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ABSTRACT 

During the storm of November 20th, 2016 significant parts of the Paradera catchment in Aruba were flooded. The 

damage to the roads and houses resulted in high costs for the Aruban government and the Aruban people. Many 

studies have shown a large influence of urbanisation on the occurring of floods, but also climate change can be 

linked to an increase of floods in Aruba.  

This research answers the questions what the current hazard areas are and how these can be reduced now and 

in the future. In this research the model AGWA – Kineros2 is used to simulated current and future situations and 

solutions to floodings. AGWA – Kineros2 uses input files like elevation map, soil map and land use map and table 

with soil and land use parameters. The input files of the current situation are determined during fieldwork in the 

winter of 2016 – 2017 and future situations are based on increase in rainfall amount and increase in urbanisation. 

The solutions modelled in AGWA – Kineros2 are increasing the interception cover in urban area and decreasing 

the imperviousness of urban area by using the land use parameters of rural areas.  

The hazard areas are mainly found in the urban downstream areas and the more rural upstream areas. 

Implementing an increase to 55% in interception cover in the urban area leads to a decrease of 80% of runoff in 

the urban areas. Changing the land use parameters of all the urban areas to rural settings shows a decrease of 

30% in the urban planes.  

Based on the results of this research the Aruban government would need to actively increase the vegetation 

cover in the urban areas and motivate the Aruban people to do the same to decrease the floods and the 

corresponding damages.  
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1. INTRODUCTION 

1.1 URBAN HYDROLOGY  

Urban hydrology is applied hydrology in areas where human influences are high compared to natural processes 

(Niemczynowicz, 1999). People influence the hydrology of urban catchments in several ways. First of all, people 

create more buildings, houses, roads and other constructions compared to rural areas. This leads to a higher 

imperviousness in the city, which results in less infiltration and more surface runoff (Fletscher et al., 2013). In 

response to higher surface runoff amounts, people started to construct artificial waterways, like channels, pipes 

and conduits (Niemczynowicz, 1999). Urban hydrology is important for the design of new developments in cities 

(Mitchell et al., 2008). The water balance is the base of the hydrology. The water balance of urban areas has 

slightly different factors than a natural water balance (Mitchell et al., 2008) as shown in Figure 1. The main 

difference is the runoff/drainage factor.  

 

Figure 1: Water balance of natural and urban catchments (Adapted from Maidment, 1993 for natural water balance and from Mitchell et 

al., 2008 for urban water balance) 

In natural catchments water flows freely in the direction of the lowest point, the outlet. In urban catchments 

water cannot always flow in the direction of the outlet, because of the constructions. Water cannot drain into 

the soil because of the imperviousness of the roads and constructions and will accumulate in the streets. It is 

called a flood when the water accumulation amounts cause problems. It is also called a flood when the artificial 

waterways such as channels, pipes or conduits cannot transport the amounts of water. In order to prevent floods 

artificial drainage systems are created. Drainage systems are part of urban hydrology and are important in urban 

design and water management (Mitchell et al., 2008).  

Urban design and water management starts with modelling of urban hydrology. Detailed data has to be available 

for urban hydrology. Detailed information of the man-made constructions and capacities, but also the interaction 

with the rural area around the city are important input for urban hydrological models (Niemczynowicz, 1999).  

Modelling peri-urban catchments is even harder, because the interaction with rural areas is higher and more 

flow paths have to be modelled (Braud et al., 2013). Also hydrological modelling in an arid or semiarid climate is 

challenging, because most of the models are built for humid climates (Huang et al., 2016 ; Wheater et al., 2007). 

In (semi-)arid climates the spatial variability of the input parameters is high within a catchment. Also the semiarid 

rainfall events differ strongly in duration and intensity compared to humid regions (Huang et al., 2016). For 

example, the model TANK uses three buckets to simulate a humid climate catchment, but in (semi)arid climate 

catchments of the same size 10 buckets are needed to give satisfying results (Huang et al., 2016).  
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The combination the semiarid climate of Aruba and the exposure to urbanisation complicates hydrological 

modelling in Aruba. Despite the fact modelling is more challenging in Aruba than in humid regions, it is urgently 

required. On November 20th, 2016 a tropical storm reached the Dutch Leeward islands and caused many flooded 

roads and houses on Aruba (NOS, n.d.). Rainfall amounts of 70 mm were measured that day (Wunderground, 

n.d.).  

1.2 ARUBA 

Aruba is one of the Dutch Leeward islands in the Caribbean Sea. It is located in the Southern Caribbean Dry Zone 

on the southern fringes of the hurricane belt (Departamento Meteorologico Aruba, n.d. ; Scheffers, 2004). Once 

a hunderd year a tropical cyclone passes the island, which can results in serious damages (Departamento 

Meteorologico Aruba, n.d.). Aruba has a tropical steppe, semi-arid climate (BSh) with an annual precipitation of 

550 mm (Departamento Meteorologico Aruba, n.d. ; Martis et al., 2002). Aruba experiences 3 seasons: a wet 

season with heavy rainfall events from October – January, a dry season from February – May and a light rain 

season from June – September (Martis et al., 2002). Despite of the relatively flat island, most of the rainfall events 

are intense convective rainfall events. The rainfall events are mainly local rain showers, because of the 

combination of the dominant wind direction of East-north-East and East with the main axis of Aruba (NW-SE) 

(Departamento Meteorologico Aruba, n.d.; Westermann, 1932). These two factors are almost perpendicular, so 

the rainfall events pass the island in the width direction, which is roughly 7.3 km. The rainwater is transported in 

the direction of the surrounding ocean in rooien, which are river ways which are dry most of the year and 

transport mainly peak flow as discharge (personal communication Emil ter Horst, 2017). In some cases the rooien 

do not flow directly into the ocean but flow into a tanki. A tanki is a surface water reservoir with the goal of 

preventing floods downstream, but is also used as a reservoir for the farmers to collect water for irrigation.  

The Departamento Meteorologico Aruba (DMA) monitors several atmospheric and hydrological processes. The 

headquarters where most of the measurements are done, is located at the airport Reina Beatrix, but others, like 

tidal fluctuations are done in the marine harbour. The main goal of the DMA is to provide the airport the relevant 

information for the flights. Collecting data for research is of minor importance (personal communication David 

Barkmeyer, 2017). 

 In 1930 there has been a large geological study of Aruba (Westermann, 1932). In summary, Aruba consists of 

three formations. The oldest formation (diabase-schist) has a volcanic origin and can be found in the central part 

of Aruba covered by Arikok. The second formation (batholith) is more spread around the island and resulted in a 

more flat landscape with big outcrops created by selective erosion. Selective erosion has also created the 

signature mountain of Aruba the “Hooiberg” (Figure 2). The youngest formation is a limestone formation, which 

occurs mainly at the South and West coast of Aruba. The limestone formation is closely linked to the occurrence 

of coral reefs at the south coast of the island (Westermann, 1932).  

 

Figure 2: The Hooiberg within the rural areas 
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The properties of these formations do not provide rich parent material for soil formation processes. The HWSD 

(Harmonized World Soil Database) classified the island Aruba as an eutric Regosol. An eutric Regosol is defined 

as “soils having no diagnostic horizons” (FAO Soil units, n.d.). The DSMW (Digital Soil Map of the World) classified 

the northern part of Aruba as a Lithosol, “the soil is limited by depth by hard bedrock within 10 cm”. The southern 

part is classified as a Xerosol, “soils having a weak ochric, A horizon and an aridic moisture regime” (FAO Soil 

units, n.d.). 

The soil and climate properties have their influence on the vegetation. Normally Aruba is described as a desert 

island (Departamento Meteorologico Aruba, n.d.). During the wet season vegetation starts to grow, which can 

result in a green island when it is a long and wet season (own observation, 2017). The vegetation species consist 

mainly of trees, bushes and cacti (Arnoldo, 2012). The Dutch Leeward islands are famous for the typical tree, the 

Divi Divi tree (Caesalpinia Coriaria), which only grows on Aruba, Bonaire or Curacao. Common shrub species are 

the Bringamosa (Cnidoscolus urens) and Seidi (Jatropha Gossypiifolia). Most of Aruba is covered with different 

cacti in all different sizes. The most typical are the large Kadushi cacti (Cereus Repandus) and Yato cacti 

(Stenocereus Griseus), which both can be 6-10 meters high. Also smaller cacti can be found like Sumpina di 

colebra (Opuntia Curassavica), which is only 35 cm high and the melon cactus Milon di Seru (Melocactus 

Macracanthos), which will not grow higher than 20 cm (Arnoldo, 2012).  

In 1986 Aruba has acquired the so-called “Status Aparte” within the Kingdom of the Netherlands (Historia di 

Aruba, n.d.). Aruba has got its own government, but the influence of the Netherlands is still large. Aruba is still 

strongly dependent on the Netherlands for financial support and jurisdiction. After the partial separation from 

the Netherlands Aruba government started to boost the economy by supporting the tourism industry (Historia 

di Aruba, n.d.). At first no urban regulations were made, but now Directie Infrastructuur en Planning (DIP) is 

responsible for all the governmental spatial plans around the island. In Aruba it is common to have a house on 

long lease (NL: erfpacht). People rent a plot from the government of Aruba for a maximum of 60 years. They pay 

for the rent of the ground, but have to build their own house. After 60 years they can move to another plot and 

rebuild their houses again or stay for another 60 year on the same plot with a higher rent. In this way the 

government can regulate where houses are built and where nature gets a chance. (DIP, n.d.). The government 

can have their influences on the urbanisation locations and urbanisation rate and therefore manage the urban 

water design. 

When people are allocated a specific plot, they start to construct their building. The first step normally is to clear 

cut the plot completely. No vegetation is left behind, so only barren and unploughed land stays behind (personal 

communication Emil ter Horst, 2017). Only part of the plot will be covered by constructions, so the other parts 

stay barren.  

  

Figure 3: Urbanisation in Aruba before and after 1991 (Reference: CBS Aruba, n.d.) 
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Since the boost in the tourism economy in the 70s the urbanisation started to increase (Historia di Aruba, n.d.). 

In Figure 3 the increase in buildings is shown before and after 1991. Many new hotels were built at the beaches 

at the east and south coast (red dots) (CBS Aruba, n.d. ; personal communication Candi Boezem, 2017). 

Urbanisation has large impact on the hydrology of Aruba. More impervious areas are the result of more 

urbanisation and leads to less infiltration and more surface runoff (Fletscher et al., 2013). Especially in the mostly 

flat area of Aruba and Oranjestad this directly leads to flooded streets (own experience, 2017).  

1.3 PROBLEM STATEMENT  

Global warming influences the intensity and frequency of El Nino and La Nina events (Yeh et al., 2011 ; 

Timmermann et al., 1999). Some climate models do not show any increase in frequency and/or intensity in the 

future (Oldenborgh et al., 2005), where other models do show a probable increase of El Nino / La Nina events 

(Yeh et al., 2009). There is no direct evidence that this is the result of global warming, but also decennial 

fluctuations are not proven (Yeh et al., 2011). The rainfall amounts of Aruba are strongly linked to the El Nino 

and La Nina events. El Ninos are mostly causing droughts in Aruba, where La Ninas mostly result in more rainfall 

(Martis et al., 2002). When global warming results in more intense and frequent El Nino and La Nina events, 

Aruba will suffer from more intense rainfall events, which can cause higher peak flows.  

More rainfall in urban areas often results in more floods (Fletscher et al., 2013). At locations where the rooien 

cross the roads, the Aruban government installed culverts (NL:duikers) to prevent floods. Not always do the 

culverts have enough capacity to handle the water volume, which results in floods on the roads (personal 

communication Emil ter Horst, 2017). At several locations the rooien are crossing an urban neighbourhood, which 

causes floods around and in the houses (personal communication Pieter Barendsen, 2017). Also water is 

accumulating at location where no natural drainage is available, which causes floods as well (personal 

observation, 2017). To protect themselves against floods, the Aruban people build a fence with a non-permeable 

foundation of 30 cm above the ground, so water will not flow into their gardens and houses. 

During the wet season floods are most frequent. Many roads suffer from the floods and are gradually degraded 

by rainfall events. The roads are getting worse each year and are only partly fixed after the wet season (personal 

communication Candi, 2017).When heavy rainfall events occur the solid fencing is not always strong or high 

enough to protect the houses and damage is the result. These damages to roads and houses cost the Aruban 

government money (personal communication Candi Boezem, 2017). 

1.4 RESEARCH OBJECTIVES  

Large rainfall events flood parts of Aruba and in many places the current structures are not sufficient. In this 

research the hazard areas and current solutions will be located and investigated. Different solutions will be 

modelled to establish what can be done to prevent or minimize the floods now and in the future. This leads to 

the following main research question:  

What are the preferred solutions to reduce flood amounts and decrease hazard areas,  

now and in the future? 

To answer this research question some sub questions have to be asked: 

- Which hazard areas are the most vulnerable to floods now? 

- What will happen to these areas when the climate change happens? 

- Which different solutions are able (could be possible) to lower the peak flow and decrease the hazard 

area and how suitable are they? 
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These questions are answered using a simulation approach for a case study. The model selected for this study is 

AGWA – Kineros2. In a scenario study the influences of urbanisation and effects of global change are investigated. 

To answer these research questions field work is done on catchment scale. After collecting and generating the 

data, input files are created and rainfall events are selected. This is used to run the model.  

1.5 STUDY AREA 

The research questions will be answered for a specific catchment in Aruba. Data about different catchments in 

Aruba was not available, so the study area was initially determined by basic hydrological research using the 

Hydrological Tools of ArcGIS. The analysis is based on a rough Digital Elevation Model (DEM). Using this ArcGIS-

tool the different watersheds of Aruba were determined (Figure 4). 

 

Figure 4: Catchments of Aruba, Paradera is located in the circle 

Two conditions had to be met for a catchment to be selected for the case study 1) it was necessary that the 

catchment was exposed to urbanisation and 2) flooding problems occurred recently. Based on personal 

communication with Emil ter Horst (2017) and Pieter Barendsen (2017) the catchment of Paradera was chosen, 

because of their knowledge of recent flooding in this catchment. Paradera is a residential area situated Northeast 

of Oranjestad (Figure 4, in the circle) with the size of 7.6 km2. The estuary of the Paradera catchment is located 

in the Southern parts of Oranjestad. Near the estuary the land use of the catchment is more urban, but more 

upstream the land use is more rural and in some parts even natural, with dense vegetation. Urbanisation is the 

common trend in Aruba and a problem for the more natural areas, so especially in the upstream residential area 

of Paradera more buildings are built and placed in former and dry riverbeds (personal communication Emil ter 

Horst, 2017).  
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In Figure 5a the location of the Paradera Catchment in Aruba is shown and Figure 5b shows the catchment in 

more detail. The catchment does not flow directly into the ocean, but is connected to the ocean by a channel. 

The urban areas are found more in the downstream compared to the more rural areas in the upstream of the 

catchment.  

The locations of the floods which occurred after the rainfall event of November 20th, 2016 are indicated by red 

circles in Figure 5b (personal communication Emil ter Horst and Pieter Barendsen, 2017).  

 

 

Figure 5: Paradera catchment in Aruba (a) and the hazard areas of the rainfall event of November 20th, 2016 (b) 

  

(a) (b) 
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2. METHODOLOGY 

2.1 AGWA MODEL 

The Automated Geospatial Watershed Assessment (AGWA) model is used in this research. The data availability 

in Aruba is low, so a relatively simple model was needed and AGWA uses an ArcGIS interface which helps the 

visualization of the problems (AGWA user guide 3x, n.d.). Within the AGWA the Kineros2 model is chosen, 

because it is an event-based rainfall-runoff model which was used in earlier research on Bonaire (Koster, 2013).  

The AGWA-model is an ArcGIS-based hydrologic modelling tool (AGWA user guide 3x, n.d.) with many interfaces 

to use the Kineros2 model within this ArcGIS-tool. AGWA needs three input maps and several input parameters. 

The three maps that are needed are a Digital Elevation Model map (DEM), a soil map and a land use map. The 

input parameters (soil and land use) are prescribed in two look-up tables in AGWA. Some of the input parameters 

are measured in the field as well. The model makes an overlay of these three maps and the two look-up tables. 

By adding a specific rainfall event, AGWA will calculate the flow path of the rainwater and the runoff amounts by 

distracting the calculated infiltration and interception amounts. These amounts are calculated and averaged for 

each plane and are linked with the maps and look-up tables.  

AGWA is focused on the United States model, so normally most of the input files can be downloaded from US 

websites. These input files are not available for Aruba, so the DEM, the soil and the land use map had to be made 

from scratch. First fieldwork had to be done for creating the maps in ArcGIS. 

2.2 INTRODUCTION TO CASE STUDY 

In order to model the peak flow, hazard areas and several potential solutions, the model input first has to be 

developed. Elevation maps, soil maps and land use maps have to be created and look-up tables have to be filled 

with theoretical and field data. Rainfall data have to be analysed and specific rainfall events have to be selected 

for this research. To control the peak flow several scenarios will be run to see the influence of vegetation and 

urbanisation on the runoff and will establish if the scenario is a solution to the problem of floods.  

2.3 FIELDWORK 

2.3.1 ELEVATION 

To create the elevation map the exact locations of the rooien have to be determined. Satellite images were not 

sufficient, so locating the rooien was done by using a tracking device following in the course of the dry riverbeds. 

During this fieldwork the locations and the diameter of the culverts are determined.  

2.3.2 SOIL 

To create the soil map, soil types have to be determined. The soil type has been determined by using the fraction 

of sand, silt and clay and the USDA soil description triangle (Appendix 1). The fraction of sand, silt and clay is 

measured by using the sedimentation technique (FAO, n.d.). The soil sample, taken in the field, is sieved to 

remove the rocks (>2mm) from the sand, silt and clay particles. The remaining soil sample is put in a glass 

container, then filled with water and stirred forcefully. The larger sand particles will sediment first, then the silt 

particles and the finer clay particles will sediment last. After 24 hours this results in a three layer soil sample, of 

which the heights can be measured and the fraction can be calculated. In Figure 6 an example of a three layer 

soil sample is shown.  
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Figure 6: Sedimentation technique 

For the different soil types the soil parameters, rock fraction, bulk density and porosity have to be measured in 

the field. To determine the rock fraction the same soil sample can be used as the soil sample taken to determine 

the soil type. The rock fraction is the mass fraction between the rocks (soil particles > 2 mm) and the other soil 

particles (soil particles < 2mm). The soil samples need to be dry otherwise water influences the fraction. Equation 

1 is used for calculation of the rock fraction. 

𝑅𝑜𝑐𝑘 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 =
𝑀𝑎𝑠𝑠 𝑟𝑜𝑐𝑘 (𝑔)

𝑇𝑜𝑡𝑎𝑙 𝑚𝑎𝑠𝑠 (𝑔)
∗ 100% (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 1) 

Bulk density and porosity are both measured using 100cc rings. For each soil type two 100 cc rings were taken in 

the field. The samples are dried and weighed before calculating the bulk density. The bulk density reflects the 

amount of compaction of the soil and was calculated using Equation 2. 

𝜌𝑠 =
𝑀𝑑𝑟𝑦 (𝑔𝑟𝑎𝑚)

𝑉100𝑐𝑐 (𝑐𝑚3)
 (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 2) 

The porosity is the volume of air present in the soil matrix and is calculated by Equation 3. The porosity was 

calculated by using the bulk density of the soil sample and the bulk density of the particle density. For the particle 

density the estimated value of 2.65 cm-3 was used (Koster, 2013). 

𝜑 = (1 −
𝜌𝑠

𝜌𝑑
) ∗ 100% (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 3) 

2.3.3 LAND USE 

The land use map was based on visual observations done in the field. The satellite base map of ArcGIS is used as 

a guideline in the field to check the land use types. The vegetated areas are divided in three classes based on the 

density of the vegetation. The three classes are “dense desert shrubs”, “medium desert shrubs” and “low desert 

shrubs”. The density of the vegetation is definite based on two factors, the walkability and the range of visibility. 

If you can walk in the vegetated area, that area is classified as a low desert shrub area (Figure 7a). If you cannot 

see further into the vegetation than 2 meters, that vegetation is described as dense desert shrub (Figure 7c). 

Other vegetation is classified as medium desert shrub area (Figure 7b).  

(a) (b) 
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Figure 7: Vegetation classes: low desert shrub (a), medium desert shrub (b) and high desert shrub (c) 

The urban area is divided into two classes. The first class is classified as “urban” when the area is almost 

completely paved. The second class “rural” includes more rural sites, where houses are more surrounded by 

vegetation. These classes are also identified by visual observations, and mapped using ArcGIS.  

For each density or imperviousness class which indicated the land use types, the cover is determined. The cover 

is defined as the percentage of surface covered by interception cover (AGWA user guide 3x, n.d.) and is based 

on the walkability and visibility of the vegetation or present of vegetation. This values are estimated using own 

classification.  

2.3.4 INFILTRATION 

One of the parameters that are determined to assess the infiltration capacity of the soil is the saturated hydraulic 

conductivity (Ks). In the field measurements are done using the Mini disk portable tension infiltrometer of 

Decagon Devices (Infiltrometer manual, n.d.). Using the provided calculations sheets the Ks was calculated. 

2.4 MAPS 

2.4.1 DEM 

AGWA models normally use online available Digital Elevation Models (DEM) maps. These maps have a resolution 

of 30 meter. The resolution was too coarse for the relative flat slope in the Paradera catchment. AGWA could 

not calculate the flow path, because in the model areas with no slope functions as sinks which means that water 

does not flow towards the lowest outlet.  

In order to fix this problem and to let the water flow in the direction of the outlet, a new DEM was created using 

the elevation contour lines (Oosterhuis, 2015), the locations of the rooien and the location of the outlet of the 

catchment. This resulted in the DEM shown in Figure 12a.  

2.4.2 SOIL 

Using the determined sand, silt and clay fractions and an interpolation technique, a soil map was created in 

ArcGIS. More detailed information how to create a soil map in ArcGIS can be found in the Appendix 1. After 

mapping the rooien and tankis in the field, soil samples are taken from these areas and placed as an extra layer 

in the soil map. In Figure 12b the soil map used in the research is shown. 

2.4.3 LAND USE 

The land use types, checked in the field, are combined with the satellite map of ArcGIS to create the land use 

map shown in Figure 12c. 

(c) (b

) 

 (c) 

(a) 
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2.5 LOOK-UP PARAMETER TABLES  

2.5.1 SOIL PARAMETERS 

Four soil parameter tables are used in this study. In Appendix 1 the linking of these tables is explained in detail. 

All the default values from these tables are used for the simulation except the rock fraction, bulk density and 

porosity. These parameters are measured in the field and are measured for the different soil types determined 

by the sand, silt and clay fractions.  

2.5.2 LAND USE PARAMETERS 

The land use parameters described in the lookup table are the interception cover (%), interception (mm), 

Manning coefficient (-) and the imperviousness (-). Only the values of the land use classes water, urban area and 

medium desert shrub are defined in the AGWA model, so the values for low desert shrub, high desert shrub and 

rural area need to be set. The estimated parameter values, which are used in the simulations, are shown in Table 

1 and further explained in Appendix 1. 

Table 1: Land use parameters table 

OID CLASS Name Cover INT N IMPERV    

% mm - - 

0 1 Houses 25 0.1 0.015 0.2 

1 2 Medium desert shrub 25 3 0.055 0 

2 3 Low desert shrub 10 3 0.055 0 

3 4 Dense desert shrub 50 3 0.055 0 

4 5 Water 0 0 0 0 

5 6 Urban 15 0.1 0.015 0.4 

2.6 SELECTION RAINFALL EVENT 

In AGWA several approaches are possible for the creation of precipitation files. In this study a new precipitation 

file is created, based on precipitation data of the Departamento Meteorologico Aruba (DMA). These data are 

measured between January 2006 and January 2016. As further explained in Appendix 1 two rainfall events are 

selected; the rainfall of December 6th, 2006 with a total amount of 46.8 mm in 5 hours and the rainfall of October 

13th, 2011 with a total amount of 91.6 mm in 3 hours. Also the rainfall event of November 20th, 2016 will be 

modelled, which has a total amount of 68.8 mm in 8 hours. The 2016 event was measured by Houtsma (2016). 

In Figure 8 the three rainfall events are shown. 

Next to rainfall amounts the soil saturation conditions have to be set. The influence of the soil saturation values 

have to be investigated, as three possible conditions can be modelled (minimum, default and maximum). The 

minimum value simulates the dry conditions at the start of the wet season (October) and the maximum value 

simulates the wet conditions, which are more likely to occur halfway or at the end of the wet season.  
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Figure 8: Selected rainfall events December 6th, 2006 (blue), October 13th, 2011 (red) and November 20th, 2016 (green) 

2.7 SCENARIOS 

Two scenarios will be modelled: the influence of vegetation in urban area and the influence of urbanisation. This 

will be done by using the rainfall event of December 6th, 2006. These scenarios are possible solutions of urban 

floodings and by modelling this scenarios the influence of these solutions can be determined.  

2.7.1 THE INFLUENCE OF VEGETATION 

Traditionally the Aruba people clear cut their property before they start building, which means removing all the 

vegetation (personal communication Emil ter Horst, 2017). Slowly new vegetation will grow, but most of the time 

large parts of the plots will be empty, barren land. Because the positive influence of vegetation on the water 

balance, this scenario will increase the interception cover (%) in the urban areas (25%, 55%, 75% and 95%) 

(personal communication Emil ter Horst). 

2.7.2 THE INFLUENCE OF URBANISATION 

Because of the quick urbanisation in the Paradera catchment (Figure 9) soon all the rural areas will be replaced 

by urban areas (Urban city). The main difference between the parameters of these two land use types are the 

cover and the imperviousness of the area. In this scenario the growth of the city centres will not be included. As 

solution of urban floodings the scenario is simulated when all the urban areas becomes rural area (Rural city). 

 

Figure 9: Urbanisation in Aruba before and after 1991 
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3. RESULTS 

3.1 FIELDWORK 

The results of the fieldwork are showing the locations of the rooien and water management structures (the 

culverts), constructing the soil type map, the classification of land use types, and the measurement of soil 

parameters. In Figure 10 the results are given for the locations of the rooien (red lines) and the culverts (yellow 

dots) and in Figure 11 some pictures are shown of culverts in the catchment. In Figure 12 the DEM, the soil type 

map, and the land use map are shown.  

 

Figure 10: Location of rooien and culvert in Paradera 

 

Figure 11: Selection of culverts in Paradera catchment 
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Figure 12: Dem (a), Soil map (b) and Land use map (c) 
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In Table 2 the results of the soil parameter measurements of rock fraction, bulk density and porosity are 

presented. The rock fraction is high compared to the default values of AGWA. The bulk density is in the same 

range and the porosity is lower than the default values of AGWA. 

Table 2: Measured soil parameters Rock fraction (%), Bulk density (g/cm3) and Porosity (-) 

Soil type Rock fraction (%) Bulk density (g/cm3) Porosity (-) 

Clay 30 1.387 48 

Silty Clay 40 1.748 34 

Clay Loam 43 1.582 40 

Silt Clay Loam 32 1.702 36 

Loamy Sand 46 1.661 37 

Silt Loam 35 1.646 38 

Loam 30 1.617 39 

Sandy Loam 37 1.600 40 

In Table 3 the results of the measured values and default values of saturated hydraulic conductivity (Ks) are 

shown. The difference between the measured and default values of the Ks is high. The values of the measured 

Ks do not show the expected increase based on the sand, silt and clay fractions of the soil types. 

Table 3: Saturated hydraulic conductivity (mm/h) 

Soil Texture Measured saturated hydraulic 
conductivity (mm/h) 

AGWA model default values of 
saturated hydraulic conductivity 
(mm/h) 

Clay 1.2 0.6 

Silty Clay 1.5 0.9 

Clay Loam 1.4 2.3 

Silt Clay Loam 3.3 1.5 

Loamy Sand 2.8 61 

Silt Loam 1.4 6.8 

Loam 5.6 13 

Sandy Loam 3.2 28 

3.2 MODEL 

3.2.1 STANDARD 

The result of the standard simulation is shown in Figure 13. The standard simulation is based on input maps and 

look-up tables defined on the basis of the local information. The rainfall event of December 6th, 2006 is simulated 

using the default values of the soil saturation (0.20). As Figure 13 shows the upstream planes have higher runoff 

amounts compared to the urban planes in the downstream planes.  
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Figure 13: Runoff (mm) of standard simulation in AGWA 

3.2.2 INFILTRATION 

In Figure 14 the result of the simulation with the in the field measured saturated hydraulic conductivity (Ks) is 

shown. The simulation with the field values results in large runoff amounts in the downstream part of the 

catchment. This can be explained by the much lower Ks-values of the main soil type in this area. Figure 12b shows 

that the main soil type in the downstream area is sandy loam. The difference between the measured and AGWA 

value of the Ks is large (resp. 3.2 mm/h and 28 mm/h) (Table 3). When field measurements are used, the runoff 

at the outlet increases from 10.4 mm to 17.1 mm, which is an increase of 65% (Figure 15). 

 

Figure 14: Runoff (mm) of simulation with the measured saturated hydraulic conductivity 
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Figure 15: Runoff (mm) at outlet by different Ks values 

3.2.3 SOIL SATURATION 

In Figure 16 the influence of the initial soil saturation on runoff (mm) is shown using the rainfall event of 

December 6th, 2006. Figure 16a shows the runoff with the minimum value of soil saturation (0.14). Figure 16b 

shows the runoff with the maximum value of soil saturation (0.93). Figure 16b shows that the estimated runoff 

is twice as high in the individual planes. This is the result of lower infiltration capacity due to the high soil 

saturation. Initial absorption is less, so runoff initiation is fast. This leads to an estimated increase of 1.5 higher 

runoff amounts in the streams. The effect of the minimum soil saturation (Figure 16a) compared to the standard 

simulation (Figure 13) is very limited, which can be explained by the small difference between the minimum and 

default value (resp. 0.14 and 0.20). 

The saturation of the soil has large influence on the runoff amounts. Minimum soil saturation amounts occur at 

the beginning of the wet season and maximum soil saturation values at the end of the wet season. This means 

that not only the rainfall amounts, but also the rainfall events during the wet season have a large influence on 

the occurring of floods. When the soil saturation increases, the downstream urban areas show a relatively large 

increase in runoff compared to the more rural areas upstream (red circle, Figure 16b). This leads to more 

problems due to the increase of soil saturation.  

 
 

Figure 16: Runoff (mm) of simulation with the minimum (a) and maximum (b) soil saturation 

(a) (b) 
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3.2.4 HAZARD AREAS 

In Figure 17 the infiltration and peak flow results of the standard simulation are shown. Figure 17a shows higher 

infiltration rates in the downstream part of the catchment and lower rates more upstream. In the parts where 

the infiltration is low, the peak flow shows high values (Figure 17b). The highest peak flow values of the planes 

are mainly found in the upstream part of Paradera.  

  

Figure 17: Infiltration (m3/km) (a) and peak flow (mm/h) (b) of the standard simulation 

The hazard areas modelled in AGWA are located on the same locations as indicated by Pieter Barendsen and Emil 

ter Horst (Figure 5b). In Figure 18 these hazard planes are marked with the letter A and B. The plane A flows 

across a road (Sero Blanco), where a culvert was constructed. The culvert located at the Sero Blanco is shown in 

Figure 11c. The total runoff amount of the stream flowing across the road calculated by AGWA was 7379 m3 

during the rainfall event of December 6th, 2006. The peak flow amount was 6.1 m3/s. This culvert is 30cm in 

diameter, which means that it cannot handle 6.1 m3/s peak flow. Next to this the maintenance of the culvert is 

not done regularly, which results in a decrease of flow capacity.  

Plane B has mostly urban land use and the estimated total amount of runoff in plane B is 7953 m3. Because of 

the high impervious and low infiltration capacity, this water will cause a flood by flowing into the streets of 

Paradera (Figure 19).  

(a) 

(b) 
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Figure 18: Locations of hazard areas in Paradera 

 

Figure 19: Rainwater flooded on the street (picture is taken in Madiki, Oranjestad (outside Paradera Catchment)) 

3.2.5 FUTURE INCREASE OF RAINFALL AMOUNTS 

Figure 20a shows the results of the simulation of October 13th, 2011 and Figure 20b shows the differences in 

runoff for the rainfall events of December 6th, 2006 (Figure 13, 46.8 mm) and October 13th, 2011 (91.6 mm). The 

difference in rainfall amounts between the two events is 45 mm. Figure 20b is created by subtracting the results 

of the rainfall event of October 13th, 2011 from those of December 6th, 2006. The largest differences are shown 

in the outer subcatchments (darker parts of Figure 20b). The range of the differences of the total runoff amounts 

is 41 – 45 mm, which is also shown in the hydrograph of the outlet (Figure 21a). Figure 21b shows similar results, 

which means that the increase of rainfall amounts, leads directly to floodings. 
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Figure 20: Runoff of the rainfall event of October 13th, 2011 (a) and the absolute difference between the event of October 13th, 2011 

and December 6th, 2006 (b) 

 
 

Figure 21: Hydrograph of the outlet (a) and plane B (b) of the rainfall events December 6th, 2006, October 13th, 2011 and November 

20th, 2016 

In Figure 22 the runoff of the rainfall event of November 20th, 2016 and the absolute difference with the standard 

rainfall event are shown. The difference in rainfall between the two events is 12 mm. The range of difference in 

runoff of the event of November 20th, 2016 and December 6th, 2006 is 6 – 12 mm. This means that when a rainfall 

event like the event of December 6th, 2006 (return time of two years) occurs, this fills the hydrological system 

almost completely – no storage is available, and almost all rainfall is discharged. Higher rainfall amounts than 

events with a return time of two years will then result in proportionally higher runoff amounts. Figure 21 shows 

that the difference between maximum runoff at the outlet between November 20th, 2016 and December 6th, 

2006 is only 4 mm, which means that the rainfall event of November 20th, 2016 can be classified as a rainfall 

event with a return time of two years based on the runoff amounts at the outlet (similar to standard simulation).  

(a) 

 
 (a) 

(b) 

(a) 

 
 (a) 

(b) 

 
 (a) 
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Figure 22: Runoff of the rainfall event of November 20th, 2016 and the absolute difference between the event of November 20th, 2011 

(a) and December 6th, 2006 (b) 

3.2.6 THE INFLUENCE OF INTERCEPTION COVER 

In Figure 23 the hydrograph of increase of interception cover in urban area on runoff is shown. To show the 

influence of the interception depth the urban plane B (indicated in Figure 18) is selected for analysis. The 

maximum runoff of this plane B has a value of 9.9 mm runoff. In Figure 24a the results of runoff amounts for this 

planes are given with increasing cover percentages. Figure 24b shows that when the interception cover is 

increased to 55% from 15% the runoff amount decreases to 2 mm (decrease of 80%). This means that the cover 

in urban area has high influence on the amount of water in the streets. 

 

Figure 23: Hydrograph of the different interception cover (%), the standard simulation (Figure 13) has a cover of 15% 

 

(a) (b) 
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Cover (%) Runoff (mm) 

15 9.9 

25 8.5 

55 2.6 

75 0.00012 

95 0 
 

 
 

 
 

Figure 24: Table (a) and graph (b) of the influence of the percentage of interception cover 

3.2.7 INFLUENCE OF URBANISATION 

In the standard simulation the urban area is situated more downstream and rural area can be found more 

upstream (Figure 12c). In Figure 25a the results are shown of a scenario in which all the rural areas become 

completely urbanized (Urban city). In the simulation the land use parameters of urban area are given to the rural 

area (Figure 25a). In Figure 25b the results are shown in case all the urban areas become rural (Rural city), 

simulated by giving the urban areas the land use parameters of rural areas.  

The effect of the Urban city is that the runoff amounts of the upstream planes and streams increase with resp. 

4.5 mm and 3.5 mm. When, on the other hand, the effect of Rural city, is that the runoff amounts of the 

downstream planes and streams decrease with resp. 4.3 mm and 1.3 mm. The hydrograph (Figure 26a) shows 

less effect of the Urban city simulation, because plane B is mostly urban area in the standard simulation. The 

scenario of the Rural city, the runoff amount of plane B is decreased from 9.9 mm (standard) to 7.0 mm (30%). 

In the more rural plane C the effect of the Urban city is that the runoff amount increases from 12.6 mm in the 

standard simulation to 14.4 mm (14%) (Figure 26b). The effect of the Rural city in plane C is absent, because 

place C is already completely rural in the standard simulation (Figure 12c). 

 

 

Figure 25: Runoff (mm) of simulation of Urban city (a) and Rural city (b) 

(a) 

(b) 

(b) (a) 
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Figure 26: Hydrograph at the outlet with the results of urbanisation and more rural houses in plane B (a) and plane C (b)  

(a) (b) 
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4. DISCUSSION 

4.1 INTRODUCTION 

Many factors have large influences on the outcomes of the modelled runoff amounts. The results show large 

effects of the soil saturation, saturated hydraulic conductivity and selection of rainfall events. The model uses 

more parameters, which are not discussed in this case study, but these have their own particular influence on 

the results (AGWA user guide 3x, n.d.). The influence of the estimated and used parameters of the land use are 

shown in the scenario cases. This study shows that the presence of vegetation has larger influences on the 

runoff amounts than the imperviousness of the land use type.  

4.2 URBANISATION 

Many studies are done about the influence of urbanisation on the hydrologic cycle. In these studies the increase 

in imperviousness of the area shows a large influence on the runoff, lag times and peak discharges. The 

vegetation cover, which is correlated to the interception cover, has less influence on the hydrologic cycle (Shuster 

et al., 2005). In this study these influences are contradictory in size. The result of the scenario of Urban city shows 

a smaller influence on the runoff. The planes and stream show an increase of resp. 4.5 mm and 3.5 mm. On the 

other hand, the influence of increasing the interception cover shows a large influence of runoff. An interception 

cover of 95% results in a decrease in runoff to no estimated runoff in the downstream areas. This opposite result 

may be explained by the method of this research. The direct change in imperviousness is not investigated. This 

is done by changing the parameter setting of rural areas to urban areas. Using this method not only the 

imperviousness is changed, but also the other land use parameters.  

Kennedy et al. (2012) has simulated the influence of urbanisation in two small catchments in Arizona. The two 

catchments have the same size, but differ in urban and natural land use type. The result is that the urban area 

showed an increase of 56% of runoff due to the increase of imperviousness and soil compaction (decrease of Ks). 

In this research the increase of runoff at the outlet due to the modelled urbanisation is 16% (Figure 26). The large 

difference between 56% and 16% can be explained by the difference of the urban – vegetation ratio. Kennedy 

uses two catchments with either completely urban or natural land use types. In the Paradera catchment only 

parts of the area are changed into urban areas, while other parts stay natural land use types. This results in an 

assumption that when the urbanisation of Paradera increases, the result of the runoff amounts of the standard 

simulation will double. Peak flows of 21 mm/h can be found at the outlet (Figure 17b).  

Kuppen (2017) had done similar research in the catchment Spanish Lagoon in Aruba (Figure 4). The Spanish 

Lagoon catchment is twice the size of Paradera, but the total runoff amount at the outlet is 45% lower than in 

Paradera. This can be explained by the urban-vegetation ratio of Spanish Lagoon compared to Paradera. Spanish 

Lagoon is almost completely covered by vegetation, which results in almost 60% higher infiltration than in 

Paradera (Table 4). The study of Kuppen (2017) shows clearly the effect of human interactions on the water 

balance of a catchment. This human interactions like, urbanisation, can directly lead to floodings.  

Table 4: Comparison Paradera and Spanish Lagoon (Kuppen, 2017) 

 Paradera Spanish Lagoon Percentages 

Area of catchment 7.6 km2 15.2 km2 100% 

Total runoff amount at outlet 72944 m3 39800 m3 -45% 

Maximum infiltration in planes 39 mm 62 mm 60% 
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4.3 RAINFALL EVENTS 

The hydrological cycle in the catchment is more complex than Kineros2 in AGWA can cover. Especially the rainfall 

events need more detailed input files to gain better results. The resolution of the rainfall events is too coarse 

compared to the intensity of typical Aruban rainfall events. The measurements of the spatial variability and 

measuring with smaller time steps have to be improved to gain better results. The study of Michaud (1992) shows 

that the spatial variability has a large influence on the modelled results. Mainly the peak flow will be estimated 

incorrect (sometimes by 100% error), when too few rain gauges are used in the study (Michaud, 1992). In this 

study only the rain gauges of the airport Reina Beatrix are used and not spatial variability is included. This leads 

to an underestimation of the peak flow amounts in the Paradera catchment. 

4.4 TANKI’S  

The typical Aruban water reservoirs, the tanki’s, are not included in this research, but there are several tanki’s in 

the Paradera catchment, which are shown in the soil map as location with a clay soil. Tanki’s are several meters 

in depth and differ strongly in area. The smallest tanki’s can store around 5000 m3 and the larger ones above 

50000 m3. This storage of water has large effects on the water balance, the runoff amounts and the peak flow 

amounts. The peak flows will be buffered and runoff amounts will decrease. 

4.5 INPUT 

The soil textures are measured using the sedimentation technique. This simple technique results a large 

measuring error (± 1 mm), because the layers do not have sharp transitions (Figure 6). Especially the transition 

between silt and clay was unclear. This ±1 mm leads to significant percentage differences, which results in some 

cases in a different soil type. In order to decrease the influence of this measuring error, the soil types are 

determined after interpolation of the sand, silt and clay fraction.  

The land use map was created in February 2017. The winter of 2016-2017 was a really wet season, which resulted 

in a green Aruba (personal communication Emil ter Horst, 2017). The vegetation cover of the Paradera catchment 

was higher than normal. This results in an underestimation of the runoff amount and peak flow amount, because 

vegetation areas intercept rainfall.  

The infiltration measurements, which are done in the field, show no realistic outcomes. The normal increase in 

saturated hydraulic conductivity (Ks) linked to the soil types, is not found. Especially the more coarse material 

shows a large deviation compared to the values given by AGWA, e.g. the measurement of loamy sand resulted 

in 2.7 mm/h compared to the 61 mm/h given by AGWA. The sensitivity analysis of Michaud et al. (1994) showed 

that uncertainties in the saturated hydraulic conductivity results in higher uncertainties in the simulations. Also 

other research shows large effects of the Ks on the runoff (Kennedy et al., 2012). An explanation for this 

difference can be the soil compaction (Kennedy et al., 2012 ; Marlowe et al., 2016). Due to soil compaction the 

porosity of the soil decreases and less water can infiltrate or be stored.  

4.6 MODEL ISSUES 

AGWA uses the discretization tool in the AGWA model to create subcatchments. More detailed information 

about this tool is discussed in Appendix 1. The discretization of the catchments results in slightly different 

locations of the streams and their corresponding planes compared to the real locations of the rooien (Figure 27). 

Especially the rooi D (real location) is not recognized in AGWA. This can be explained by the elevation map (Figure 

12a), which shows small slopes in this area. This results in larger uncertainties where the rooi will flow in reality. 

This is in agreement with the fieldwork, because in that area riverbeds of the rooi were harder to identify. The 
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runoff amounts will accumulate in reality in the rooien instead of the model-calculated streams. This leads to a 

small uncertainty in the location of the hazard areas. 

 

Figure 27: Location of the rooien (purple) and the simulated streams (red) 
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5. CONCLUSIONS 

As shown in the results the most vulnerable area of the catchment is the plane indicated with an A in Figure 18. 

In this plane the infiltration amount is low due to the large imperviousness. The constructed culverts in the plane 

are not well maintained, which results in flooded streets. The current solution is to transport the water directly 

towards the ocean, which causes floods in the downstream areas. Especially in the downstream areas, where 

urbanisation is taking place, houses are built near or inside the rooien. When the water is transported directly 

towards the ocean, it passes these houses, which makes them vulnerable to damage of floods. In Figure 28 two 

examples of houses near rooien are shown.  

 
 

Figure 28: Two types of housing in and around the rooien 

As shown in Figure 16 the soil saturation has a large influence on the total runoff. When the soil is saturated, the 

runoff amounts double. Due to climate change, the wet season will become more rainy, which leads to a longer 

period of saturated soil conditions. The change of the combination of a wet soil condition and a rainfall event 

with a return period of two years will increase by more rainy weather conditions. When the rainfall amounts 

increase due to climate change, the impact of floods will be larger. Figure 20b shows that even by a standard 

rainfall event (RT=2year) the system is already filled and all extra rainfall amounts will directly result in extra 

runoff, which can cause floods in the downstream area. 

One of the possible solutions investigated in this research is increasing vegetation growth in the urban areas. 

More vegetation leads to higher interception cover. Figure 24 shows the relation between the increase of cover 

compared with the total runoff amounts in one urban plane. It shows that by increasing the cover to 55%, the 

runoff amounts drop from 9.9 mm to 2 mm (80%). Another scenario is to decrease the urbanisation rate and 

actively change the urban areas back into rural areas. This is mainly done by changing the imperviousness. In 

Figure 26a the results of this solution are given and show 30% lower values (from 9.9 mm to 7.0 mm). When rural 

areas change into more urban areas, the results show an increase of 15% of runoff in the urban areas (from 12.6 

mm to 14.5 mm) (Figure 26b). This means that the level of interception cover in rural and urban areas has more 

influence on floods than the intensity of building/imperviousness. In addition, increasing the vegetation cover is 

easier than changing the urban design of the urban areas into rural area.  
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Paradera catchment is regularly facing serious floods at least once every two year. These floods can be reduced 

by increasing the amount of interception cover in the urban areas. More rainwater will be intercepted and held 

in the area, which will result in less intense floods. Aruban people have to be convinced that completely clear 

cutting their property before construction of a house is not a good practice. It would be a better solution to only 

flatten the part where the houses are actually built, or formulate a policy aiming to increase on site infiltration.  

For different locations in the catchment the solutions have different influences. Figure 29 shows the differences 

of the two scenarios compared with the standard simulation for three planes and the outlet. Plane A has urban, 

rural and vegetated land uses and shows small differences between the scenarios and the standard (Figure 29a). 

Plane B has a mostly urban land use and shows a large decrease in runoff amounts for both solutions (Figure 

29b). The mostly rural plane, plane C, shows no difference in runoff amounts between the scenarios and the 

standard simulation (Figure 29c). At the outlet the difference between the standard and the increase of cover is 

1.5 mm, which means almost 2 m3/s lower peak flow (Figure 29d). Despite the magnitude of the effect at the 

different locations, the scenario of the increase of interception cover results in the lowest runoff amounts at all 

locations.  

  

  

Figure 29: Influences of scenarios compared to the standard simulation at different locations 

The problem regarding houses located in the rooien is harder to solve. More people start to live in the urban 

areas of Aruba so more houses need to be build. The Aruban government should be more concerned about these 

issues and formulate a siting policy or invest in more rainwater harvesting locations like tanki’s.  
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6. RECOMMENDATIONS 

Modelling in semiarid areas is difficult, because of a high spatial variability in the input parameters, like soil 

saturation and rainfall. In this study the soil parameters are only measured at one location for each soil type and 

rainfall is only measured at the airport. It is certainly correct to state that the outcome of this study can be 

improved by increasing the measurements in the catchment. 

More interventions to floods could be analysed. E.g. rainwater harvesting on household level, a scenario first 

discussed with Emil ter Horst, could not yet be analysed. In AGWA a tool to model rainwater harvesting is not 

working properly yet. When this bug is fixed, this scenario can be simulated.  

Also the influence of urbanisation could be analysed in more detail. Urbanisation leads to intensification of the 

city centre (more buildings), an increase in imperviousness, the arise of multiple city centres and an increase in 

size of the existing city centres. In this research only the effect of more buildings is investigated (Figure 21) ; more 

buildings are built in the rural areas, which leads to intensification of the rural city centres.  

Future research can be done into the other three effects of urbanisation. These effects can be modelled by 

adapting the land use map. The results of this future research can provide advice to the Aruban government in 

terms of an analysis of siting plans.  
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APPENDIX 1: DOCUMENTATION OF THE MODELLING PROCESS 

In this Appendix the modelling part of the research will be described. The first part is about the creation of the 

input maps of the AGWA model. The second part will focus on the different steps within the AGWA model.  

CREATING THE DEM MAP, THE SOIL MAP AND THE LAND USE MAP  

DEM MAP 

The first map that has to be created is the Digital Elevation Model (DEM) map. Especially in rather flat 

catchments the resolution (30 meter) of the online available elevation maps is not sufficient. In flat catchments 

the AGWA model does not let the water flow in the direction of the outlet. This results in strangely formed 

catchments, where the streams flow in unrealistic directions.  

To avoid incorrect and unrealistic results a more detailed DEM has to be made. The new DEM is based on the 

following input files: contour lines, location of the streams (determined in the field) and the coastline. The 

coastline is used as boundary of the island and as zero value in the contour lines. The described cell size of the 

results is determined using the guideline provided by John Stuiver (2017) i.e. the cell size cannot be smaller 

than the smallest distance between the contour lines, which can be roughly estimated in ArcGIS. In this case 

the cell size is estimated at 25 meter. Using the tool “Topo to Raster” and the “Fill” tool of ArcGIS, the new 

DEM is created. The ArcGIS model builder overview of the creation is shown in Figure 30. The result is shown in 

the results of the report.  

 

Figure 30: Model builder of the creation of the DEM map 
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SOIL MAP 

The soil map indicates the different soil types in the catchment. The soil types are determined by the 

combination of the measured percentages of sand, silt and clay. First the locations of the sample points with 

the corresponding percentages are loaded into ArcGIS and by using the kriging interpolation tool, the maps are 

created as shown in Figure 31. 

 

 

 

 

 

 

  

 

 

 

  

Figure 31: Maps with the percentages of sand (a), silt (b) and (clay) in Paradera Catchment 
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From the three maps shown in Figure 31 a combined soil map is 

created in which the soil types are inter- and extrapolated for the 

entire catchment. The soil types are determined, using the soil 

texture triangle of USDA (Figure 32). A combination of the three 

different percentages determines the soil type and this is calculated 

in the ArcGIS model with the Raster Calculation tool.  

Using Equation 4 in the Raster Calculation tool, a soil type map is 

created, showing a particular soil type. It shows whether there is 

e.g. sandy clay loam at that location or not.  

Con (("kriging_clay" >=20) & ("kriging_clay" < 35) & ("kriging_silt" 

<28) & ("kriging_sand" > 45), 6, 99)  (Equation 4) 

The separate soil maps which only show one soil type (clay, silty clay, sandy clay, etc.), are combined using the 

Combine – tool. This results in an estimated soil map. To create the final soil map, the soil texture of the rooien 

(loamy sand) and tanki’s (clay) are merged into the soil map. This results in the final soil map shown in Figure 

33, which forms the input files used in this study.  

 

Figure 33: Combined soil map of Paradera Catchment including rooien and tanki's 

LAND-USE MAP 

The land use map is mainly based on satellite images to locate the vegetated areas and, in addition to this, field 

observations are used to determine the density of the vegetated areas based on walkability and visibility. The 

result is shown in Figure 34. 

Figure 32: USDA soil triangle 
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Figure 34: Land use map of the Paradera Catchment 

PROCESS OF MODELLING WITH AGWA 

The AGWA model requires several steps to arrive at the result: delineation, discretization, parameterization, 

precipitation and running the model. A more detailed explanation of these steps can be found in the additional 

background information of the user guide of AWGA. In the following part explanation will be given about the 

choices made in this case study.  

DELINEATION OF THE WATERSHED 

To delineate the catchment AGWA uses the DEM of the area. AGWA can create a Flow Direction Grid and a 

Flow Accumulation Grid from the input DEM, or you can add your self-made Flow Direction Grid and Flow 

Accumulation Grid. The second possibility was selected in this study. These three grids (DEM, Flow direction 

and Flow accumulation) are needed to delineate the catchment.  

The shape and area of the new delineated watershed is slightly different from the one that has been used as 

starting point during the fieldwork because of the different delineation tools and the more detailed DEM, but 

the soil and land use maps should still cover the catchment.  

DISCRETIZATION OF THE WATERSHED 

After delineation the catchment is discretised into model specific elements. The Kineros2 specific elements are 

planes and streams. In Figure 35 a schematic overview of planes and streams and their connection is shown 

(Goodrich et al., 2010). The planes are elements that flow either to a single outlet point or to a stream on one 

side of the watershed. The streams can only receive water flow from the sides or from the top of the stream. 
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Figure 35: Schematic overview of Kineros2 specific elements 

The discretization step has several possibilities, that influence the result differently. In this study the threshold 

based approach is chosen, because the created planes and streams seem the most realistic visually The 

threshold can be given in different settings, but the main options are the maximum area of the watershed as a 

percentage of the total watershed, or the maximum length of the channels in meters. 

This study uses the flow accumulation approach. Different threshold levels create different outcomes. When 

the threshold value increases, the outcome becomes more complex. To be able to choose the optimal 

threshold for this study, different thresholds are compared and an overview is given in Figure 36 and Table 5. 

The threshold values are based on the percentages of the total flow accumulation. The total flow accumulation 

is calculated by ArcGIS using the amount of cells flowing toward that cell (Figure 37). In the Paradera catchment 

a total of 33469 cells flow towards the outlet. The visual similarity with the rooien is the highest with a 

threshold of 1%. 
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Figure 36: Outcome of different threshold values 

 

Figure 37: Flow accumulation in ArcGIS 

Table 5: Threshold values 

Percentage of total flow 
accumulation 

Threshold value set 
in AGWA 

0.5 167 

1 335 

2 669 

5 1673 

10 3347 

PARAMETERIZATION  

The Parameterization step consists of two parts; the first part 

is to specify the details of the discretization elements (planes 

and streams) and the second part is the coupling of the soil- 

and land use map to the AGWA look-up tables.  

For the first part the default options are used of the flow 

length and hydraulic geometry, while the channel type has 

been created. The channel type is determined as a predefined 

“Natural” channel except the hydraulic conductivity. The 

hydraulic conductivity is based on the soil texture which is 

measured during the fieldwork. The predefined “Natural” 

Figure 38: Parameter setting of parameterization of 

planes and elements 
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channel type uses the hydraulic conductivity of sand (210 mm/h), but in this study the soil type of the streams 

is loamy sand (61 mm/h). The results in the parameter setting are shown in Figure 38. 

For the second part the land use map is coupled to one of the standard land use datasets available in AGWA. 

For the study in the Paradera catchment the Nalc_lut dataset is used and adapted (Table 6). The Nalc_lut table 

is based on the North American Landscape Characterization project done between 1973 and 2016. The classes 

and names and parameters are linked to the land use map. 

 The parameters are interception cover (%), interception (mm), Manning (-) and imperviousness (-). 

The parameter interception cover is determined in the field based on walkability and visibility explained in the 

main report. 

The interception works as a buffer between the rainfall and the infiltration (Woolhiser et al., 1990). This means 

that when the interception depth is filled, this amount will be subtracted from the rainfall amounts before the 

infiltration process is started. Kineros2 is an event-based model, which implies that the rainfall amounts are 

relatively higher than the interception depth. This means that in this study the interception depth is negligible 

using Kineros2 as model (Woolhiser et al., 1990). The interception depths of the vegetated areas are set the 

same as for the medium desert shrub. The rural areas are set the same value as the urban areas. 

The Manning coefficient is a turbulent surface flow parameter and depends on the roughness of the underlying 

surface. The described values of AGWA are used (Woolhiser et al., 1990).  

The imperviousness of the land use class is only important for the urban and rural areas, because only there 

occur impervious areas. The rural area imperviousness value is an estimated value based on the value of the 

urban areas and the visually determined imperviousness. 

Table 6: Nalc_lut look-up table 

CLASS Name Cover INT N IMPERV 

  % Mm - - 

1 Houses 25 0.1 0.015 0.2 

2 Medium Shrub 25 3 0.055 0 

3 Low Shrub 20 3 0.055 0 

4 Dense Shrub 50 3 0.055 0 

5 Water 0 0 0 0 

6 Urban 15 0.1 0.015 0.4 

Secondly the soil map has to be parameterized. The dataset used in this study is the FAO soil dataset, but is 

adapted with fieldwork data. The FAO soil dataset uses SNUM codes to link the soil map to the look-up tables. 

There are four look-up tables that contain specific soil parameters. These look-up tables are interlinked in the 

following way:  

The FAO_component table links the SNUM code of the soils in the soil map to specific soil units (SU) with 

connected percentages (PER)., e.g. the SNUM number 1 is shown in Table 7. The soil can be described with a 

maximum of 8 soil units. 
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Table 7: Example of a row in FAO_component 

SNUM number FAO soil description SU1  PER1 SU2 PER2 SU3 PER3 

1 Af14-3c AF 3 60 BE 2 20 I2 20 

 

In this study new SNUM numbers were added that all have new, location specific soil descriptions, soil units 

and soil percentages, e.g the clay soil of the soil map (Table 8) 

Table 8: Clay description in FAO_component 

SNUM number FAO soil description SU1  PER1 SU2 PER2 SU3 PER3 

7001 I-C IC 100  0  0 

 

The SU is described in both the FAO_properties and FAO_summ look-up tables. In the FAO_properties look-up 

table the percentages of sand, silt and clay are described and the corresponding soil texture (Table 9). 

Table 9: Clay description in FAO_properties 

Soil Unit TEXTURE Sand Silt Clay 

IC C 0 26 46 

 

In the FAO_summ look-up table the following soil parameters are described; the percentages of sand (Sand 

Top), silt (Silt Top) and clay (Clay Top), the soil texture, rock fraction (Frag Top), bulk density (BD Top) and 

porosity (Por TOP). This is shown in Table 10. 

Table 10: Clay description in FAO_summ 

Soil Unit TEXTURE Sand_top Silt_top Clay_top Frag_top BD_top Por_top 

IC C 0 26 46 30 1.387 48 

 

The last look-up table is Kin_lut. The soil parameters linked to the soil texture are described in this table. The 

soil units are linked to one of the 14 soil texture classes of USDA (Figure 32). These soil textures have particular 

soil parameters. Some soil parameters are measured in the field and are changed in the table. The soil 

parameters of Kin_lut used in AGWA-Kineros2 approach are hydraulic conductivity (Ks), mean capillary drive 

(G), porosity (Por), coefficient of variation of Ks (CV), pore size distribution index (Dist) and maximum soil 

saturation (Smax). In Table 11 the yellow parameters are parameters, which are standard in AGWA. 

Table 11: Clay description in Kin_lut 

Texture Ks G Por SR Smax Wilting CV Sand Silt Clay  Dist Kff 

C 0.6 407 0.477 0.19 0.81 0.57 0.5 0 26 46 0.16 0.34 

 

When these three parameterizations are set, the parameterization file can /will be written. This file gives an 

overview of the different planes and streams with information about the topography, land-use and soil. 
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PRECIPITATION  

It is possible to select a rainfall from a database, but these databases are created on locations in the US. For 

Aruba new rainfall events have to be created.  

The DMA of Aruba has rainfall data for the period of January 2006 – January 2016, measured at the airport 

Reina Beatrix. The rainfall events are selected within this period and are compared with the data of the rainfall 

event in November 2016, measured at the location of Spanish Lagoon by Siebe Houtsma (2016). First the data 

of the DMA have to be edited, before the selection of the rainfall events can be made. 

The rainfall data of DMA are saved as 24 hours cumulative rainfall data, starting at 8 AM. Hourly rainfall 

datasets have to be calculated. In Dutch systems (Luijtelaar et al., 2015) there are some prescribed extreme 

rainfall events. Most of the extreme events are rainfall events with a duration of 3 hours (Luijtelaar et al., 

2015). In the Netherlands rainfall events with >79mm total rainfall amount have a return time of 50 year 

(Luijtelaar et al., 2015). Based on this criteria only one rainfall event would have been selected in the past ten 

years; the rainfall event of 13 October 2011 with a maximum cumulative rainfall amount of 91.6 mm.  

A second method is the “bui 8” method (Luijtelaar et al., 2015), where a standard rainfall event with a return 

time of 2 years is modelled. Rainfall events in Aruba with a return time of 2 years are rainfall events with 

maximum cumulative rainfall amounts between 46-51 mm. One of the rainfall events with a return time of 2 

years is selected, based on the highest similarity (duration) with the rainfall event of October 13th 2011. This is 

the rainfall event on December 6th 2006. Both rainfall events are shown in Figure 39. 

 

Figure 39: Hydrographs of rainfall event October 13th 2011 and December 6th 2006 

Precipitation files have to be created using these two events as input. Also the input file of the rainfall event of 

November 20th, 2011 is created.  

The soil saturation is important for the storage within the model. The default is 0.20 but at the start of the wet 

season the soil is completely dry. The lowest value possible in AGWA is 0.14. After long rain showers the soil is 

almost completely wet (soil saturation = 0.93).  

RUNNING THE MODEL  

When all the input parameters and files are correct, the simulation file can be written and executed. The 

results are described and discussed in the main report. 
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