoir was about 2842 m3, with the channel contributing another 430 m3, total leading to 3263 m3. 

Table 6: Dimensions and calculated storage capacity of the reservoir. 

Sections of the 
reservoir 

Surface area [m2] max depth [m] Shape 
factor 

Volume [m3] 

1 2,039 0.10 1 204 

2 1,191 0.10 1 119 

3 2,174 0.38 1/2 413 

4 5,816 0.38 1/2 1105 

Total 11,219   2423 

     

Total dam 
reservoir + 
channel 

   2843 
 

Table 7: Dimensions and calculations of the channel section. 

Channel section Depth [m] Wide [m] length (m) Volume [m3] 

1 1.01 1.62 173.40 283.72 

2 0.71 1.62 118.65 136.47 

Total   292.05 420.19 

 

 

Figure 12. Dam reservoir sections upstream of the catchment outlet used for storage capacity calculations. The outflow 
channel is indicated in blue, and dam section in different shades of green. 
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3.2 Modelling results from OpenLISEM 

This section presents the modelling outcomes, including the input parameter values, the calibration 

and validation results, and the totals of the simulation output. Table 8 shows the fieldwork 

measurements and literature values. The assumptions underlying these parameters are described in 

Appendix D. 

Table 8: Input parameter values for OpenLISEM. 

Map name Urban Bare soil  Urban 
green 

Shrub Forest Urban 
bare 

Leaf area index 
[LAI] 

0 0.83 (Li et 
al., 2016) 

0.83 (Li et 
al., 2016) 

2.06 
(Lemos-
Filho et al., 
2010) 

4.00 (Tian 
et al., 2021) 

0 

Fraction of soil 
covered with 
vegetation [PER] 

0 0.34 0.86 0.75 0.84 0 

Crop height (m) 
[CH] 

0 0.12 3.12 1.47 1.69 0 

Manning's N [N] 0.01 0.02 0.051 0.076 0.086 0.01 

Stonefraction 0 0.42 0.25 0.36 0.12 0.42 

Random 
roughness 

0 0.22 0.45 0.40 0.38 0.22 

Saturated 
hydraulic 
conductivity [Ksat] 
(mm/h) [Ksat] 

0 16.07 12.49 6.44 10.66 0 

Initial soil 
moisture content 
[ThetaI] 

0 0.23 0.15 0.23 0.22 0.23 

Porosity 
(cm^3/cm -̂3 
[thetas] 

0.47 
(averag
e all 
classes) 

0.465 Ding 
et al., 2016 

0.465 Ding 
et al., 2016 

0.46 Ding et 
al., 2016 

0.46 Ding et 
al., 2016 

0.465 
Ding et 
al., 2016 

Soil depth (mm) 
[soildep] 

0 270.25 310.90 370.22 220.93 270.25 

Aggregate stability 
[aggrstab] 

0 23.9 
(Canton et 
al., 2009) 

23.9 
(Canton et 
al., 2009) 

36.7 
(Canton et 
al., 2009) 

36.7 
(Canton et 
al., 2009) 

23.9 
(Canton 
et al., 
2009) 

Cohesion of bare 
soil [COH] (kPa) 

0 32.20 19.19 26.26 15.82 15.82 

Additional 
cohesion by roots 
[COHADD] (kPa) 

0 0.6 
(Cammeraa
t et al., 
2005) 

6.3 
(Cammeraa
t et al., 
2005) 

6.3 
(Cammeraa
t et al., 
2005) 

6.3 
(Cammeraa
t et al., 
2005) 

0 

Median texture of 
the soil [D50]  

0 105.00 116.51 126.55 154.00 105.00 
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3.2.1 Calibration 

The model was calibrated based on total outflow (m3) from the catchment. Based on the sensitivity of 

the model to Ksat, it was the only parameter used for calibration of the discharge. Ksat is the rate at 

which water flows through the soil, it is a key component in most models that simulate water flow. 

The total observed outflow calculated by extending the hydrograph (Figure 10) gives 19862.96 m3. 

The calibrated simulation showed 19867.18 m3 total outflow. This resulted in a PBIAS of 0.021%, see 

Table 9.  

Table 9: Overview of calibration results using the Ibonai15 rainfall data. 

Rainfall event  Key Parameters 
Multiplication factor 

Total observed 
outflow (m3) 

Total simulated 
outflow (m3) 

PBIAS% 

Ibonai15 13 
November 
2024 

Ksat: 6.16 19862.96 
 

19867.18 0.021 

 

Since a dam is located directly upstream of the catchment outlet, it explains the delayed peak of the 

observed discharge (Qobs) compared to the simulated discharge (Qsim)(Figure 13). This delay occurs 

because the dam must fill before it overflows. The initial small peak is likely caused by runoff that 

originates from areas that do not outflow in the dam. This was also observed in the field, where two 

separate streams of water discharged at the outlet. The first consisted of runoff that did not pass 

through the dam, and the second was the delayed runoff that flowed through the dam before 

discharging. This explains why the second peak is higher, as the majority of the catchment drains into 

the dam, while a smaller part of the catchment contributes straight from the north. 

It should be noted that the observed outlet location in the field does not correspond with the 

simulation outlet modelled with the DEM through the flow accumulation tool.  

During the calibration process, it became evident that it was impossible to obtain satisfactory Nash-

Sutcliffe (NSE) values. Compare Figure 14 & 15 for the difference in timing. The closest NSE value 

obtained was -4.41. This difference occurred because OpenLISEM was configured to simulate surface 

flow using Kinetic Wave (using the LDD), instead of the Dynamic Wave setting (using the DEM). As a 

result, the dam was not incorporated into the model. When the Dynamic Wave setting was applied, a 

ponding effect occurred, leading to a peak discharge that failed to decrease, remaining at its peak 

discharge level. 
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Figure 13. Overview of outlet situation LVV catchment based on satellite imagery. The upstream dam (dark blue) and 
downstream dam (light blue), the black line indicates the flow direction towards the catchment outlet (yellow symbol). 

 

Figure 14.  Measured discharge hydrograph at the LVV catchment outlet for the 13 November 2024 event. Blue curve (Q 
obs): observed discharge (l/s) recorded at 10 min intervals. 
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Figure 15. Simulated discharge hydrographs at the LVV catchment outlet for the 13 November 2024 event. Discharge was 
simulated with OpenLISEM using baseline parameters and plotted with a 10 min timestep. 

3.2.2 Validation 

For the validation event of 2 November 2024, the PBIAS was 414.7%, showing a severe 

overestimation of the model (Table 10). The event of 2 November 2024 recorded 4.15 mm more total 

precipitation. However, this does not explain the large overestimation. See Appendix J for the 

hydrograph of the simulated outflow. See Appendix E for assumptions made to convert stage to 

discharge. 

Table 10: Overview validation process based upon total discharge in m3. 

Rainfall event  Total observed 
outflow 2 November 
2024 (m3) 

Total simulated 
outflow (m3) 

PBIAS% 

Ibonai15 2 November 2024 2065.37 
 

10630.63 
 

-414.7 

 

3.2.3 NBS and land use change scenarios: Total output simulations 

An overview of the simulated baseline and scenarios of total outflow, splash detachment, flow 

detachment, sediment on land, and total soil loss for both the baseline and the scenarios is shown in 

Table 11. 
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Table 11: Total output baseline and scenario simulations. 

Scenarios Total 
outflow (x 
103 m3) 

Peak 
discharge at 
outlet (x 103 
l/s) 

Splash 
detachment 
(x 103 ton) 

Flow 
detachment (x 
103 ton) 

Total 
Deposition (x 
103 ton) 

Total soil loss 
(x 103 ton) 

Baseline 19.87 6.37 0.20 231.73  230.12 1.81 

2. 
Urbanizatio
n 

25.36 9.11 0.22 286.35  284.03 2.54 

3A. Re-
greening 

8.33  5.75  0.19 114.79 114.26 0.72 

3B. 
Infiltration 

8.27  5.71  0.19 114.32 113.80 0.71 

4A. Urban 
Oasis 

6.17  3.05  0.14 128.91  128.50 0.54 

4B. Urban 
Roughness 

19.82  6.36  0.18 228.33 226.70 1.81  

 

The Urban Roughness scenario does not affect the total outflow (Figure 16a). However, both 

Vegetation scenarios show similar results, and Urban Oasis (4A) results in a significant decrease (69%) 

in simulated total outflow. The increase in the soilΩǎ Ksat in both the bare soil and the urban bare 

areas shows a significant effect in reducing the total outflow. On the other hand, when the 

urbanization development continues and urban areas expand with 50% in the catchment, the total 

outflow will increase with 5000 m3 or 25%, as shown in Urbanization Impact (scenario 2). This is due 

to the increase in impermeable surface, which reduces infiltration, increases runoff, and enhances 

flow velocities. See Appendix K for plotted hydrographs of all the simulated scenarios. 

Secondly, in Table 11 the peak discharge at the outlet was simulated to be 9.11 x 103 l/s for the 

scenario of Urbanization Impact (scenario 2) compared to 6.37 x 103 l/s in the baseline. This suggests 

that increased urban total area leads to higher peak runoff (43% increase). Heighted peaks in runoff 

can increase the flow energy, therefore further enhancing flow detachment. However, it is difficult to 

determine whether this increase is solely due to peak runoff, higher total runoff or a combination of 

both. 

Furthermore, the Urbanization Impact (scenario 2) scenario exhibits a 40% increase in total soil loss, 

which is primarily due to higher total outflow leading to higher flow detachment. On the contrary, the 

scenarios of Re-greening (3A) (60% reduction), Enhanced infiltration (3B) (61% reduction), and Urban 

Oasis (4A) (70% reduction) show a significant reduction in total soil due to reduced flow detachment.   

A decrease in splash detachment was simulated for both vegetation scenarios (3A and 3B), which 

both yielded approximately 189 tons of splash detachment. The difference between these scenarios 

is insignificant, though Re-greening (3A) has higher PER values (from 0.34 to 0.86) in the model 

compared to Enhanced Infiltration (3B). In theory, this could reduce splash detachment due to 

increased rainfall interception, decreasing the splash impact on soil. However, the difference is 

minimal and therefore insignificant (from 189.05 to 189.13 tons). Scenario 4B Urban Roughness 

shows a 10% reduction in splash detachment compared to the baseline. Noticeably, this reduction is 

achieved despite urban bare areas accounting for only 7.5% of the catchment compared to 21.6% of 
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bare soil areas. This highlights the effectiveness of the Urban Roughness (4B) scenario in reducing 

splash detachment. 

Furthermore, Urban Oasis (4A) yields significantly lower splash detachment (-30.1%) and flow 

detachment (-44.4%) than the baseline, mostly due to much higher infiltration and increased 

interception from higher vegetation cover (Figure 16d). However, according to the model output PER 

changes do not significantly affect the splash. The change is predominantly driven by higher Ksat. 

Comparable output scenarios are presented in Re-greening (3A) and Enhanced infiltration (3B). 

Similarly, the decrease in flow detachment is due to the substantial reduction in runoff from 

increased infiltration. 

The Urbanization Impact scenario, which involves an increase in urban bare areas, results in a 23% 

higher flow detachment compared to the baseline (Figure 16b). This is due to reduced infiltration, as 

rainfall on urban surfaces generates immediate runoff, and flow detachment increases as a result. 

The most noticeable reduction in deposition values across the scenarios is observed in the scenario 

Urban Oasis (4A) with a significant reduction of 43.9% (Figure 16b). This decrease can be largely 

explained by a reduction in flow detachment (-102 x 103 tons), and to a lesser extent, by splash 

detachment (-0.60 x 103 tons). The lower total outflow (69% change) in this scenario results in 

reduced flow detachments, while higher vegetation cover and higher Ksat, further mitigate erosion 

and deposition.  

Across all scenarios, the simulated flow detachment is almost equal to deposition values, indicating 

that most of the sediment is redeposited before reaching the catchment outlet (Figure 16b). Even 

under the Urbanization Impact scenario, where both processes peak at approximately 286 × 103 tons, 

the difference between flow detachment and deposition remains small (< 5%), meaning only a small 

portion of sediment is transported out of the catchment. Likewise, the Urban Oasis (4A) scenario 

records the lowest absolute amount (0.54 x 103 tons) yet maintains the same near-balance. The 

consistency of detachment remains nearly equal in every scenario. This supports the finding that soil 

loss depends on the magnitude of detachment rather than on changes in the detachment to 

deposition ratio.  
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Figure 16. Hydrological and erosion-related outcomes under baseline, urbanization, NBS scenarios in the LVV catchment. A) 
Total outflow (m3) for simulated scenarios. B) Simulated flow-detachment and deposition totals (in tonnes) for NBS scenarios 
in the LVV catchment. C) Simulated soil loss (in tonnes). D) Simulated splash detachment (in tonnes). 

3.2.4 Spatial analysis  

This section presents the spatial simulation outputs of the baseline and the scenario simulations.  

3.2.4.1 Runoff and soil loss Baseline simulations 

Figure 17 shows the simulated runoff for the baseline scenario. Kaminda Lagun, the widest, east-west 

road in the study area, acts as a major drainage axis for the northern part of the catchment. Its 

extensive impermeable surface prevents infiltration and channels rainfall into a roadside ditch 

observed in the field (Figure 17; A in-field photo). Furthermore, the runoff map (Figure 17) shows 

natural streams converging with, and at points being fed by, flow paths generated on the road. This 

effectively turns Kaminda Lagun into an extension of the stream network and enhances hydrological 

connectivity across the basin. The resulting surge in runoff produces higher flow detachment rates 

because roads and urban bare areas lack vegetation, experience surface sealing, and thus promote 

rapid overland flow (Figure 18; infield photo B). Consequently, a pattern of pronounced flow 

detachment hotspots emerges along the road network (Figure 18). Furthermore, it is important to 

note that the bare soil class generated the lowest runoff values in the catchment, lower than both 

shrub and forested areas (Figure 17; red circle 2 and 3). This is due to the higher mean infiltration rate 

(Ksat) measured in this land use class (Table 8) 

Additionally, detachment areas were observed in the north (Figure 18; map A). These hills exhibit 

detachment due to the steeper slopes, at rates with values from 1 - 50 tons. A second detachment 

hotspot is found in urban bare areas and roads (Figure 18; map B & C), exhibiting the highest 

ŘŜǘŀŎƘƳŜƴǘ ǊŀǘŜǎΣ ŜȄŎŜŜŘƛƴƎ рлt/ha. 

A comparison between the western and eastern sections of the urban area in Map B (Figure 18) 

shows that the western part has more areas with high detachment, while the eastern part has less. 

This difference is due to the greater presence of urban green areas on the east side of map B, which 

reduces runoff and detachment through higher infiltration and vegetation interception. 
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In map C (Figure 18), gaps within high-detachment areas correspond to built-up areas, such as 

houses, which do not experience detachment due to the absence of exposed soil. As impermeable 

surfaces generate significant runoff that is redirected to adjacent urban bare areas, intensifying flow 

detachment. Despite their small size, built-up areas act as important runoff contributors within the 

urban landscape. 

The soil loss map reveals dam-shaped areas with higher detachment, likely caused by their steep 

slopes. These half-moon-shaped dams are visible in the hillshade map and align with field 

observations of rill erosion on dam slopes (Figure 19; infield picture). 

The spatial pattern of simulated deposition generally aligns with areas of high detachment, indicating 

that much of the eroded sediment is deposited locally. On slopes, deposition is concentrated at the 

base, while detachment is more widely distributed upslope, as seen in Figure 18 (Map A). In urban 

areas, deposition mainly occurs along the edges of urban bare areas (Figure 18; map C), though it 

also follows runoff pathways (Figure 18; red circle 1). This suggests that deposition is not solely a 

result of localized detachment but is also driven by the transport of soil particles through runoff. 

In the far north of the catchment, the runoff map highlights a well-defined runoff stream at the foot 

of the hills (Figure 17; red circle 1). Runoff converges along the concave hillslopes, funnelling water 

into a stream. Deposition in the same sector traces a linear band along these runoff pathways (Figure 

18; map A) and occupies the low-elevation corridors between steep slopes identified in the runoff 

map (Figure 17; red circle 1). Together, these patterns indicate that sediment settles where flow 

energy diminishes, particularly at slope bases.  

In Figure 18 (Map B), a dark red line near the catchment outlet indicates flow detachment without 

adjacent deposition, suggesting sediment is transported downstream rather than deposited locally. 

This is driven by concentrated overland flow, as observed in the field (Figure 18; infield picture A), 

where channelled flow maintained sufficient velocity for sediment transport. The example 

underscores the role of hydrological connectivity in enabling long-distance sediment export rather 

than localized deposition. 
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Figure 17.  Runoff Baseline Simulation. Red circle 1) indicates an area with higher runoff accumulation. Red circle 2) indicates 
bare soil area. Red circle 3) indicates shrub area. 



 

38 
 

 

Figure 18. Soil loss Baseline Simulation. The Figure is divided into four map panels (Map A, B, C, and an overview), and is 
supplemented by two field photos labelled A and B showing evidence of runoff & erosion. 
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Figure 19. Hillshade visualization of dams in the LVV catchment with field evidence of rill erosion. 

3.2.4.2 Simulated runoff and soil loss for the Scenarios 

Scenario 2 Urbanization Impact  

Simulated urban development led to a significant increase in both runoff and soil loss compared to 

the baseline (Figure 17, 18 and 21; red circle 1 & 2). The replacement of vegetated areas, such as 

bare soil, shrubs, and forest, with urban bare surfaces reduced interception, infiltration and surface 

roughness (Bahddou et al., 2023). Thereby accelerating both flow and splash detachment (Figure 20; 

map B, Figure 21; map A red circles 1 & 2). The detachment values ranged from 1 to over 50 t/ha in 

these new urban bare areas. Prominently, in Figure 21 (map A, red circles 1 & 2), the newly urbanized 

area produced more runoff and soil loss than the adjacent existing urban area (red circle 3). This 

difference is likely due to the higher proportion of urban bare soil in red circle 1. In contrast, the 

existing urban area includes urban green zones that facilitate infiltration and help reduce flow (Figure 

21; map A, red circles 1 and 3).  

Scenario 4A Urban Oasis 

The Urban Oasis scenario, which introduced higher Ksat and PER values, resulted in a significant 

reduction in both runoff and detachment within urban areas (Figure 20 and 21; red circle 4, 5 and 6). 

The urban bare areas showed that increased interception and enhanced infiltration effectively 

mitigated splash and flow detachment, leading to lower soil loss and improved hydrological 

performance. 

 



 

40 
 

 

 

Figure 20. Runoff Scenario Simulations. This Figure presents the spatial distribution of runoff under three simulated scenarios, labelled A, B, and C. A) shows the baseline scenario. B) shows 2 
Urbanization impact scenario. C) shows 4A Urban Oasis scenario. 
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Figure 21. Figure 21 Soil loss Scenario Simulations. A) shows 2 Urbanization Impact scenario. B) shows 4A Urban Oasis scenario.
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3A Re-greening and 3B Enhanced Infiltration scenario  

The Re-greening and Enhanced Infiltration scenarios aimed to reduce runoff through increased 

vegetation cover (PER) and higher Ksat values in the bare soil areas. However, simulations show no 

significant change in runoff patterns compared to the baseline (Figure 22; red map A & B circle 1). 

This is likely because the baseline already exhibits high infiltration, therefore minimal erosion in these 

areas. As a result, areas with naturally high infiltration (bare soil), the mitigation measures had 

limited effect, as runoff and erosion were already low in the baseline for this land-use class. 

4B Urban Roughness scenario 

The Urban Roughness scenario, which applied doubled surface roughness values to urban bare areas 

(7.5% of the catchment), showed minimal impact on runoff and erosion patterns compared to the 

baseline (Figure 22; red circle 2, Figure 23; red circle 1 & 2). While a slight reduction in peak runoff 

was observed, likely due to enhanced surface storage, spatial runoff patterns remained largely 

unchanged. This suggests that the magnitude of roughness increase was insufficient to alter flow or 

detachment dynamics, or that dominant factors such as rainfall intensity outweighed its influence on 

runoff generation, splash and flow detachment.  
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Figure 22. Runoff Scenario Simulations. This Figure presents the spatial distribution of runoff under three simulated scenarios, labelled A, B, and C. A) shows 3A Re-greening scenario. B) shows 
3B Enhanced Infiltration scenario. C) shows 4B Urban Roughness. 
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Figure 23. Simulated soil loss under different NBS scenario in the LVV catchment. A) shows 3A regreening scenario. B) shows the 3B Enhanced Infiltration scenario. C) shows the 4B Urban 
Roughness scenario. 






























































