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Abstract

Past deforestation,overgrazing and urbanization have led to an increase in surface runoff and
erosion in the Playa catchment, Bonaire. Together with the lack sfifficient spatial planning

this hasled to increased urban flooding and larger sediment flows into the ocean caumg harm
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and runoff model (Kineros2) was used to map and quantify the sources and routing of this
runoff and sediment. The effect of several physical fams such as rainfall intensity, rainfall
duration, initial soil moisture content and vegetation cover were tested to understand their
effects on runoff and erosion. Furthermore, three different management scenarios were
simulated: decreasing the amount opavement, reducing the number of reservoirs and reducing

the grazing pressure.

The results show that the highest rates of soil loss are found in the uplands. However due to the
high sediment trapping efficiency of the many reservoirs, most of this uplandediment is
trapped and therefore does not reach the sea. Most surface runoff is produced in central
Kralendijk. This is also what leads to flooding as the capacity of the drainage system in central
Kralendijk is too small to effectively drain the area Lage intensity rainfall events (usually
occurring in October) are most problematic.

Reducing the grazing pressure and therefore increasing the vegetation cowsas found to be
effective in decreasing the rate of soil loss. This however did not translate tim significantly
lower sediment vyields at the outlets z which was much more influenced by the loss of
agricultural reservoirs. Reducing the amount of pavement in central Kralendijk did not hava
significant effect in reducing runoff z flooding can therefae only be effectively tackled by
increasing the capacity of the drainage network.
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1. Introduction

1.1 Background

Research done on catchment hydrology ahrainfall-runoff relationships shows thatan increase

in surface runoff is a point of concern in many catchments around thgorld (Foley et al., 200%.
The main reasons for this increase in surface runoff are anthropogenic activities such as
deforestation, overgrazing and urbanization(Fohrer et al., 200). The decrease in vegetation
cover leads toa decrease in interception and modification of the physical soil structurgvhich
reducesthe infiltration capacity (Lal, 1997), urbanization leads to an increase inthe impervious
surfacearea. The extent towhich surface runoff is produced also depends on natural factors. In
arid and semtarid areas for example, vegetation cover is naturally low while rainfall events can
be quite intense producing a relatively large amount ofsurface runoff. In areas with lamy and
clayey soils the effect is the samdue to the low infiltration capacity of these soils.

Perhaps the most noticeable effect of an increase in suc runoff is the increase inpeak
discharge of streams and rivers as rainwater is drainednore rapidly. This increasesflooding
risks which is especially problematic in urban areas because firstly, these produce a lot of
surface runoff themselves and secondly, they are vulnerable to damage. Urban flooding ranges
from small cases where inundation of strets and cellars mainly leads to nuisance and property
damage to cases whereby fast flowing water and debris leads to destruction and even deg®i

et al., 2007. In many cases services such as wateupply, sanitation and electricity are
disrupted z potentially leading to the spread of disease. In areas with loose soils, flooding brings
with it a risk of land and mud slides Another problem associated with urban flooding is the risk

it poses to water quality. Street solids and material from overflowing sewers are major
pollutants in urban runoff and can harm the quality of water bodies downstreanfiLee and Bang,
2000).

In areas covered by agriculture or natural vegetation, the main problem associated with
increased surface runoff is that of increased erosion. Perhaps the clearest effect of erosion is the
loss of soil nutrients. The US department of agriculture estimatethat about half of the 45
million tons of fertilizer applied annually is replacing the nutrients lost through erosion
(Pimentel et al., 1987. The reduction in the water holding potential of the soil is another major
effect caused by the selective removal of organic matter and finer soil particles. Finally, the
thinning of the top soil means thepotential rooting depth of vegetation and poéntial crops is
also restricted (Morgan, 2005.

The off-site effecs of erosion are another point of concern. Sedimentationon land is often
beneficial (exept when it contains pollutantsor covers cropg, sedimentation in water less so.
The main problem associatedwith sedimentation in water bodies is the increase in turbidity.
This reduces the amount of light reaching lower water depths which can have negative
consequences for aquatic plants and therefore b for the species which are dependent upon
them (Henley et al., 2000. In oceans, the effect is similar and sedimentation is seen to be a
serious threatfor coral reefs worldwide (Rogers, 1990.

Lastly, an increased fraction of precipitation becoming rmoff means less water infiltrates A
decrease in infiltration means a decrease in percolation and therefore also in aquifer recharge.
Furthermore, agricultural and vegetated areas will become less drought resistant as the soil
retains less soilmoisture after rainfall events (Morgan, 2005.



1.2 Problem statement

The Caribbean island of Bonaire is a typical example of an area where a combination of natural
and anthropogenic factors means a large percentage of rainfall flows off as surface runoff. The
clayey top soil in combination with the low vegetation cover (dueto the arid-climate) and
intense rainfall causes low infiltration rates. This has been aggravatedy past deforestation,
overgrazing and urbanization (Borst and Haas, 200h A water balance study by Grontmij &
Sogreah(1968), estimated that only 5% of the rainfall recharges the groundwater while 10%
becames runoff. Due tdand cover changegshe latter percentage has probably increased.

The lack of proper spatial planningand the insufficient capacity of the urban drainage systenm
Kralendijk means this storm water runoff often leads to flooding In a survey performed by
Hulsman (2012), it was found hat 66% of the respondents in Kralendijk experience water
excess mostly through difficulties in transportation or through water nuisance in the house. Of
the people who have witnessed water excess, 96% experience it as a problem and 44%
experience nowadaygnore nuisance from water excess than 15 years ag@blulsman, 2012.

The large amounts of surface runoff in combination with théow vegetation cover also leads to

high rates of erosion. Except for the thinning of the top soil, the largest problem associated with

this is the deposition of these eroded sediments onth E O1 AT A8 O /AEAEspe€idly Al OAI
OET AA OEA AACEITTEIC¢ T &£ OEA xnmdOh AT OAl AT 6AO Al
Bonaire have been decreasing steadily, sedimentation being one of the two main caydés

other one being temperatue rise (Bak et al., 200%.

1.3 Goal and objectives

The aim of this research is to uderstand the spatially distributed rainfall-runoff-erosion
relationship in the Playacatchmentfor the current situation as well as fora number of different
scenarios and using this informatbn to give management advice ohow sediment flow into the
oceanand floodingin central Kralendijk can be reduced

The following research questions were formulated:

1. What is the spatially distributed rainfall -runoff-erosion relationship in the catchment
under current managemen®
o How much erosion and runoff is produced at each lotian in the catchmentand
how is this routed for a rainfall event with return period of five years and ten
years?
o0 Canthe current drainage systemcopewith the runoff and discharge produced by
these rainfall event®
2. How do physical factors affect the rairdll-runoff-erosion relationship.
0 What is the difference in effect between longluration and high-intensity rainfall
eventson surface runoff and erosion?
0o What is the effect of differentinitial soil moisture contents on surface runoff and
erosion?
o How doesthe difference in vegetation cover between the start and end of the
rainy season affect runoff and erosion
3. How does the rainfall-runoff-erosion relationship changewith different management
options?
0 Whatis the effect odecreasingthe percentage of paved area?
0 What is the effect of decreasing the number oéservoirs?



0 What is the effect ofdecreasing the grazing pressure (and therefore having
increased vegetation cover?
4. Based on the understanding of the spatially distributed rainfall-runoff-erosion
relationship and the scenario results how canthe sediment flow into the ocean and
urban flooding best be reducedn the Playa catchmen®



2. Methodology

2.1 Study area

The Caribbean island of Bonaire itocated around 80 km North of Venezuela ands part of the
Lesser Antilles. It covers an area of around 29@m2 and has around 15,700 inhabitants
(Statistiek, 2012. The only two recognized towns are the administrative centre of Kralendijk
and the village of RinconThe Southern part of the island is rather flat (up to 25m) while the
Northern part of the island has elevations up to 241m. The island has a seamid climate with an
annual rainfall of 200 to 1000mm per year (an average of 470mm) of which 55% falls within the
rainy season from October to JanuaryBorst and Haas, 200h The average daily temperature
rangesfrom 25 to 31°C.

Tourism is the most important economic activity and the island attracts axund 15000 visitors
per year. Almost all of these come for the unique coral reef surrounding the island. Agriculture
used to be important but since thep w @ it &ad been declining steadily At the moment there is
still some sorghum being grown but most bthe island is now used as grazing land for goat and
donkey husbandry (Kekem et al., 2006. Due to overgrazing and past deforestation, the
vegetationcover is rather low and consistsnostly of thorny shrubsand cacti.

West East

Kralendijk

Figure 1: Geohydrological situation in a schematic cross -section over Kralendijk
(Borst and Haas, 2005)

Regarding the hydrogeology, the island can roughly be split up in two parts. The centre of the
island consists of volcanic dolomite with a weathered clayey top layewhich hampers
infiltration . Closer to the coast, the geology consists of karstified limese with much higher
infiltration rates due to fissures and crackgBorst and Haas, 2005 Figure 1 gives a schematic
cross-section overthe island, on the locatiorKralendijk, showing the geohydrological situation.

The research catchment is the Playa catchment whiclis located on the middle of the Bonaire
and drains towards the West into the Caribbean Sea. The total $ace area is around 900ha. The
Western half of the catchment consists of the city of Kralendijk and is therefore urban; the
Eastern part consists party of agriculture but mostly of shrub-lands z grazed by goats. The
elevation ranges from around 80m above sea level in the NorBastern part of the catchment to
sea level on the West of the catchment. There are no perennial streams in the catchment, iadte



it is drained by a system of@ooieni8upstream and some roadsidéunderground drains in the
urban area.

Figure 2: Map of Bonaire show ing the Playa catchment and sub -catchments

The Raya catchment can be divided ifiour sub-catchments The location of the Playa catchment,
its sub-catchments, and the network of reservoirs ad channels are shown in Figure 2

Sub-catchment 1 is the largest sultatchment. Most of the agricultural andshrub-lands to the
East arepart of this catchment. This is also the suizatchment with the highestelevations and a
many reservoirs. The water which is notstored in these reservoirs is discharged into the
channel to the south of this subkcatchment (along thke kaminda Yato Bako) ancpassesthree
more reservoirs before it flowsinto the ocean.

! Ephemeral streams, draining only during and shatter rainfall events



Sub-catchment 2 isa small urban catchmentdraining the area between the hospital and the
stadium. It consists solely of few underground drains within the centre of Kralendijk.

Sub catchment 3 mainly drains the main street of Kralendijg the Kaya Grandi. The reservoir
system of subcatchment 4 s also connected toits outlet through a diver at the stadium.
However at the time of observation this drain had half collapsed and could barely drain any
water. Therefore the assumption was made that all the water from around the stadium is
brought to the outlet of sub-catchment 4.

Sub-catchment 4 is more complicated. Water flows from mostly residential areas (and some
shrub/agricultural land s) towards a @alifia26in the West. Water is collected here because it is a
flat low-lying area, blocked by the higer lying coastal area (a coral dam). Only once the water
level in this O O A Ihds deAcbed a certain heightit will flow into the sea throughoutlet 4 (at the
plaza resort). A number of underground urban drains also drain into thialifiad

% Natural salt water buffers, separated from the sea through a coral rubble barrier



2.2 Kineros2 model

The Kineros2 model was chosen to model the spatial distribution of the rainfatlnoff-erosion
relationship. Kineros2 is a spatially distributed, physical, everbriented model that can simulate
runoff and sediment transport (Semmens etl., 2008 Smith et al., 1995. An eventbased model
was chosen because we are interested in the effect of individual rainfall events. Furthermore,
using an eventbased model means that daily evapotransration and rainfall records are not
required. Another advantage of Kineros2 is that it was developed for small serariid watersheds
where infiltration rates are low and rainfall is intense (Canfield and Goodrich, 2008 This is also
the case for Bonaire. Lastly the required data input is less thafor other spatially distributed
event-based models such as LISEM.

Figure 3: Schematic illustration of the geometric subd}vision of a hypothetical catchment into a
network of surfaces and receiving channels for KINEROS2 simulation (Smith et al., 1999).

Within Kineros2, the watershed is conceptualised as a collection of spatially distributed model
elements Figure 3). There are six types of model elements:
i Overland flow: planes described by unigue parameters, initial conditions and
precipitation inputs
Urban overland: plane with mixed pervious/impervious cover.
Channels: trapezoidal
Detention structures: arbitrary shape, controlled outletz discharge
Culvert: circular with free surface flow
Injection: hydrograph and sedigraph injected from outside the modelled system

=A =4 =8 -8 -9

The model simulates, infiltration, interception, surface runoff, soil detachmentbsplash and
hydraulic erosion, sedimentation and the routing of discharge of sediment through channels and
reservoirs.



Rainfall intensity is used as input. Spatial and temporalaviability is interpolated from each rain
gauge location to each plane, pahor urban element. The effect of interception is controlled by
the interception depth and the fraction of surface covered by intercepting vegetation.

Infiltration may occur from rainfall directly on the soil or from ponded surface water from

previous rainfall excess. The infiltration rate is equal to the rainfall rate (minus the interception
loss) until the infiltrability limit is reached. The infiltrab ility is the rate at which soil will absorb

water when there is an unlimited supply at the surface. It is defined as follows:

(1)

0 0 p &) U
AGRSS o

where fc (mm hr-1) is the infiltrability, Ks (mm hr-1) is the saturated hydraulic conductivity, G
(mm) is the capillary length scale | (mm) is the infiltrated depth and 3 § (-) is the initial
saturation deficit (J < i). Kineros2 uses the Parlange -parameter to simulate this process, in
which the models of Geen and Ampt and Smith and Parlange are included as two limiting cases
(Semmens et al., 2008 If Ks (saturated hydraulic conductivity) is nearly constant while D
(diffusivity) increases rapidly with [ (volumetric soil water content), the equation approaches
the Green and Ampt model. If botlD and K increase rapidly with [, the equation approaches the
Parlange model (Semmens et al., 2008 Lognormal, smaliscale spatial variability in Ks is
modelled using a coefficient of variatin (C\j (Al-Qurashi et al., 20083.

Kineros2 is also capable of redistributing soilvater during rainfall interruptions by describing
the wetting profile of the soil by a water balanceequation in which the additions from rainfall
are balanced by the increase in the wetted zone value of the soil moisture content and the
extension of thewetted zone depth due to the capillary drive of the wetting fron{Semmens et
al., 2008.

Runoff is produced when there is free water on the soil surface. This can be produced by two
mechanisms:

1 The rainfall rate is larger than the hydraulic condudivity of the upper soil layer,
therefore infiltration excess runoff is produced (Hortonian)

1 The rainfall rate is larger than the hydraulic conductivity of the lower soil layer but
smaller than the hydraulic conductivity of the upper soil layer. Whe the water which
cannot enter the lower soil profile has filled the available pore space in the upper soil,
saturation excess runoff is produced (Dunian)

Surface and channel flow is expressed using the owémensional kinematic wave equation

which combines continuity of mass with a relation describing discharge as a function of water
storage per unit area. Theequation is solved using a four point implicit finite difference method
(Woolhiser et al., 1990. Wave movement and depth is controlled by slope, channel geometry,
-ATTET G860 AT AEEFEAEAT O AT A Oxi 1 EAOI Ol T COAPEU
height (rn) and relief spacing ¢s) (Al-Qurashi et al., 2008. The model assumes channels to have

an infinite height so that chaanel overtopping cannot be modelled.

The equation describing sediment dynamics is a mass balanceguation similar to that for
kinematic water flow (Woolhiser et al., 1990. It accounts separately for erosion caused by
raindrop energy (splash erosion) and for erosion caused by flowing water (hydraulic erosion).
Splash erosion is described as a function of rainfall rate, the depth of flow and a splash erosion
coefficient (cr). Hydraulic erosion is related to the difference between the equilibrium sediment
concentration and the existing sediment concentration and the transfer rate coefficientc)



(Martinez-Carreras et al., 200Y. Sediment transport in channels is simulated in the same way as
for upland areas, althogh splash erosion is neglected.

Sediment routing through reservoirs is handled very much like the analogues process in a
settling pond. Particle fall velocities and lateral flow velocities are used to find the trajectories
that intersect the reservoir bottom. Particles are assumed to bdistributed evenly through the
reservoir depth in the first section at the inlet, and the relative fall versus lateral velocities from
that point forward determines the proportion of each particle size that deposits between
successive cross section@NVoolhiser et al., 1990.

Input parameters
Thelist of input parameters required for Kineros2 is shownbelow:

Soil parameters

Texture (sand, silt, and clay fraction)

Bulk density, mj (g cm?3)

Rock fraction (volumetric)

Capillary length scaleG(mm)

Saurated hydraulic conductivity, Ks (mm hr-1)
Coefficient of variation ofKs, CV(-)

Pore size distribution index,} (-)

Porosity, 3 (-)

Maximum relative saturation, s(-)

Splash andchydraulic erosion coefficients,c: (-) and cg (-)

=4 =4 =8 =8 -8 -8 -8 881

Land surfaceparameters
1 Slope(%)
1 Vegetationcover fraction (0-1)
9 Fraction paved area (01)
9 MATTET C8O O OCEHJ(-AOO AT AEEFEAEAT Oh
1 Interception (mm)

Channel parameters
1 Channel geometry
T #EATT-AITdET ¢80 O GREI(-AOO Al AEAEAE
1 Channel soil poperties (same as soil parameters)

Pondparameters

1 Pond geometry
1 Séaurated hydraulic conductivity, Ks(mm hr-1)



2.3 Model setup

2.3.1 Soil parameters

The necessary soil parmeters for the Kineros2 modelwere collected at a number osampling
points in the catchment and spatially interpolated.

A systematic square sampling schem&as usedbecause it is easy to implement and regular
sampling schemes poses the highest samplirggficiency (minimum average standard error and
lowest maximum standard error) (Olea, 1984. Furthermore it was not possible to split up the
study area irto strata with properties which are definitely related to the soil characteristics that
are to be testedz therefore a methad such as stratified sampling washot possible. In total 12
points were chosen (Figure 4). This number was mainly choserbased on theamount of
equipment and time available for the study.

0 05 1 2
o= =
Kilometers

Figure 4: Map of the Playa catchment showing the sampling locations

The collected point data wasspatially interpolated using inverse weighed distance (IDW) in
ArcGIS. Thismethod was chosen becausdahere was little spatial correlation between the
collected data (mainly due to the limited number of sampling points). Therefore gestatistical
interpolation methods such as Kiging - which are generally preferred - could not be
implemented.

Below, anoverview is given of the required parameters and their métod of determination.

Texture (sand, silt and clay fraction)

To determine the soil texture a combination of two methods was used. In the field the soil
OAZOO0OA xAO AOOEI AOARAOA199) O EeAsan® iBALIAN could bealiGeied OT E |
by taking soil samples to the laboratory and siemg them using ashaker series (the smallest

mesh sze was 360 pn and therefore only the sand fraction could be determined).

Bulk density (g cm-3)

10



To determine the saturated water content and bulk density of the soil, three intact soil samples
were collected at each sampling site using small (100 cc) sampling rings. These soil samples
were dried using the microwave method and weighed. The bulk density was then calculated
using Equation 2and averaged for each location:

T )

where Mary () is the mass of the soil sample and. (cm3) is the volume of the soil sample.

Volumetric rock content ( -)

To determine the volumetric rock content, firstly the rock content by weight was determined by
passing a soil sample through a &hm sieve and weighing the rock fraction. This was converted
to volumetric rock content using Equation3:

5 p T (3)

where M; (g) is the mass of rock in the samplew (g cm3) is the rock density for which the
average value of 2.6% cm=3 is taken, Ms (g) is the soil mass andw(g cm3) is the bulk density of
that soil z its measurement is described above.

Capillary length scale, G (mm)
The capillary length scale,G (mm), was derived from lookup tables based on soil texture
(Woolhiser et al., 1990.

Saturated hydraulic conductivity (mm hr -1)

The saturated hydraulic conductivity was measured in the field using a tension minidisc
infiltromet er. The tension minidisc infiltrometer is a graduated cylinder with a porous
membrane through which the water is allowed to infiltrate into the soil. The pressure at which
the water is allowed to infiltrate can be set from 0 to5 cm. The hydraulic condudtity can then
be derived from the speed at which the water infiltrates. For measuring the saturated hydraulic
conductivity the pressure should be set to 0 or close to QArtiola et al., 2009 so that all pores
(including macropores) are allowed to be filled. For this research the pressureas set at-0.5cm,
and three measurements were taken per sampling site. It was made sure that the surface of the
soil was smooth enough so that there was full contact between the infiltrometer and the soil. To
calculate the saturated hydraulic conductivity,a method proposed by Zhang1997) was used.
Using this method, the cumulative infiltration and time are fitted using Equatiod:

‘0 60 8D “)
where G (m s?) is a parameter related to the hydraulic conductivity andG (m s2) is a
parameter related to the sorptivity. The hydraulic conductivity is then calculated using Equation
5:

e © 5
o o ®)
where Ais a value relating van Genuchten parameters for a giveoil type (n (-) and 4 (-)), with

the suction rate,ho (cm) and radius,ro (cm) of the infiltrometer disk calculated using Equations 6
and 7:
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These field measurements (which are generally preferred), were validated using intact soil

samples and a method derived by Dirkser(1999). At each sampling site, three intact soil

samples were taken using small (10@c) sampling rings and brought to the laboratory where

they were left to saturate for 24 hours. Once saturated, a water level of several centimetres was

applied on top of the sampe. The water level is assured to stay constant by using a Marriott

device. The steady water flux density at the bottom of the sample was measured using a beaker

on a balance. Using the hydraulic head gradient (Equation 8), the saturated hydraulic
conducicEOU AAT OEAT AA AAI AOI AQAA OOET ¢ $AOAUBO 1A

1. 2 ®
)
n 9)

where hy (cm) is the water level,hs (cm) is the height of the soil sample and] (cm si)is the
water flux density at the bottom of the sample.

Coefficient of variation, CV ¢)
The coefficient of variation of theKs was calculated from the measureds values using Equation
12.:

0w — (10)

where A (-) and u (-) are respectively the standard deviation and mean of the measureié
values.

Pore size distribution index , (-)
The pore size distribution index 1 (-), was derived from lookup tables based on soil texture
(Rawls et al., 1982.

Porosity (-)
The soil porosity was calculated using Equation 11:

. P 11

Where m (g cm3) is the soil bulk density z which was measured (see section 2.3.2)and m (g
cm3) is the particle densityfor which the average value of 2.65¢g crhis taken.
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The saturated water content ( -)

To determine the saturated water content of the soail, three intact soil samples were collected at
each sampling site using small (100 cc) sampling rings. These soil samples were left to saturate
for 24 hours and then weighed. After saturation, the samplewere dried using the microwave
method and weighed again. The saturated water contemtas then calculated using Equationd.2
and averaged for each location:

0 | (12)
W

where Msa (Q) is the mass of the satrated soil sample andMary (g) is the mass of the dry soil
sample,V; (cm?3) is the volume of the soil sample.

Splash and hydraulic erosion coefficients ( -)

The rain splash erosion coefficient was estimated from the soil erodibility factor in the Universal
Soil Loss Equation(Wischmeier and Smith, 198) using a method by Foster et al(1983)
(Equation 13):

. . "
RIS (13)
where Kysieis the soil erodibility factor and @ (-) is the bare soil factor which accounts forthe
reduction of splash erosion due to mulch, erosiopavement, and vegetal coverts method of
determination is explained in Section 2.3.2.

The hydraulic erosion coefficient was estimated from the soil erodibility factor in te Universal
Soil Loss Equation(Wischmeier and Smith, 1978 and the fractional clay content using a method
by Foster and Smith(1984) (Equations 14 and 15):

85 uv@d 0 oTo (14)

5 PUUT OO omR NQ T8 ¢ (15)
p oliQ TR ¢

where @& (-) accounts for erosion resistance due to management practises (bunds, terraces), and
fa (-) is the fractional clay content. As there are no real management practises in place in the
Playa catchment, theZt was kept at one.

The Kuysie was derived from soil texture, structure, organic matter content and permeability
using the soil erodibility nomograph (Wischmeier et al., 197). The measurement of texture and
permeability (in this case theKs was used) is described above. The measurement of the organic
matter content and soil structure is described below.

The organic matter content was estimated using the Munsell colour of a dignd moist soll
sample (Munsel Colour Company, 199). This estimation is based on the assumption that the
soil is coloured due to a mixture of light coloured minerals and dark coloured organic
substance¢FAO, 1990. A conversiontable from Schlichting, Blume et all (1995) was used to
convert the Munsell ©lour values to organic matter content values. It must be stressed that this
method only gives a rough estimatéFAO, 1990. For our purpose though, this estimate should
be sufficient.
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The soil structure was determined at each sampling sitdoy using the dropshatter method
(Marshall and Quirk, 1950, whereby a section of top soil is dug and dropped from around one
meter onto aboard. If large clods break away they are dropped again individually. Next the
median size and type of aggregate was determined using the size and type classescribed by
the FAO(1990).

2.3.2 land surface parameters

Land cover classification (- AT 1 [ to€ffiient, ground - and canopy cover)

Using a combination of field observations and aerial photograph$soogle earth VV 7.0.3.8542, 01
21-2012), the watershed was split p in a number of landcover classes. For each landover
class thebare soil factor (@), vegetation cover AT A - AT rbuBHne3s ddefficient(n) was
estimated at the beginning of the rainy seasor(Septembel) and towards the end of the rainy
season(December).

4EA -ATTET C80O Ol @ciEreddendo calduldteBER/ didEid bf Gverland flownd
was estimatedfor each landcover classusing literature (Engman, 1986 Crawford and Linsley,
1966, Woolhiser, 1975).

The vegetation cover is needed to calculate the total depth of interception. It is defined as the
fraction of the surface covered by ®getation which was estimated for each landover class in
the field.

The bare soil factor (&) accounts for the reduction of splash erosion due to muilch, erosion
pavement, and vegetal cowve It is estimated by thefraction of bare soiland the fraction of the
canopy cover above bare soil multiplied by a canopy subfactor value (see Figie The canopy
subfactor value accounts for the damping effect of the canopy on rainfall energy and depends on
the height of the canopyFoster and Dissmeyer, 1981

ny
o

Rl

Canopy subfactor value
Meters

o
w

N2
Average distance drops full from canopy

% 20 40 60 80 100
% of bare soil with canopy cover
Figure 5: Effect of canopy cover on rain splash erosion (Foster and Dissmeyer, 1981 )

Slope

A DEM of the watershed was created by combiningld topographical maps from the low-lying
coastal area z obtained from the Bonaire Cadastre(KLM Aerocarto, 1963 - with the freely
available SRTM DEMJarvis et al., 2008 for the rest of the catchment It was chosen not to rely
on the SRTM DEM for the lovlying coastal area because the variation in height there is lav
than the elevation error of theSRTM data.

14



The SRTM DENMhas a spatial resolution of 90m and for islands it was found to have an absolute
height error of 8 m and an absolute geolocation error of 9m at the 90% confidence interval
(Rodriguez et al., 2008. In ArcGIS, a low pass filter was applied to remove height anomalies and
sinks were removed as well.The DEM was validated using a humbereference height points
taken in the catchment using GPS. It was found that the SRTM DEM had elevations that were
systematically 1m too high and this was therefore corrected.

The topographical maps from the Bonaire Cadastre were digitized and converted &oDEM in
ArcGIS. This DEM was validated using a humber reference height points taken usingGPSand
it provedto be reliable.

In ArcGIS the two DEMs werdirst resampled tohave the same cell sizef 10 m by 10 mand
then blended together using the Mosic tool. From this DEM the slope in the catchment was
calculated.

Interception
For the interception depth a value of 3nm was taken (typical for shruklands) (Woolhiser et al.,
1990).

Pavedsurface area
The paved surface arean the catchment was determined from aerial photographs obtained
from Google Earth(01-21-2012).

2.3.3 Channel parameters

Channel geometry

The chamel geometry was measured in the field. The slope of the channels was estimated by
taking GPSheight readings (using a Leica Viva GNSGS15, accuracy of 0.01nm8t the beginning
and end of each channel section

Between the reservoirs in the uplands thereare no real channels. Between some reservoirs

there is a gully and between others it is simply overland flow. These gullies or flow routes are
OEAOAA&EI OA Al1 1T TAAITTAA AO OOEAT ¢cOI AOh EAOET ¢ OF
coefficient of 0.05 sm-13 (floodplain, scattered brush, heavy weeds). Figure 6 shows the location

of the gullies or flow routes and the channels
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Channel soil
For unlined channels, the soil parameters required for calculating infiltration and erosion (e.g.
Ks, G texture, erodibility), were taken from the same sampled soil data as for the planes.

2.3.4 Pond parameters

Pond geometry

To estimate the storage cagcity of thereservoirs, the area of thaeservoirs was mapped using a
GPS device. The depth of theseservoirs was measuredusing a measuring rod. Multiplying the
area of thereservoir by its depth gives its volume. It was noted that due to the slope tife land,

more water can be stored behind the dam than simply in itbasin (see Figure 7). This volume

was estimated using the slope angle (obtained from the DEM) and simple trigonometry.

Figure 7: Reservoir storage capacity
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Saturated hydraulic conductivity

Due to deposition of finer £diment and compaction at the time of construction of theeservoirs,

the hydraulic conductivity of the soil beneath the reservoirds believed to be aot lower than

that of the surrounding soils (Debrot et al., 2010Q. Using the interpolated sampled soil data
(measured using the minidisc infiltrometer ) would therefore give erroneous results. For this
reasonit was decided to measure theé&s behind one of thereservoirs separately (the large LVV
reservoir) and use this value for the other reservoirs as well.

To measure theK; of this reservoir, adiver was placed init and the water height was measured
every five minutes for a period of three monthsWater level data was extracted foritne series
during which there was no rairfall and the change in water level was therefore only determined
by infiltration and evaporation.

The infiltration during these time series wascalculated by determining the change in water level
between every time step and subtracting from this the evaporation The evaporation was
estimated using the following formula fromAllen et al.(1998):

0"Y Y (16)

where ETo (mm) is the reference evapotranspiration for which the calculation is shown in Annex
1. Gy () is the coefficient of ewaporation of an open water body. Br water bodies less than 2m
deep, a value of 1.05 can be tak€Allen et al., 199§.

The saturated hydraulic conductivity of the reservoir was calculated usinga method described
by Reynolds and Elrick (1991) whereby Equation 17 (Gardner, 1958 Wooding, 1968 is
logarithmically transformed to produce Equation 18:

O wmoi PLRONO

7)

o . - P . (18)
v g0 O a&——— ]
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where Is (mm hr-1) is the steady state infiltration rate,r (mm) is the pond radius,Ho (mm) is the
pressure head at infiltration surface and| (-) is a soil parameter.

When Ln(ls) is then plotted for a number of differentpressure heads Ho), a line can be drawn
through the points andthe Kscan be found from the intercept.

Pond outflow

Because the relationship between reservoir height outflow could not be measured, this was
calculated. After an initial entry head loss, depending on the speed of the outflow, the flow will
attain the normal depth. The discharge out of the reservoir can thefore be calculated using
Manning and the entry head loss is estimated dyquation 19 (Hamill, 2001):

y T (19)
¢Q

where 34 (M) is the entry head loss andv (m s1) is the velocity of the water in the outflowing
channel.
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2.4 Calibration

The calibration of the model was performed by comparing measured discharge with modelled
discharged for three rairfall events. Only three events were chosen because during the fieldwork
period there were only three large enough events which fell evenly enough over the whole
catchment. Because the rainfall on Bonaire is extremely spatially variable, most rainfall only
reaches parts of the catchment and measured rainfall data was not available on enough locations
to account for this spatial variation.

Due to the extreme spatial variability of rainfall it was not possible to calibrate the hydrograph
timing. The exact time of rainfall was only known at the location of the tipping bucket and not in
the rest of the catchment. However due to the small sizé the catchment and the urban nature,
the lag time is very short (estimated at 20-60 min, depending on whether reservoirs overflow
(Taylor and Schwarz, 1952) and therefore the timing of the modelled dischargean never be
too far off reality.

Following the recommendations from Kalin and Hantusi{2003), the discharge magnitude was
calibrated by adjusting the saturated hydraulic conductivity Ks) and the capillary length scale
(G. For both Ks and G a multiplication factor was used for model calibration In this way, the
measuredspatial variation in Ksand Gis not affected.

Due to insufficient data, it was also not possible to calibrate the model for sediment yielthe
rainfall events Therefore, absolute sediment yields and soil losses are not calculated and only
the spatial distribution and differences between modelling scenarioare considered.

The following sections describe the collectiorof the discharge datadr the three rainfall events
and the collection of the input variables (initial soil moisture content and rainfall intensity)
required to model these three events.

2.4.1 Discharge

Divers (Di250, van Essen instrumentsaccuracyof 0.1%) were installed at three locations (LVV
reservoir, Kralendijk reservoir, and the outlet of subcatchment 1), taking pressure readings at
five minute intervals. The location of the threedivers is shown in Figure8. A fourth diver was

installed on landto measure theatmospheric pressure.

Using thepressure readingsof these divers the height of the water columnat these locations
was calculated using Equatior0:

w6 U 0 (20)

where WCis the height of the water column (cm)Puiver (cm h20) is the diver pressure anPam
(cm hp0) is the atmospheric pressure.

From the water level readings of the outlet of sulzatchment 1, the runoff peaks were extracted N
and converted to discharge (tistq OOET C - ATTEIT C60O0 ANOAOESeDbf | xEEA
the distinct profile of the channel).

Thewater level readings of the MV and Kralendijk reservoirs were firstly smoothened out using
a three point moving average to remove the random measurement erro(gliver error). Thenthe
water level readings were converted to water volume using the measured dimensions of the
reservoirs (See Annex 2) and lastly, the change in waterlume over time (m3 s1) was

18



computed. Removing the random measurement errors of the diver by averaging out the water
level readings was found to be necessary because these small variations in water level had a
large (and erroneous effect) effect on the calculated change in water volume ovéné. A three
point moving average was chosen because it managed to remove the random variation without
losing too muchvaluableinformation.

2.4.2 Rainfall

Rainfall intensity data was available from the tipping bucket and daily rainfall totals were
available from a station at the coast and at the airporfsee Figure8). The daily rainfall data from
the airport station were excluded from the analysis as they were found to be unreliable. On some
occasions rainfall seemed to be recorded on the wrong day amd other occasions when it had
certainly rained, the airport station did not report any rainfall.

Figure 8: Location of the measurement
locations and rainfall gauges

The daily rainfall values at the coast were converted to intensity by assumirije same temporal

and intensity distribution as measured by the tipping bucket. The intensities at theoast and

tipping bucket were then both used as input for Kineros2, which spatially interpolates the
rainfall using an inverse distance weight method.

2.4 3 Initial soil moisture content

The initial soil moisture content for calibration was calculated using a simple water budget
model as described byVillmott and Rowe (1985):
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where wg (mm) is the soil moisture content on dayd, wg1 (mm) is the soil moisture contenton
the previous day and recharge or evapotranspiration is described by the terqyDs (mm). The
maximum soil moisture content on a given daywa) is equal to fieldcapacity.

D4 (mm) is the evaporative demand on day d:
0O 0 07 (22)

where P, (mm) is the precipitation on dayd and ET° (mm) is the reference evapotranspiration
on day d for which the calculation is shown in Annex 1. Whety, is negative it represents a
demand, when it is positive it represents a recharge

[ 4 is the evapotranspirated fraction on dayd coming from Mintz and Serafini(1984) who based

their function on measurements of Davies and Allen (1973) on fields with a continuous cover of

perennial rye grass:

P QoRedY To'h O m 23)
ph O =

where W* (mm) is the total availablewater holding capacity for a soil layer, calculated as the
difference between the wilting point and field capacityfor a certain soil depth. For this study it
was decided to model soil moisture for the top 1@m of the soil becaus¢his soil section has tke
largest effect on the production of surface runof{Zhang et al., 2011 The values for the sail
moisture content at wilting point and at fidd capacity were obtained per soil texture from
literature (ASCE, 1990

The initial soil moisture content was calculated for each of the 12 sampling locationsgbause
the soil type was known for these locations) and then interpolated for the whole catchment
using inverse weighed distance(IDW). Using this method, onlythe spatial variation of soiltype

is taken into account and not that ofvegetation coveror slope which also have an effect on the
soil moisture content. Howeverwithin the timespan of this research it was not possible to take
this into account as well, and as the initial soil moisture content is only needed for model
calibration a good estimae is sufficient.

To validate the outcome of this water budget modethe soil moisture content was measured on
the 12 sampling points in the catchment orthree occasiors. Per occasion, twaoil core samples
were taken per sampling location of the top 1@m of the soil and taken to the laboratory. These
samples were weighed, driedusing the microwave method and weighed again to determine
the soil moisture content. These measuredsoil moisture content values werethen compared to
the modelled soil moisture content values.The root mean square error was calculatedas
percentage of the mean soil moisture content to assess the accuracy of the model predictions
using Equation 24:

YO YO AN (24)

where nis the number of observationsX are the measured values and; are the modelled values
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Validation results

Figure 9 shows the measured soil moisture content plotted against the modelled soil moisture
content. The actual values can be found in Annex & can be seen that simple water bdget
model tends to slightly underestimate the soil moisture content The root mean square error as
percentage of the mean soil moisture content was found to by5% which is acceptable. The
prediction error is most likely caused by variations in slope andiegetation cover which are not
included in the simple water budget model
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Figure 9: Measured versus modelled initial soil moisture content

2.5 Model runs

After the model had been calibrated it was run for the current management situation, three
different physical scenarios and three different management scenariodJnless specifically
stated, the watershed was modelled with the initial soil moisture content at wilting point, no
initial reservoir stor age and with a vegetation coveequal to that faund towards the end of the
rainy season.

For modelling runoff and erosion for the current management situation, design storms with a
return period of five and ten years were chosen. These return periods were chosen because
flooding problems in Kralendijk and large sediment flowstowards sea are only encountered
during the more extreme events. Furthermore it was found that during a five year event only
some of the reservoirs overflow while during a ten year event almost all of the reservoirs
overflow. Modeling and comparing runoff and erosion for these two eventsherefore gives a
good picture of the effect of these reservoirs. Using rainfall events with even larger return
periods was deemed unnecessary, also because this can affect the accuracy of the imode
predictions.

21



2.5.1 Current management

Catchment runoff and erosion

Runoff and erosion for the current management situation was modelled for a design storm with
return period of five years andten years to see how much runoff and erosion is produced at each
location in the catchment and also how this is routed towards the outlet

Drainage capacity

To see if the drainage capacity of the channels in Kralendijk is large enough to drain the runoff

caused by a fiveyear and ten year event, the maximunaischargeproduced by the rainfall events

is compared to the dainage capacity of the channeld AT AOI AOAA OOET ¢ - AT T ETCG

2.5.2 Physical scenarios

Long-duration versus high -intensity rainfa ||

To understand the difference in effect between high intensity rainfall and londuration rainfall,
runoff and erosion was modelled for two successive rainfall events, each having half the
intensity of an event with a return period of five years. Theotal rainfall is therefore the same as
an event with return period of five years, but the duration is doubled (four hours).

Soil moisture content

To understand how runoff and erosion is affected by different initial soil moisture contents,
runoff and erosion was modelled for a rainfall event with return period of five years and with
the initial soil moisture content at field capacity.

Dry-season vegetation

The vegetation cover at the end of the rainy season was observed to be much higher than the
vegetaion cover at the start of the rainy seasonThe runoff and erosion produced by a rainfall
event at the beginning of the rainy season is therefore different from that produced by a rainfall
event towards the end of the rainy seasonlo test the effect thatthe difference in vegetation
cover has, runoff and erosion was also modellefdr the vegetation cover occurring &the start of

the rainy season for a rainfall event with return period of five years.

2.5.3 Management scenarios

Lossof reservoirs

Inpasttimesh Al 11T OO0 AOAOU AEAI EiztdsmalllsdbsigieBcA fath withsdme OE OT OF
fields of sorghum, small scale fruit and vegetable production (e.g. cucumbers and maize), and

livestock (mainly goats) (Pers. Com. Wolter di Palm, 2012). Small resernv®igO O A 1- wokI®tde

Abc 11 OEA OEOI OEOE O1 O dscadirigatiod In@hd pIe&,Uhe x AOA O
government constructed reservoirs on public land. These were larger and usually placed in

O O1 Twihifie Bnain aim of increasinggroundwater recharge (Pers. Com. Rocky Emers, 2012).

00AOGAT 01 Uuh TATU 1T &£ OEA OEOI OEOOE EAOA AAAT AAO
AAOI ET ¢c8 -ATU 1T £ OEA OOAT EEO8 AOA OEAOCAEI OA 110
(Pers. Com. Rocky Emey2012). Maintenance of the government reservoirgespecially sdiment

removal) is done on an aehoc basis. The reservoirs closest to Kralendijkave gotten a legal

status and areenlisted in the Bonaire Development Plan(DRO, 2010 as freshwater areas.

Because they are important in preventing flooding in the residetial areas, they are maintained

and cleaned whenever it is deemed necessary (every 1 to 5 years) by the DRO (Dienst
Ruimtelijke Ordening) (Pers. Com. Jeroen Meuleman, 2012). The reservoirs on LVV territory are
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sometimes maintained by LVV. The governmental reservoirs in the uplandse maintained by
the DRO once in while if funding permits and need for maintenancepressing.

To understandthe importance of the reservoirs in the Playa catchment and the effect of losing

OOAT EEOS AOA O 1 AAE 1 £ foraidin@lRevehiiwAhAdiurn@ddiddiofEAE x A O
ten years (because this event causes most reservoirs to overflowpr the scenario in whichall
OOAT EEOS6 AOA CiTA8 4EEO EO A3 AAAOAAOA EI Ol OACA

Reduced grazing (maximum vegetation cover)

Overgrazingz especially due to goatsg is a welkknown problem on Bonaire. It was estimated
that there are 2500026000 goats on the island and 5000 sheepNolet and Veen, 2009. The
goats are left to roam fredy so that feeding them is unnecessary. This saves money and allows
the owners to keep more goatg¢Debrot et al., 2012. Officially goats are forbidden to roam frely,
however this law is not being enforced.

The carrying capacity of Bonaire is estimated at 14 goats per hectarerihg the rainy season
and 1 goat per hectare during the dry season. At the moment it is estimated that there are
around 4 goats per hectargNolet and Veen, 2009, meaning that for the largest part of the year,
the carrying capacity is being exceeded.

The consequences of this overgrazing are reduced vegetation covereduced rateof succession
to mature forests, and decline or elimination of grazing sensitive species while grazing resistant
species (often thorny) are given a competitive releaséDe Freitas et al., 200k This decrease in
vegetaion cover has in its turn lead to increased soil erosion due to the reduction in root cover,
organic matter content, surface roughness and rainfall interceptiorfMorgan, 2005. For this
reason plans are being made to reduce the grazing pressure of these goats.

To understand the effect that reduced grazing wadd have on runoff and erosion in the

catchment, runoff and erosion was modelled for a rainfall event with a return period of five

years on a catchment with maximum vegetation cover. A catchment with maximum vegetation

cover is defined as a catchment wherd 1 1 OEA 1 AT A OOA A1l AOGOAOG EAOA
shrub-il AT A6h AGAAPO &£ O OEA OOAAT AOAAOG AT A 1 AEUA &
would be reduced the difference in vegetation cover between the start and end of the rainy
seasonwould also be reduced. The reason for this is that mainly the grazers are to blame for

bare soils in the dry season (Pers. Com Jdaap van Almenkerk, 2012). Areas which have been
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fenced for a number of years show a healthy ground cover both in the dry amet seasonz the
colour of the vegetation being the main difference (see Figut).

Reducing the paved surface area

Except for changing the vegetation cover, another management option is to change the
percentage of paved area. In densely built areas such as central Kralendijk there might not be

enough space to seriously reduce the amount of pavement but there are othadirect methods

xEEAE EAOA OEA OAIT A AEEAAO ET EI DPOT OET ¢ ET £EI 0O
(gravel beds below a lawn) and infiltration wells(Niemczynowicz,1999).

To estimate the effect of reducing the amount of pavement (especially in central Kralendijk),

runoff and erosion was modelled for a rainfall event with return period of five years when paved
area is reduced by 10% and 20% respectively.

2.5.4 Design storm s
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Figure 11: Plot of rainfall depth versus the recurrence interval for a number of rainfall durations
Design storms with a return period of five and ten years were calculated using historical rainfall
intensity records. As such data is not available for Bonaire, data from Curacao was used instead.
Figure 11 was obtained from the meteorological department of the Netherlands Antilles at Hato
Airport, Curacao, and shows the recurrence interval of different rainfall depths and durations. In
Figure 8, the 24 hour rainfall on Curacao is compared with the 24 houainfall on Bonaire and it
can be seen to be very comparable.

Using the data fromFigure 11, a depth duration frequency(DDF) curve is fitted for rainfall with
a return period of 5 years usinga power relation:

i ® Q (25)

where r is the rainfall depth (mm), d is the duration (min) and a and b ar&DFparameters. The
least squareapproach was used in order to optimize the DDF parameterChow et al., 1988.
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Figure 12 shows the produced DDF curves for Bonaire with a return period of 5 yearsand 10
with the fitted equations.
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Figure 12: Depth duration frequency curves for return periods of  five and ten years

Using this DDF curve a design storm was obtained using the composite storm concept. A
composite storm is determined by setting out the rainfall volumes from the DDF relationship
symmetrically around the centre of the storm starting from the shortest till the longest storm
duration.

For small watersheds, the total duration of the design storm should be at least equal to the time
of concentration or preferably longer(Vaes, 1999. The time of concentation was found to be
between one and two hours andtherefore a total duration of two hours was taken. This is also
roughly the maximum storm duration encountered during the rainy season of 2012/2013. The
time interval was taken to be 15min. This was chosen because it was the minimum duratiorn fo
which a return period was available and the DDF curve tends to overestimate rainfall intensities
at smaller time steps(Di Baldassarre et al., 2006
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3. Results

3.1 Soil properties

The soils in the Playa catchment were found to predominantlgontain sandy loam and sandy
clay loam. They were found to have low organic matter contents (around 2% on most locations)
and a good structure.On the sites with sandy loam, thesaturated hydraulic conductivity was
found to be around 30 mm htt (in agreement with literature such as Rawls et al(1982)). On
some of the more clayey sites however the saturated hydraulic condtivity was found to be a
lot higher (around 70-100mm hr-1). This largely disagrees with literature (accordingo Rawls et
al. (1982) sandy clay loams should have Ks of around 4mm hr-1) but can be attributed to the
large number of cracks in the soil.

The rock content varied between 120% and the bulk density was usually around 1.30g cri
Both the porosity andmaximum saturation content ranged between 0.8.6 (cm? cm3).

Detailed resultscan be found in Anex 3.

3.2 Planes, channels and ponds

The schematization of thePlaya catchment into plane, pond andthannel elementsis shown in
Figure 13. Channel andpond geometry data can be found in Anex 4 and 5 respectively

The saturated hydraulic conductivity of the reservoir behind the LV\eservoir was found to be
0.215 mm hrt z roughly one hundred times smaller than the soils surrounding it.
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Figure 13: Schematization of Playa catchment showing planes, streams, ponds and flow
direction
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3.3 Land surface parameters

3.3.1Landcoverci AOOE AZEAAOQEIT 1

i - Al 1 ElagiGadoppdoerEAEE AEAT C

Table 1 shows the landcover classes and their associated parameters iBeptember(start of the

rainy season) and December (the maximum vegetation cover has been reachedjigure 14
shows how the land cover types are distributed over the catchmentt was found that in the
beginning of the rainy season the ground was almost bare while towards the end of the rainy
season there was a healthy groundcover consisting of grasses and weelsis is what leads to
the lower bare soil factor (@), the larger vegetation cover andthe larger- AT T Erbughingds

coefficient (n) . Pictures of the created land use classes can be found in Aniéex

Table 1: Land cover classes in the Playa catchment and their associated parameters at the start and
towards the end of the rainy season

September December
(start of rainy season) (during rainy season)
Land coverclass Manningd | Bare soil | Vegetation | Manningd | Bare soil| Vegetation
n (s nmri3) | factor (-) | cover (%) |n (s m13) [factor (- |cover (%
Dense Shrubbery 0.25 0.60 85 0.40 )0.15 90
Medium Shrubbery 0.20 0.80 60 0.30 0.40 75
Light Shrubbery 0.15 0.85 35 0.20 0.60 55
Dense grass 0.10 0.90 20 0.20 0.40 55
Rangeland (medium 0.10 0.90 20 0.15 0.55 45
cover)
Rangeland (light cover) |0.05 0.95 15 0.10 0.70 35
Agricultural field 0.05 1.00 0 0.20 0.50 50
Bare 0.05 0.95 5 0.05 0.90 5
Urban 0.50 0.10 20 0.50 0.40 45

3.3.2 Slope and Paved surface area

Figure 15 and Figure 6 show respectively the paved surface area and slope in the Playa

catchment
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3.4 Calibration results

The three different rainfall events usedor calibration are shown in Rgure 17 and compared to a
rainfall event with a five year and ten year return period(which are used for modelling in this
study). It can be seen that the peak intensity, total rainfall and rainfall duration of the three
rainfall events is a lot smaller than that of a five and ten year event can therefore not be
confidently said that the catchment will behave exactly the same for this five and ten year event.
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Figure 17: Rainfall events used for calibration compared to those with a return period of five and
ten years

To get the best discharge mgnitude simulations, the required multiplication factors forKsand G
were found to be 0.1 and 0.3 respectivelyThese values are large but notunusual - similar
multiplication factors, especially for Ks and G were found in a number of papers(Smith et al.,
1999, Kennedy et al., 2012
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Figure 18: Graphs showing modelled and measured discharge at the outlet of sub -catchment 1 for
arainfall event on a) 25-11-2012, b) 22-12-2012 and c) 05-01-2013.

Figure 18 shows the measured and modelled discharge for the outlet of stdatchment 1for the
three different rainfall events. As explained before, discharge timing could not be calibrated.
Focussing on the discharge quantity therefore, the events on 280 and 0501 are modelled
relatively well, the discharge quantity of the event on 222 is largely overestimated (see Table
2). The reason for this could be the spatial variability in rainfall intensity. It is unlikely that the
model simply overestimates larger rainéll events because this same rainfall event did not cause
the same amount of error at the other two measurement locations (the Kralendijk and LVV
reservoir).

Table 2: Accuracy of model predictions for sub -catchment 1

Rainfall Peak discharge (hs?) Total discharge (f)

event Measured | Modelled | % difference | Measured| Modelled | % difference
25112012 0.06 0.06 1 177 114 36
22-12-2012 0.37 0.57 53 615 1075 75
05-01-2013 0.09 0.10 17 95 117 23
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Figure 19: Graphs showing modelled and measured discharge at the Kralendijk  reservoir for a
rainfall event on a) 22-12-2012, b) 25-11-2012 and c) 05-01-2013.

Figure 19 shows the measured and modelled discharge for the Kralendijk reservoir for the three
different rainfall events. Focussing on discharge quantity, it can be seen tilé total discharge

is modelled well (see Table 3). The modelled peak discharge seems to be continuously
overestimated however the reason for this is that the measured water leveleadings of the
Kralendijk reservoir were averaged out (using a three point moving awage) to remove the
diver error. This averaging also smoothens out largastharge peaks which can therefore not be
seen in the figure above.

Table 3: Accuracy of model predict ions for the Kralendijk reservoir

Rainfall Peak discharge (hs?) Total discharge (f)

event Measured | Modelled | % difference | Measured| Modelled | % difference
2511-2012 0.14 0.26 86 360 408 13
22-12-2012 0.91 1.39 53 3673 3650 1
05-01-2013 0.34 0.71 109 600 797 33
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Figure 20 shows the measured and modelled discharge for the LVV reservoir for the 22
event. Due to equipment failure,the measured discharge was not available for the other two
events.Focusing on discharge quantity, it can be seen that the peak discharge is modelled well
(even though the water level readings for the LVV reservoir were averaged out as well). The
total discharge is underestimated by the model (see TabK) which is espedally caused by the
second half of the rainfall event. A reason for this could be the overflowing of an upstream
reservoir, the effect of which is measured but not modelled. This upstream reservoir was
relatively full around the date of this rainfall eventbut whether it actually overflowed is not
known. Spatial variation in rainfall intensity cannot be the cause as the tipping bucket (used to
measure rainfall intensity) was located very close (around 70m) to this reservoir.
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Figure 20: Graph showing modelled and measured discharge at the LVV reservoir for a rainfall
event on 22-12-2012

Table 4: Accuracy of the model predictions for the LVV reservoir

Rainfall Peak discharge (hs™) Total discharge (f)
event Measured | Modelled | %difference | Measured| Modelled | % difference
22-12-2012 0.16 0.16 0 240 133 45
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3.5 Catchment sensitivity to erosion

All of the above measured parameters specify the sensitivity of the catchment &vosion. By
understanding the effect the different parameters have on infiltration and erosion, it can already
be estimated wheresoil losswill occur. Figure 21, shows thisestimated erosion risk.
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Figure 11: Estimated erosion risk

Completely in the East of the catchment, slopes are a lot larger than in the rest of the catchment.
High slopes lead to fast overland flow and therefore relatively much runoff and also erosion.
This area is also not paved and the soil is loamyherefore more susceptible to detachment.

More towards the West of the catchment, the slopes are a lot smaller tstill larger thannear the
coast Furthermore, there are al lot of grasslands and agricultural fields in this area which

usually do not have a largevegetation cover and are therefore more susceptible to erosion
Lastly, this area is not paved meaning the soil is not protected.

The Western half of the catchmentonsists of residential areas andthe centre of Kralendijk.
These areas have very low sfges and are very paved meaning they are not very sensitive to
erosion. Furthermore the soil here is slightly more clayey and therefore less susceptible to
detachment.

The susceptibility of channels to erosion can also be split up in these three ardasause the soil
type and slope of the channels is similar to that of the surrounding surface (excefar lined
channels.

Whether the soils with the largest erosion risk also contribute most to the sediment at the

outlets of course depends on the trappingfficiency of the reservoirs in the catchmenand how
often they overflow.

34



3.6 Spatially distributed r ainfall runoff erosion relationship  under
current management

The first step was to model the catchment for two different rainfall events to understath the
routing of discharge and sediment within the Raya catchment.Figure 22 shows the two rainfall
events used as input: one with a return period of five years, and one with a return period of ten
years. It can be seen that the rainfall intensities of #hstorm with a ten year return period are
20% larger for the smallest intensities and up to 40% larger for the largest intensitylhe total
amount of rain falling during a ten year event is 30% larger.
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Figure 22: Two hour rainfall event with return period of five years and ten years

Catchment runoff

The simulated runoff and discharge produced by the two rainfall events are shown in Figuga.
The simulated discharge into the ocean of the four outlets for the twrainfall events can be
found in Table5.

In general it can be seen that the highly paved centre of Kralendijk produces the most runoff.
The flat residential areas in the middle of the catchment produce the least runoff and the
relatively steep and unpaed shrub-lands to the East are somewhere in between. Even though
sub-catchments 1 and 4 are similar in size, Tablé shows that the ocean discharge of sub
catchment 4 is a lot larger (300% larger for a five year event and 100% larger for a ten year
event). The reason for this is mainly the larger storage capacity of sedatchment 1 due to the
many reservoirs - the total volume of the reservoirs in subcatchment 1 is 96300 M (not
counting the large excavation just North of the Kaminda Jato Bako) compared 16660 m3 in
sub-catchment 4.
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Figure 23: Runoff and stream discharge for a rainfall event with return period of five years (left)
and ten years (right)

In the uplands three large discharge flows can be seestraight down from the highest point in
the North East,along the Kaminda Lagoen andthe @oidjust south of Lagoen hill(point a, b and
c respectively on Figure23)

Table 5: Simulated ocean discharge for the four outlets for a five and ten year rainfal | event

Return period of | Simulated ocean discharge (%)

rainfall event Outlet 1 Outlet 2 Outlet 3 Outlet 4 Total

5 years 10000 3700 600 35600 49900
10 years 40100 5400 900 86900 133300

Comparing the runoff produced by a five year and ten year eveshows that in the uplands the
runoff increases from 1525mm to 2540mm (average increase of 55%), in the midlands the
runoff increases from 515mm to 15-25mm (average increase of 100%) and in the centre of
Kralendijk it increases from a maximum of 40mm to50mm (average increase of 40%) The
largest increasein runoff is found in the midlands becausehere production of runoff is mainly
causedby exceedance of the infiltration capacitywhile in the uplands it is also due to the slope
and in central Kralendijk much water cannot infiltrate due to the pavement. In the uplands and
central Kralendijk it is therefore mainly the increase in total ranfall which leads to an increase
in runoff while in the midlands both effects play a role - the larger total rainfall, but also the
larger intensity (meaning the infiltration capacity is exceeded even more).

It is also interesting to see that for a five gar event, a number of reservoirs in the East are
overflowing. This water however does not reach th@ceanmainly because it does not flow past
the large LVV reservoir. With the ten year event, the LVV reservoir does overflow, and so do the
reservoirs in Kralendijk. This can be seen to result in a much larger ocean discharge of the ten
year event @mpared to the five year eventThe average increase in oceanigtharge for a ten
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year event comparedto a five year event is 150% but the increase from subatchment 1 (which
contains all thereservoirs) is around 300%. The increase in total rainfall however is only 30%

Drainage capacity

To see if the drainage capacity of the channels in central Kralendijk is large enough to drain the
runoff caused by a fiveyear and ten year event, the maximum discharge produced by the rainfall
events is compared to the drainage capacity of the channels.

Figure 24 shows the drainage capacity of the channels in Kralendijklt can be seen that
especially due to the low slopedut also due to the small dimensions, the discharge capacity of
many drains is relatively small.
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Figure 24: Maximum discharge capacity of drains in central Kralendijk

Figure 25 shows the discharge deficit (maximum possible dischargém3 s1) z maximum
required discharge(m? s1)) for a storm with return period of five and ten years. It can be seen
that a lot of drainage channels cannot drain the maximum runoff producealy either aten or five
year storm. Especially the drains in subcatchment 2 are probbematic as drains with a capacity to
drain a maximum of 0.17 M st are required to cope with 2.5 m§ s for a five year storm and
even 4 n$ s for a ten year storm. Thecapacity of thesecond half of the drain under the Kaya
Korona (top right on Figure 20) is alsoinsufficient. The increase in required discharge for a ten
year stormranges from 5575%. The larger the drainage area of a drain, the larger the increase.

It should be stressed that an insufficient drainage capacity does not necessarily metrat
flooding problems will occur asis not known how long the waterwill inundate the streets before
it is drained and also not how high this water will stand Nevertheless any water level and
duration of inundation will be harmful to roads and other infastructure.
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Figure 25: Discharge deficit of drains in central Kralendijk for a rainfall event with return period of
five years (left) and ten years (right)

Catchment erosion

The spatial distribution of soil loss and sediment transport produced by théwo rainfall events
is shown qualitatively in Figure . Table6 shows the sediment yield of the four outlets, relative
to the lowest sediment yield found during a rainfall event with five year return period (that of
outlet 4). Actual erosion rates and seithent yields could not be calculated as calibration of
sediment transport was not done.
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Figure 26: Erosion and sediment transport for a rainfall event with return period of five years
(left) and ten years (right)
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The slope seems to be the largesketerminant in spatial variability of erosion in the catchment.
The soil loss in the relatively steep shrudands to the East is five to ten times larger than that in
the flat midlands. In the steepest top NortkEastern part of the catchment soil loss isven 50
times as large.

Table 6: Relative sediment yields of the outlets for a five year and ten year event

Return period of | Sediment load relative to that of outlet 4 during a five year event

rainfall event Outlet 1 Outlet 2 Outlet 3 Outlet 4 Total

5 years 30.2 5.0 1.2 1.0 37.4
10 years 152.4 9.2 1.9 3.2 166.7

The increase in soil loss for a rainfall event with ten year return period is large larger than the
effect it has on surface runoff. The largest increase in soil loss is found in the flaidlands z here
the soil loss increases by 200%. In the highly paved areas in central Kralendijk and in the steep
shrub-lands, the increase amounts to 100%.

A surprising result is the much larger sediment yield of outlet 1 compared to that of outlet 4 (30
times larger for the five year event and 50 times larger for the ten year event). The discharge on
the other hand is a lot lower (3.5 times lower for the five year event and 2 times lower for the
ten year event). This means that on average the sedimenbrcentration of outlet 1 is around
100 times higher than that of outlet 4 for the five year event and 150 times higher for the 10
year event. The single most important reason for this huge difference in concentration is the
AEAAAOEOEOU ionfEof Guiled 4 Dt dpind:sédintent. Edr bof the five and ten year
AOGAT Oh AAT 60 wwb T &£ OEA OAAEI AT O AT xETC ETOI O
there is no such reservoir meaning the sediment load is a lot higher. Interestingly, ehmain
source of the sediment at outlet 1 is not the highly erodible uplands as most of this is blocked
by the upland reservoirs- but the area it drains near the coast which does not pass through a
retention basin before entering the sea.

The sediment retention capacity of the reservoirs in the uplands is also large and ranges from
85% to 99% depending on flow velocity and reservoir geometry. This large amount of retention
is mainly caused by the fact that the soils in the catchment are largely made ofpfine sand. This
is therefore the largest fraction that is eroded but also the fraction that is most easily deposited
(due to the relatively large size and therefore settling velocity). The finer material (especially
clay) can reach the ocean but only wdn the reservoirs overflow. The large reservoir at LVV
seems to be critical, only when this reservoir overflows will water and finer sediment from the
uplands reach the sea. According to interviews this happens once evenb4years (Pers. Com.
Rocky Emers2012).

The total sediment flow into the ocean for a rainfall event with return period of ten years is
around 350% larger than that of a rainfall event with return period of five years. Subatchment

1 causes the largest increase because the overflowirlg/V reservoir means sediment and
discharge from the uplands now also flows downstream. The increase in discharge through the
main channel leads to an increase in channel erosion and also to a decrease in the sediment
trapping efficiency of the reservoirs t passes before reaching the outlet.

Figure 27 shows the origin of the sediment ending up in the channel and reservoir networland
Figure 28 shows what happens to this transported sediment for each of the four setatchments.
From Figure 27 it can be clealy seen that channel erosion is the main source of transported
sediments in sub-catchment 1. The mairreason for this is the large number of channels in the
uplands (upstream of the LVV dam). In sulbatchments 2 and 3 all channels are lined and
therefore sediment only comes from the surfaceln sub-catchment 4, channel erosion is also
considerable. A ten year event leads to a larger proportion of channel erosion in sauatchment
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1 while it leads to a smaller proportion of channel erosion in suttatchment 4. This is because
the total erodibility of the channels in subcatchment 1 is larger than that in subcatchment 4.
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Figure 27: Origin of sediment in channel and Figure 28: Sediment outputs

reservoir network

From figure 28, the importance of the reservoirs in sukcatchment 1 and the salina in sub
catchment 4 also becomes very clear. It can be seen that only a vermall fraction of the
sedimentin the channel and reservoir network of subcatchments 1 and 4actually reachesthe
ocean.
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3.7 Physical scenarios

3.7.1 Rainfall i ntensity versus rainfall duration

To understand the difference in effect between high intensity rainfall and londuration rainfall
runoff and erosion was modelled for two successiverainfall events, eachhaving half the
intensity of an event with areturn period of five years(Figure 29). The totalrainfall is therefore
the sameas an event with return period of five years, but the duration is doubled (four hours)
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Figure 29: Two successive rainf all events with each half the intensity of an event with a five year
return period

Figure 30 shows the resulting change in runoff and erosionin the catchmentand Figure 31
shows theresulting change in water and sediment fluxes for the four differergub-catchments.
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Figure 30: Change in runoff (left) and erosion (right) for a rainfall event with half the intensity but
twice the duration of a five year event
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It can be seerthat there is a clear decrease in runoff and erosioin the catchment The ruroff in

the shrub-lands to the East has decreased by around 35%. In the middle of the catchment, the
runoff has decreased by around 65%. In the highly paved centre of Kralendijk, the decrease in
runoff approaches zero becausef the large amount of pavement The decrease in erosion is
slightly more significant; it ranges from a decrease of 65% in the shrdlands, 85% in the
midlands and around 50% in central Kralendijk.
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Figure 31: Change in sediment and water fluxes for a rainfall event with twice the dur  ation but half
the intensity

From Figure 31 it can be seen that both the total ocean discharge and sediment yield have
decreased by around 70%Both channel and surface erosion have decreased by roughly the
same percenage In sub-catchment3, the lower intensity rainfall has no effect becausthis sub-
catchmentis so highly pavedlIn conclusionit can be said that theintensity of a rainfall event is
much more important in determining the amount of runoff and erosion produced than rainfall
duration.
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To see when different types of rainfall are most likely to occur, a plot was made of thgerage
number of rainy days per month and the averagéaily rainfall per month (Figure 32). It was

calculated using meteorological data from 1972012 from the meteorological station at
Flamingo airport Bonaire. For this purpose a rainy day waglefined as a day with more than
1mm of rain to reduce possible biases associated with vegmall rainfall amounts (Moron et al.,
2009).

It can be seen that the months with mostainy days are November and December. However, the
average daily rainfall is highest in October. From this it can be inferred that the highest intensity
storms occur in October. This is acknowledged by Ascon and DK90) and also by our own
measured rainfall intensities for the rainy season of 2012/2013.Therefore this will be the
period that most runoff and erosion is produced.

3.7.2 Soil moisture

To understand how runoff and erosion is affected by different initial soil moisture contents,
runoff and erosion was also modelled for a rainfall event with return period of five years with
the initial soil moisture content at field capacity.
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Figure 33: Change in surface runoff (left) and erosion (right) for a rainfall event with five year
return period with initial soil moisture content at field capacity

Figure 33 shows the resulting dange in runoff and erosion in the catchment and Figur84
shows the resulting change in water and sediment fluxes for the four different sutatchments.

In the uplands, an initial soil moisture content at field capacity can be seen to increase the runoff
by around 20%. In the midlands this increase is larger and around 40%. The reason for this is
that in the midlands, the amount of runoff produced is much more affected by a reduced
infiltration capacity than in the uplands where runoff is also produced beause of the large
slopes. In the centre of Kralendijk the increase in runoff approaches 0% due to the large amount
of pavement.
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Due to this increase in surface runoff, soil loss also increases. In the uplands and central
Kralendijk, the increase in soilloss is about 25%, in the midlands the increase in soil loss ranges
from 25-80% deperding on the amount of pavement.
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Figure 34: Change in sediment and water fluxes for a rainfall event with return period of five years
with initial soil moisture content  at field capacity

From Figure 34, it can be seen thathlte ocean discharge has increased by about 40% while the
total sediment yield has increased by 50%Both channel and surface erosion have increased by
roughly the same proportion.

Occurrence

Figure 35 shows the probability of exceedance of different soil moisture contents at the onset of
a rainfall event larger than 5mm (this was chosen because rainfall less than 5mm does not
produce runoff). It was calculated using meteorological data from 1973012 from the
meteorological station at Flamingo airport Bonaire, and the simple water budget model
described in Chapter2.4.3 It can be seen that around 60% of the rainfall events fall while the
soil is at wilting point or lower. Around 10% of the rainfall ewents fall when the soil is at field
capacity.
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Figure 35: Probability of exceedance of different soil moisture contents at the onset of a rainfall
event
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Figure 36: Percentage of rainfall events on wet Figure 37: Annual rainfall versus percentage of
soil per month rainfall events on wet soil

Figure 36 shows the percentage of rainfall events falling on wet soil (defined as a soil moisture
content larger than wilting point) per month. It can be seen that the largest chance of this
happening is in the months November and December. The reason for this is simply the fact that
those months have the largest number of rainy days, and the chance that rain falls on successive
days is therefore larger. There is no strong relationship betweeannual rainfall and the number

of rainfall events falling on wet soil Figure 37). This means that a wet year is not necessarily a
year with many successive rainfall events, but rather a yeawith more rainfall per day and
therefore probably more intenserainfall events.

3.7.3 Dry -season vegetation

Due to the difference in vegetation cover between the beginning and end of the rainy season,
runoff and erosion is also expected tde change. To test the effect that the difference in
vegetation cover has, runoff and erosion was modelled under the vegetation cover occurring at
the start of the rainy season.
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Figure 38: Change in runoff (left) and erosion (right) for a rainfall event with return period of five
years with dry -season vegetation
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Figure 38 shows the resulting change in runoff and erosion in the catchment and Figu@9
shows the resulting change in water and sediment fluxes for the four different sutatchments.

The lower vegetation cover in the beginning of the rainy season is found to cause a slight

ET ACAAOGA ET O0OO1T T £& AOGA O1 OEA OAAOAOEIT ET EIT OAC
leads to faster runoff which therefore has less time to infiltrate. This irmease however is

minimal and only 0-10% throughout the catchment. The largest effect is found in areas with

maize fields and dense shrulfands as these have the largest decrease in vegetaticover during
the dry season.

There is alsoa slight increase in erosion because of the larger soil erodibility and the increased
speed of runoff and therefore increasedydraulic erosion. In the uplands to the East, the soil
loss increasesby about 20-40. In the residential midlands and central Kralendijk there is an
increase in soil loss ranging from 80% depending on the amount of pavement. This increase is
a lot smaller because there is littlevegetation cover to begin with.

100
90
80 B Sediment loss from
70 channels
60 @ Sediment from planes
50

B Reservoir sediment
deposition

Percentage change (%)

O Sediment yield at outlet

mn - [ gz Discharge at outlet

2 3 4 Total
Subcatchment

Figure 39: Change in sediment and water fluxes for a rainfall eve nt with return period of five years
with dry -season vegetation

From Hgure 39, it can be seenHhat the total ocean discharge and sediment yield have only
increased by 7% and 8% respectivelyThis is lower than the soil loss in the catchment because
this increased soil loss is retained by the many reservoirs in the catchment. It is interesting to
see that only surface erosion decreased. This is because the erodibility of the surface increased a
lot more than the erodibility of the channels due to the loweregetation cover.

46



3.8 Management Scenarios

3.8.1 Loss of reservoirs

To understand the importance of the reservoirs in the Playa catchmerind the effect of losing
@nkisodue to lack of maintenance, runoffvas modelled for a two hour storm withten year
return period for the scenario in which all@nkisGare gae.
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Figure 40: Change in sediment and water fluxes for a rainfall event with return period of ten years
AT A 17T OOATEEOS

Figure 40 shows the change in sediment and water fluxes faub-catchment 1 (as this is the only
sub-catchment affected by the loss afeservoirs). It can be clearly seen that the loss of reservoirs
leads to an increase in channel erosion (around 25% more) because less water is retained by the
reservoirs. Interestingly enough, even though the sediment retention capacity of the reservoirs
decreases beause the through flow is larger,the total amount of deposited sediments also
increases (because there is much more sediment in the water due to the increased channel
erosion). The increased discharge and sediment yield at the outlet is 35% and 60% respectively.

3.8.2 Reduced grazing (maximum v egetation cover )

To understand the effect that reduced grazing would have on runoff and erosion in the
catchment, runoff and erosion was modelled for a rainfall event with a return period of five
years on a catchment with maximum vegetation cover.

Figure 41 shows the reslting change in runoff and erosion in the catchment and Figure 42
shows the resulting change in water and sediment fluxes for the four different sutatchments.

The results show that an increase in vegetation cover does not have much effect on runoffthBo
in the uplands and midlands, the reduction in runoff is on average only 5%. In central Kralendijk
it approaches 0% due to the high percentage of paved area. The reduction in erosion is slightly
larger being on average 20% both in the uplands as midlanddn central Kralendijk it
approaches 0% due to the high percentage of paved area.
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Figure 41: Change in runoff (left) and erosion (right) for a rainfall event with return period of five
years and maximum vegetation cover

From Figure 42 it can be seen that the discharge and sediment yield at the outlet have both
decreased by around 8%. Mainly surface erosion is affected because an increase in vegetation
cover only has an effect on the edibility of the surface. Channel erosion also slightly decreased
because the discharge flowing through the channels decreased.
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Figure 42: Change in sediment and water fluxes for a rainfall event with return period of five years
with maximum vegetation cover
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3.8.3 Reducing the paved surface area

To estimate the effect of reducing the amount of pavement (especially in central Kralendijk),
runoff and erosion was modelled for a rainfall event with return period of five years when paved
area isreduced by 10 and 20% respectively.

Figure 43 shows the change in runoff and peaklischarge produced and Figure 44 shows the
change in ocean discharge and sediment yield of the four outlets.

Legend

Change In runoff (%) T

100 to.80

B 010 -60

B 6010 40
4010 -20 1 \ \ /
20100 \

\\ s \\\

20 o 40
40 ta 60

W50 80

N Waow 100 \
Change in peak discharge (%)
-—-12510 10

w1010 -7.5

w7505

0 0.2 04 0.8
. T .
Kilometers

Figure 43: Runoff in Kralendijk for rainfall event with  return period of five years with 10% less
pavement (left and 20% less pavement (right)

A decrease in paved area of 10% and 20% leads to a respective reduction €@ and 0-30%
surface runoff in central Kralendijk. The peak channel discharge is reduced/ 1-7% (in the
order of 0.0-0.2 m3s1) and 2-12% (in the order of 0.60.3 e s1) respectively.

Even though there is some reduction in produced runoff, the maximum discharge the channels
have to drain hardly changes. Seeing as the discharge deficit ofree of these channels is more
than 3m3 s1, a maximum reduction in peak discharge of 0-@.3 m? s will not have much effect.

When the paved area is reduced by 10% the ocean discharge decreases by 5%. A decrease in
paved area of 20% leads to a reductiom ocean discharge of 11%. In sulbatchments 1 and 4
reducing the paved area leads to a reduction in erosion (as runoff decreases), however, in-sub
catchments 2 and 3 erosion increases due to an increase in the erodible surface area. Looking at
the averageof the four outlets, decreasing the percentage of paved area by 10% and 20% barely
has any effect the ocean sediment yield.
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Figure 44: : Change in sediment and water fluxes for a rainfall event with return period of five
years with 10% less pavement ( left) and 20% less pavement (right)
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4. Limitations of the research

As with all modelling studies, it is of importance to stress that models are just simplifications of
reality. Kineros2 uses conceptual laws to describe the hydrological processes in the catchment.
However many processes which also play a part are not inaded; because they complicate the
model, increase the computational time, would require a lot more (difficult to determine) input
parameters, or because they are simply not yet well understood. Furthermore the conditions
under which these conceptual laws a derived such as a laboratory column of homogenous soll
are different from conditions in the field (Grayson et al., 1992 Moreover, empirical
relationships are also being inclded (for example Manning and the USLE). These are
relationships found under certain conditions in certain locations and this always raises the
guestion whether they also fully apply in other settinggWischmeier and Smith, 1973.

The model conceptualisation is also a source of uncertainty. Overland flow planes and reservoirs
are simplified as being rectangular in shape. For planes, this aftecthe flow length, for
reservoirs, the trapping efficiency is affected. Furthermore, plane parameters are averaged for
the whole plane. This means that for example planes with pervious and impervious surfaces
(like urban planes) are modelled as being conptely semipervious, even though this will
behave hydrologically different.

The fact that the model cannot simulate flooding is also a concern. A channel which floods will
lose discharge (as more water will infiltrate on both sides of the channel) andsad the timing of
the discharge will be affected. Furthermore, sediment transport will be affected as sediment will
be deposited on the flood plains. Figurel5 shows for which channels in the catchment the
discharge capacity is exceeded for a ten year raaif event. All the green linesare gullies or
overland flow routes which are modelled as being triangular and cannot really overtop. As was
already shown inChapter 3.6, most of the channels in central Kralendijk will overtop; discharge
and sediment load eiginating from central Kralendijk will therefore by overestimated by the
model. Of largest concern is the fact that the main channel of sahtchment 1 will also overtop
at one section (see the arrow in Figurd5). This channel discharges all the runoffrad sediment
from sub-catchment 1 meaning the discharge and sediment yield at the outlet of sgatchment

1 is also overestimated. For a five year rainfall event this is not the case

o= ,
Figure 45:; Discharge deficit of channels in the Playa catchment for a rainfall event with return
period of ten years
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Uncertainties are also added ttough the input parameters. Firstly the soil parameters were

measured only at 12 points in the catchment and interpolated for the rest ¢fie catchment It is

unlikely that this gives a good representation of the spatial variability of these parameters firstly

because no spatial correlation was found and secondly because the playa catchment is relatively
urbanized which means soils are disturbed and therefore even more spatialyariable (Kaushal

and Belt, 2012. In actual fact the whole concept of extrapolating the underlying physics of ideal

soil cores to the spatial variability of field soils is inaccurate. As Klemgd4986) OAT AOEOd OOE/
search for new measurement methods that yield areal distributions of hydrological variables

would be a much better investment for hydrology than the continuous pursuit of a perfect

massage that would squeeze the neexistentoud | £ A AAx DI T 0 AT AAI EA BT E

The actual measurement of a number of soil parameters can also be improved. Due to equipment
constraints for example, the soil organic matter content had to estimated using the Munsell

colour and for the porosty, an estimated particle density was used. Other parameters were

estimated from lookup tables (e.g. the capillary length scale, pore size distribution index). Land

Al OAO DAOATI AGAOO OOAE AOG cOi 01 AAT 6AOh OACAOAOE
coeffident had to be estimated per land use class which requires a lot of personal judgement

instead of scientific measurement. The same is true for the estimation of reservoir geometry.

The calibration can also include errors due to the spatial variation inainfall and due to the
estimation of the geometry of the reservoirs for which the water level was measured. This would
have a large effect on the conversion of the water level measurements to discharge used for
calibration. Furthermore, the discharge was alibrated at three locations however not all the
discharge originating in the catchment passes through one of these calibration points, because
they were not located at the three outlets and because a lot of runoff and sediment was
contained by reservoirs which did not overflow. Therefore, only part of the catchment is
calibrated (large part of subcatchment 1 and 2) and the obtained multiplication factors are
assumed to be identical in the rest of the catchment. The fact that the three calibration points
were found to have the same multiplication factors makes this assumption even more justifiable.
Lastly, the rainfall vents used for calibration were a lot smaller than the five year and ten year
rainfall events used for modelling. It is therefore not knownwhether the model is still
completely accurate for these events.

The exact influence of these limitations on the model results is not known. For example in some
cases, the simplification of model element geometry can lead to overestimation of runoff and
erosion (e.g. when flow lengths are conceptualized as being larger) and in other cases it can lead
to underestimation (e.g. when flow lengths are conceptualized as being smaller). Aerial
averaging of land cover parameters for plane element can lead to ovetination of runoff and
erosion when land cover is actually extremely fragmented over the plane, and it will lead to
underestimation when land cover is notfragmented.

The simulated increases or decreases in runoff and erosion for each scenario can therefnot
be taken exactly but do give a good idea of the order of magnitudeand therefore also of the
relative effectiveness of the different management scenarios. The actual amount of runoff for
each plane can also not be taken exactlyeven more so beause the model was not built to
precisely simulate amounts of runoff at each location, but rather to simulate the discharge at the
outlets which were calibrated (Grayson et al., 199). The spatial distribution of runoff and
erosion however does give valuable information. The simulated discharge flowing though the
channels in Kralendijk is probably the most reliable information which was extracted from the
model as it has been cdirated. However, as mentioned above, the calibration also includes
some uncertainties and it is therefore again important to focus on the orders of magnitude
instead of the exact discharges that the model predicts.
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5. Recommendations for further research

Even though this study gives a good estimate of water and sediment flows in the Playa
catchment,recommendations for improvement and further research can certainly be given.

Perhaps the mosissue, is the situation outside this particular catchmentThere are a lot of other
catchments on the island; many of which are larger, and many of which have larger differences
in elevations. Their contribution to ocean sedimentation is therefore also more significant. An
inventory of the catchments on Bonaire ad estimates of the sediment load they produce would
therefore be very useful. Mapping the erosion risk of the island would be another interesting
study as knowing which areas are most vulnerable to soil loss allows for more efficient soil
conservation.

Actual measurement of sediment fluxes would be very valuable. This study showed that the flow
of discharge and sediment depends very much on whether certain reservoirs overflow or not.
Manual bottle sampling only at the outlet for a number of rainfall eventas was attempted in this
study is then not very practical. Firstly because the source area of the sediment is usually small
(because not all reservoirs overflow for normal events) and secondly because the source area is
not exactly known (because it is nobknown which reservoirs are actually overflowing). To get a
better idea of sedimant flows into the sea, automagd or even continuous sampling for a longer
time period (number of years) would be preferable. With pump sampling for example,
automated samplescan be taken afpredefined time intervals or when the stream has a certain
water depth or velocity (Wren et al.,, 2000. Using acostic, optical or nuclear methods,
measurements can be taken continuously using the attenuation and or backscatter of waves or
radiation (Wren et al., 2000.

It would also be useful to quantify the soil loss with actual field measurements. This could for
example be done by measuring sedimentation in the reservoirs. As most of the reservoirs are
empty in the dry season, repeated survey of designated tracks across the reservoir can be
undertaken in relation to a set level or benchmark(Rapp et al., 1972 The use of Gerlach
troughs is another possibility(Gerlach, 1966.

Except for retaining sediments, the reservoirs also contribute to increased groundwater
recharge. This study showed that the infiltration capacity of the soil beneath at least one of the
reservoirs is relatively low. It would be interesting to know what the combined effect is of the
reservoirs and how much of the water that infiltrates actually reaches the groundwater.

Concerning the issue of overgrazing, more socEconomic research is required as many

guestions remain to be answered. How important are the goats for the Bonairian population?

What is the perception of Bonairians towards overgrazing and the problems it causes? What

would it take to reduce the grazing pressure?

Lastly, more informationis M AAAA AT 1T AAOT ET ¢ OEA OOAI EAdAO88 4EEC
AEFEAEAT AU 1T £ OEA OOCAI EdAG ET OEA 01 AUA AAOAEIT Al
OOAI EdA8 AEEAAOAA AU 1 AOCA Ai1 01 00 1T £2MAAaT OEOAA
would the ecological effect of this dredging be?
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6. Discussion and conclusions

Rainfall runoff relationship of the catchment

Aswas predicted, the largest amounts of surface runoff are produced in the modenselypaved
areas which are located in central KralendijkThe uplands produce quite a lot of runoff as well
especiallydue to the relatively steep slopes.

Erodibility is mainly affected by slope, and therefore most of the soil lossas simulated to occur
in the relatively steep shrub-lands to the East. When comparing the effect of rainfall intensity
and rainfall duration on runoff and erosion, it was found that intensity had the largest effect on
runoff and even more so on erosionHowever, arainfall event falling on soil which is initially
moist largely increasesboth soil loss and runoffespecially in the midlands. In central Kralendijk,
the initial soil moisture content does not have much effect as most surface area is paved.

It is interesting to note that most rainfall events fall when the soil is relatively dry (at wilting
point). During wet years, there are not necessarily more rainy days but simply more rainfall per
rainy day and therefore probably more intense rainfall events. These years are theoeé extra
problematic in terms of urban flooding andsediment flows into the ocean.

Vegetation cover does not have much effect on surface runoff; a rainfall event falling during the
beginning of the rainy season therefore causes just as much runoff as ewent falling towards
the end. As expected, erosion rates are larger when the vegetation cover is lothis effect is
largest in the uplands as most vegetation is found her& he combination of most intense storms
and least vegetation cover during the beghning of the rainy season means most of the soil loss
will occur then.

Reservoirs

The most significant result concerning the sediment budet is the high simulated sediment
trapping efficiency of the reservoirs in the catchmen{85%-99%) and particularly that of the
O O A lirEftbik ®f the outlet of subcatchment 4 (99%). Comparing the computed trapping
efficiencies with those found in literature, shows thatthey are not unusual. Studies performed
by Brune (1953) and Dendy (1974) showed that small reservoirs very often have trapping
efficiencies between 80% and 99% depending factors such as pond geometry, sediment
composition and flow rate. Some of the ponds built as floodwaterretarding structures in
Belgium (Verstraeten and Poesen, 1999were shown to lose their total water retention capacity
in just 3-4 years.The most effective settling basins are those with a large area, shallow depth
and abrupt change in slope(Brune, 1953. The O O A linEsdbicdtchment 4 agrees with all of
these conditions

The easiest way to reduce the sediment load into the ocean is to tackle the main source of
sediment which is outlet 1. Interestingly, most of the sediment that flows through this outlet
does not come from the highly erodible uplands but from the area that drains near the coast.
During a five year rainfall event, only 15% of the sediment flowing through this outlet comes out
of the reservoir closest to the outletwhile the rest comes from the coastal area. During a 10 year
event, this is 25% pecausemore upland reservoirs overflow). Looking at the compaosition of
sediments flowing into the sea, shows us that the discharge of outlet 1 contains a lot more fine
sand particles than the discharge of outlet 4. These are sediments with a relatively fast settling
velocity and therefore will easily be trapped by any neato-sea reservoir. Even though there
might not be a lot of pace for a reservoir at outlet 1 any way of reducing the flow velocity at the
outlet would be helpful. This could include measures such as barrier before the outlet or
simply deepening the channelSuch a structure should however be cleaned regularly to make
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sure the retention capacity is keptas large as possible and that large rainfaflvents do not still
cause the settled sediment to b8ushed into the sea.

For the scenario in which the @&nkisdare removed, the contribution of sediment from the
uplands increasesto a large extent During a ten year event now 50% of the sediment flowing
through outlet 1 comes out of the reservoirclosest to the outletj AT | PAOAA O cu b
The only reason for thisincrease isthe much larger overflow of discharge and sediment from the
LVV reservoir (80% more). This shows that the @&ankiséin the uplands are very important in
reducing ocean sdimentation. With the @nkisdgone, there is firstly a larger chance that the
larger governmental reservoirs will overflow and that sediment from the uplands will reach the
ocean. Secondly, once the governmental reservoirs overflow, the flow velocity thugh the
reservoirs increases meaning the trapping efficiency decreases and more sediment flows
through. Thirdly, as more sediment reaches the governmentagservoirs (as it is not captured in
the @ankisg more sediment will flow out again, as only a ceria fraction of this sediment will
settle.

y £ OEA OO0 Aisdpied, dthex MethAds Gifetaining this water and sedimentwould be
required. This could for example be done by enlarging the current governmentatservoirs or
creating new reservoirs. The best location for theseeservoirs would be in the largest flows of
sediment and discharge which are found along the kaminda Lagoen, ti@®oiGjust south of
Lagoen hill, and straight down fromthe highest point in the North-East.

The high trapping efficiencies of the reservoirs in the uplands means they quickly fill up with
sediment. To make sure these reservoirs keep being effective, regular maintenance is important.
The maintenance of the governmentalreservoirs is the responsibility of the DRQ the
maintenance of the LV\feservoirs is the responsibility of LVV. At the moment these reservoirs
are cleaned on an ad hoc basis (every-B) years) depending on the necessity and whether
money and equipment is available. Furthermore, the governmental andvlV reservoirs in the
uplands have no legal status. In theory, they could therefore easily be removed (in case of
building projects) or their maintenance stopped. It would therefore be advisable to give the
reservoirs a legal status and also tallocate a ertain budgetfor regular maintenance.

As the largest amounts of sediment reach the ocean when reservoirs overflow, another option
could be to drain reservoirs in between rain storms. Especially for the large reservoirs on more
sloping land this can easil be done by installing a pipe through the dam wall which can be
opened or closed on demand.

Channel and gully erosion

It is interesting to note that the model results show a large fraction of the soil loss to come from
the channels instead offrom the planes As an example, for the area upstream of the LVV
reservoir, during a five year event 100% more soil loss comes channels than it comes from
planes. During a ten year event this valubecomes150%. This is consistent with research done
by Osborn and Simanton (1989) and Prosser et al(2001) which describe channel and gully
erosion as themain sources of soil loss in catchments where channelling occur&ccording to
Blong et al.(1982), once a gully is established, the bulk of the sediment coming from the new
channel network originates from the gully walls.

The main way of reducingchannel and gully erosion is by stabilizing channel/gully walls and
floors. Planting grass or other sturdy vegetation within them would help retain soil yet allow for
infiltration. A study done by Molina et al(2009) in the Ecuadorian Andesshows that gully bed
revegetation can completely halt further erosion and even lead to the deposition of over 25% of
the sediment generated within acatchment The effectiveness of gully bed vegetatioon gully
bed sedimentation and stabilization depends not only on the amouptealth and length of plant

55



roots, stems and leafs, but also on the plant community compositiofMolina et al., 2009. A
healthy canopy cover increases the resistance to the shear stress of the water flow while a dense
plant root system improves the stability and infiltrability of the gully surface(Li et al., 199).
Using avariety of plant species (trees, shrubs, herbs and grasses) is therefore most effective.

It would be advisable to map the most importanttooiendand channels and also give them a legal
status so that their rouing will not be disturbed by construction of buildings or infrastructure.
On a number of locations in the field the natural drainage pattern was disrupted by human
activities meaning water flows were not lead to reservoirs anymore and in some places even
lead to residential areas. This means that lot of water nuisance in residential areas is
unnecessary and that the reservoirs in theatchmentare not all effectively used.

Vegetation and overgrazing

Increasing the vegetation cover was found to beffective in reducing erosion rates, mainly in the
uplands. However, since most of the sediment settles in the reservoirs, it did not have much
effect on the sediment yield at the outlet. This does not mean however that reducing the grazing
pressure is theefore not required. Onsite erosion reduction is generally preferabledue to the
number of added benefits it provides. Improved vegetation cover improves soil fertility and will
also greatly reduce sediment deposition in thereservoirs meaning maintenancecosts will
decrease Assuming thereservoirs currently need to be cleaned every 5 years, reduced grazing
(assuming a decrease in soil loss per event of 20% towards the end of the rainy season and 50%
at the start z therefore an average decrease of 35%) wid mean they only need tdbe cleaned
every 7 to 8 years.

Of course educing the grazing pressurds not a simple matter According to Jarvis(2008), open
access ranges will always resultni overgrazing unlesscontrol mechanisms exist and are
effective. The main reason for this ishe conflict between individual ownership of livestock and
the communal ownership of the pasturez leading to the maximization of individual benefit at
the expenseof the community (Hardin, 1968). Different control mechanisms exist such as
taxation of livestock, enforcing stocking quotas, ordestocking incentives (Jarvis, 199). In
Iceland for example, environmental projects undertaken by farmers were subsidized ireturn

for reducing sheep numbers As a result, the number of sheep has halved since 197rnalds,
1999).

Removing the access to the communal land by enforcing fencing regulatois another method.
However, asgoats are an important source of aditional income for Bonairians, this wll lead to a
lot of resistance becauseat means fewer goats can be kept(Pers. Com. Kris Kats, 2012)If
possible, solutions should be sought in ensuring an income from these goats with less harmful
effects for the ervironment.

At this moment for example,a water treatment plant is being built, and a pilot project will start

in which the effluent will partly be used to grow animal fodder. This animal fodder is then
distributed for a fixed low price to farmers agreeingto keep their livestock fenced. A similar
project could be to enlarge several well located reservoirs and use this water to irrigate fodder
crops. It should be made sure though that these reservoirs provide a reliable and large enough
source of water to & able to grow fodder crops on a larger scale than is the case now so that
profitability is ensured.

Another idea is to make the market more attractive to goat@Pers. Com. Kris Kats2012). This
could be done by encouraging large consumers on the islarfdupermarkets and hotels and
resorts) to start doing more with local goat meat or trying to export. In this way the life cycle of
the goats is reduced. The fewer dry seasons a goat experiences before is it is consumed the
better it is for the environment. Of course, such actions aimed at increasing the profitability of
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the goats should go hand in hand with enforcing fencing regulationsotherwise it will only lead
to the increase of goat numbers on the island.

Inundation in central Kralendijk

Water from upstream is not the cause for flooding problems in Kralendijk. Surface runoff south
of the Kaya Nikiboko North, flows into the reservoir system along Kaya International and is
drained away at the Plaza resort. Surface runoff North of the Kayakitioko Noord is collected
by the channel alongside Kaya Nikiboko Noord and led to the ocean via a number of reservoirs.

The flooding problem in central Kralendijk is therefore primarily an inundation problem z
rainfall in central Kralendijk cannot be draned fast enough because the capacity of the current
drainage system is not sufficient. Especially the drains in sutatchment 2 are problematic.

Reducing the percentage of paved area was found to have some effect on reducing surface runoff
in central Kralendijk. However, the discharge through the channels remains high and the
inundation hazard is therefore barely reduced.Therefore, o reduce the inundation problems in
central Kralendijk, the most effective measure it increase the discharge capacity bthe current
drainage system. The focus should especially be on sohtchment 2. Because of the dw
elevation differences in central Kralendijk, modifying channel slope is difficult Therefore
solutions have to be sought in enlarging the channels or diviing some of the discharge
originating in sub-catchment 2to another drainage network.The drain in front of the hosptal

for example can easily be connected to the reservoir in sttatchment 1.

Increasing thedischarge capacity of thedrainage network can be combined with measures that
decrease runoff. Mentioned before were measures that promote infiltration (permeable
pavement and infiltration wells). Another method is to incease the water storage capacity by
having green roofs or ponds.Collecting rainwater from roofs with gutters and using this for
household useis something that has been done in the pagEilandgebied Bonaire, 2003. Re
promoting this and other measures and perhaps subsidizing their installation could be another
interesting idea.

All in all, including drainage, stormwater storage and improved infiltration more into urban

planning would be advisable. At this moment this is not suffiently done (Pers. Com. Kris Kats
2012).
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