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1 National flood hazard map Grenada

1.1 Caribbean flash floods

The Caribbean islands are frequently plagued by floods as a result of heavy rainfall during tropical
storms and hurricanes. These floods are termed “flash floods”, from their rapid onset and relatively
short duration, and are directly caused by runoff produced during a rainfall event. The islands mostly
consist of a central mountain range, with small catchments ranging from the center part of the island
to the sea. These catchments can be anything from 5 to 50 km? in size. Hydrologically speaking, each
island is made up of up to 50 larger catchments, with various types of land cover and soils,
determining the hydrological behavior.

In tranquil conditions the rivers have a low baseflow level, fed by local groundwater bodies
constrained to the valleys. During a tropical storm, the soils on the slopes quickly saturate and
literally overflow, or the rainfall intensity can be so high that the infiltration capacity of the soil is not
sufficient. Hence severe overland flow and erosion may take place, leading to flooding along the river
channels. The water level can rise from 0.5 m to more than 4 m at given locations, within 2 hours’
time (sometimes much less) from the start of the rainfall. Since many valleys are inhabited, especially
near the coastline, these flash floods can cause great damage and casualties. The shape and
condition of the river channel has a large influence of the flood behavior: small and narrow channels
quickly overflow, or channels that have a decreased size because of sediment may overflow much
more quickly.

Flooding circumstances can be aggravated by man-made decisions or behavior such as:

e channels that are blocked by debris (e.g. at bridge locations) and are not regularly cleaned;

e channels that are diverted to circumvent habitation, leading to unnatural bends and flow paths
that cannot handle extreme discharges;

e culverts and bridges at road crossings may be under-dimensioned, leading to backflow and rising
water levels;

e Individuals extend their property into the river channel flood plain, thus narrowing the potential
flow path.

It is a mistake to think that only the lowest areas in a catchment, i.e. the villages on the coastline, are
subject to flooding. Also in the upstream valleys in the hills flooding occurs, which are often inhabited
and the major valleys have important transport corridors that allow you to cross over the island.
Moreover, upstream flooding may actually be considered positive if a valley is uninhabited, as the
temporary retained flood water would otherwise contribute to the hazard downstream. It is
therefore important to consider flood hazard as part of an integrated catchment analysis, and not
focus on single isolated occurrences.

Given these conditions where the flood hazard is directly related to the rainfall-runoff processes in
the catchments, a national flood hazard map for the islands should be based on a flood hazard model
that takes these into account.
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1.2 The national flood hazard map

The national flood hazard map shows the potential flood hazard of all the catchments and locations
on the island where flooding may take place. The information shown is flood extent only, water
depth information is not included in this map. At this scale and resolution, water depth information is
not accurate enough to make a hazard classification combining depth and extent. The flood extents
relate to design rainfall events that have a return period of 1:5, 1:10, 1:20 and 1:50 years. The map is
produced on a scale of 1:50,000 based on GIS raster data layers used in the flood model with a
gridcell resolution of 20x20m.

This effectively means that the map can only be used as an indication of where flood may occur, and
be used to check which settlements and areas are exposed to floods. The infrastructure and buildings
are deliberately shown in a generalized way, as is common with 1:50000 scale maps.

In chapter 6 of this report, a quality analysis is done based on a visual inspection and evaluation by
the stakeholders in this project. Also the results are compared to two detailed flood hazard analysis
projects that were done before. Based on this it can be concluded that:

The CHARIM national flood map of 2016 has been evaluated by government representatives and
according to their judgement it offers a reasonable amount of detail. It correctly indicates places that
are flooded regularly. It is consistent with earlier hazard analyses executed in Grenada, and at times
even very similar to detailed site analysis that were performed in those studies, especially in the
floodplains near the coast. In the upper reaches of the catchments, the flood analyses may be
somewhat exaggerated, as the accuracy of the DEM and the presence of an actual stream channel
determines the flood hazard.

As such, the national flood hazard map is a tool to gain more understanding on flood hazard on an
island level, as an input for national planning, risk reduction and disaster preparedness. The map
gives an indication of exposure of built up areas and infrastructure to flood hazard. It can be used to
judge which communities should prepare themselves for a given hazard magnitude.

However, at this scale it has inherent uncertainties due to reasons explained below (in points 3 and
4). Therefore, the map and associated information is indicative and cannot be used to provide details
for individual properties or engineering design. It can be used as a first approximation, and serve as
guidance to locate where a more detailed site investigation should be done to reduce local risk.

The methodology is based on the following considerations:

1. Rainfall: the frequency and magnitude of the floods is assumed to be the same as the frequency
and magnitude of the rainfall that causes it. In the model simulations, the island is subjected to a
rainfall event that covers the entire island at the same time, without spatial differences. These
are statistically derived artificial rainfall events (so called design storms), that do not resemble
the dynamics of a real storm with a moving weather front and erratic variations in intensity.
Therefore this map does not show what will happen exactly during a real event of a comparable
magnitude. The return periods used are 1:5, 1:10, 1:20 and 1:50 years. The rainfall return period
analysis (chapter 4) is based on the Maurice Bishop International Airport (MBIA) station, which
has a 29 year record of daily data. Further extrapolation to 1:100 years or more was not
considered statistically sound given the rainfall database.

2. Land use and soils: the differences in flooding between the catchments for a given rainfall are
caused by differences in relief, land use/land cover and soils. Especially soil moisture storage
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capacity and infiltration rates determine how a catchment reacts to rainfall). The initial moisture
content on the entire island is set to 85% of the porosity, which is generally half way between
field capacity and saturation. These conditions apply in the wet season when most hurricanes
and tropical storms occur.

3. Buildings and infrastructure: on a national scale, certain details cannot be simulated, such as the
effect of bridges and culverts, as well as the presence of debris and excessive sediment from
previous storms in the river channel. The effect of buildings is included to a certain extent
(explained in section 5.3).

4. Spatial data quality: the quality of the model results depends to a large extent on the quality of
the input data. Care has been taken to use the existing data as much as possible, so that the
results are close to the island circumstances. Where needed literature values are used, or values
measured on the other islands in the CHARIM project (for instance soil hydrological data on
Grenada).

1.3 Return periods

It is important to realize what exactly a return period (or recurrence interval) of 1:X years actually
means. A 1:5 year storm means that on average over a long period, a storm of a given magnitude
and duration is exceeded once every 5 years. This does not mean that a 5-year storm will happen
regularly every 5 years, or only once in 5 years, despite the connotations of the name "return
period". In any given 5-year period, a 5-year event may occur once, twice, more, or not at all.

This can be explained as follows. Statistically the probability of a 1:5 year storm occurring is 0.2 per
year, and therefore each year it has a probability of 0.8 of not occurring. If the storm hasn’t
happened several years in a row, the probability that it will occur in the following year increases. If it
hasn’t happened in 2 years, the probability of not occurring is reduced to 0.8*0.8=0.64. If it hasn’t
happened 5 years in a row, the probability of the storm not occurring has reduced to 0.8° = 0.33, and
so forth. The probability that it will occur after 5 years of not occurring is 1-0.33 = 0.67. In other
words, there is a 67% chance that a 1:5 year storm occurs after the next 5 years. Continuing this
reasoning it is 99% certain that such a storm will happen within the next 20 years.

1.4 The 2015 Draft version of the national flood map

A draft flood hazard map was created with LISEM simulations in 2015 and discussed with the
partners from Grenada. A second set of simulations were done based on these discussions, and the
request of the World Bank to use the latest land cover maps. The following changes were made to
the database:

- The 2015 flood hazard map was created using as input an earlier (2009) land cover map (shape
file) and certain assumptions on the channel dimensions. The latest land cover map is created by
the British Geological Survey in 2014 based on a supervised classification of high resolution
images (5m resolution). The land use directly influences soil physical parameters in the modelling
setup (explained in chapter 5).

- A relation was found in literature to derive channel dimensions from catchment size (Allen and
Pavelsky, 2015), which seem to fit field observations better for the island of St Lucia and
Grenada. The relation was not checked on Grenada but in the interest of using a unified method
for the islands in CHARIM it was also used there. Field visit checking of channel cross section
measurement, showed that the channels in the first database were generally too narrow. Section
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5.1 explains in more detail how the channel dimensions (width and depth) are created. A wider
channel changes the flood hazard as there is less chance of overflow.

1.5 Calibration and verification

Every model needs calibration to see if the choices in making the input dataset and translating basic
data to model data have been done correctly. Normally this is done either by checking simulated
discharges against measured discharges in a none flood situation, or checking flood extent and flood
depth for a number of locations when there has been a flood.

Unfortunately, Grenada does not have measurements of discharge in a structured way. There are
some river water levels measured during storm events, resulting in channel water level. However,
the calibration is missing to translate these to discharges (water velocity is unknown). Hence the
flood water level shown, depict mostly the channel depth (bank full conditions). Since the river
channel cross sections may change rapidly because of sedimentation and erosion, the water level
cannot be used, even when the location is known. Calibration against known discharge was therefore
not possible. It is strongly suggested to revive the gauging stations and establish calibration curves.
There are a number of early warning systems active that monitor river water level, these could be
used easily.

The flood extent maps were verified in a discussion with counterparts in 2015. In general all known
flood locations were considered to be correct, but the draft version of the map from 2015 was
considered to give too much flood hazard, in locations that normally did not flood in the experience
of the agencies. In chapter 6, the new flood hazard map is discussed and also compared to an earlier
flood hazard analysis. In the east part of the island north of Grenville the flood hazard is still too
extentsive, which may be caused by the low quality DEM in that area and the absence of correct
channel dimensions (including retaining walls).

2 Methodology

2.1 Requirements for the flood model

Based on the physiography and topography of Grenada, the following terms of reference for the
flood hazard assessment were used:

1) There is no viable discharge data, therefore rainfall is used to simulate the flash flood
process. This means that a flood model has to be able to simulate the surface hydrology of
entire catchments, both upstream and downstream areas. Since settlements are also spread
out over the islands, flooding occurs not only near the coast (where the largest villages are)
but also in higher valleys.

2) The flood model has to be able to use the existing national spatial datasets, so that when
better data becomes available, simulations can be done again relatively easily. Formats used
are standard GeoTIFF. Data gaps are filled by knowledge and data pooled from the islands
and from literature. Thereby we rely as little as possible on variables/constants/assumptions
from general worldwide datasets, acquired in environments that are very different.
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Based on these requirements we selected the integrated flood model LISEM (freeware and open
source developed at the Utrecht University (1992-2006) and subsequently by the ITC (2006-current),
in the Netherlands. LISEM is a model that was initially developed to simulate the effect of land use
changes at farm level for sustainable land management, to combat erosion and desertification.
Recently a 2D flood module was added to enable integrated flood management. It is an spatial event
based model that operates at timescale of < 1 minute and spatial resolutions of < 100m grid cells. It
does not model groundwater and evapotranspiration because it focuses on the consequences of
single rainfall events.

2.2 National scale hazard assessment methodology

Figure 1 shows the framework that is used to create the flood hazard map (each step is explained in

detail in subsequent sections):

e A frequency magnitude analysis of daily maximum rainfall of all stations that had 20 years or
more of daily rainfall data. Generalized Extreme Value distributions were fitted to these datasets
to determine the daily rainfall with return periods of 5, 10, 20 and 50 years.

e Design events were created using the network of 8 tipping bucket rainfall stations on Saint Lucia,
which have datasets between 5 and 11 years. Using the rainfall depth from the maximum daily
values, and duration and intensity data form the tipping bucket stations, design curves were
created using a Johnson Probability Density Function. These equations are used for Grenada but
fitting them to match the daily totals belonging to the return periods of Grenada

e The DEM was used directly in the modelling but also to correct the vector based river network.
This is explained in section 5.

e The land use map and soil class map were used to derive a number of soil physical and
vegetation parameters used for the surface water balance of the model.

e The infrastructure, i.e. the road network and buildings were taken from the shape files in the
national database.

e The model output consists of the maximum flood level reached during the event, the maximum
water velocity the duration of the flood, the time since the start of the rainfall when a pixel is
first inundated, and statistics about the total surface of buildings in different flood depth classes.
From this data the extent was used for the flood hazard map, using a flood level above 10 cm to
eliminate water on the surface that will not be considered hazardous. The 4 flood extent maps
were combined into a hazard map with 4 zones (corresponding to areas flooded with the 4
design events).

3 Model software - LISEM

The method is based on the open source integrated watershed model LISEM. This model is based on
the well-known LISEM erosion/runoff model (see e.g. Baartmans et al., 2012, Hessel et al., 2003,
Sanchez-Moreno et al., 2014), combined with the FullSWOF2D open source 2D flood package from
the University of Orleans (Delestre et al., 2014). As a runoff model LISEM has been used in many
environments, European humid and semi-arid areas, islands (Cape Verde), East Africa (cities of
Kampala and Kigali), India, Indonesia, Vietnam and Brazil.
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Figure 3.1. National scale flood hazard assessment methodology: basic information layers to the left are used for
hydrological information that is given to the model. Rainfall for different return periods results in different flood
simulation results. These are combined in hazard information databases, and also reproduced as cartographic products.

LISEM is a hydrological model based on the surface water and sediment balance (see fig 3.1). In
CHARIM only the water processes are used, erosion and sedimentation is not simulated. It uses
spatial data of the DEM, soils, land use and man-made elements (buildings, roads, channels) to
simulate the effect of a rainfall event on a landscape. Above ground processes are interception by
vegetation and roofs, surface ponding and infiltration. The resulting runoff is derived from a Green
and Ampt infiltration calculation for each gridcell, and routed as overland flow to the river channels
with a 1D kinematic wave. The routing takes surface resistance to flow into account. The water in the
channels is also routed with a kinematic wave (1D) but when the channels overflow the water is
spread out using the full St Venant equations for shallow water flow. Runoff can then directly add to
the flooded zone. Figure 3.2 shows schematically the steps in the model from runoff to flooding.
Since it is an event based model, LISEM does not calculate evapotranspiration or groundwater flow.

Figure 3.4 shows how LISEM deals with sub gridcell information. Layers with objects smaller than a
gridcell can be added, which are then defined as a fraction (buildings and vegetation) or by their
width (roads and channels). Roads, houses and hard surfaces (e.g. airports runway) are considered
impermeable, smooth and have no vegetation interception. Houses are impermeable but have roof
interception and to some extent obstruct the flow. LISEM ‘looks’ vertically along all the information
layers to determine the hydrological response of each gridcell.
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Figure 3.2. Flowchart of the water and sediment processes in LISEM. In dashed lines the main parameters are given. In
CHARIM only the water processes are used (in blue).
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Figure 3.3. Schematic representation of flow processes from 1D kinematic wave runoff and channel flow (1), to overflow
of channels (2), spreading out of water from the channels outward using 2D full Saint-Venant equations (3), and flowing
back into the channel when water levels drop, most likely the runoff has stopped by now (4). Runoff continues to flow
into the flood zone for a short distance.
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Channel information:
Dimensions, flow network

Road information:
Cover, flow resistance, impermeable

Building information:
Cover, roof storage, raindrums

Vegetation information:
Cover, canopy storage, flow resistance

Soil structure:
Crusting, Compaction (infiltration)

Soil physical information:
Ksat, porosity, suction, moisture content

Figure 3.4. Different information layers are combined into one set of information per gridcell. Vegetation and building
information is given as a fraction per cell, roads and channels are given as width in m. The soil layer is the base layer so
that we always know what for instance the infiltration beside a road or house is. Infiltration and flow resistance are
determined as a gridcell weighted average response.

This setup needs a lot of data, because in a raster GIS, that is essentially what LISEM uses, each
property is defined in a new map layer. For instance the channel is characterized by 7 maps, for
width, depth, angle of the channel sides, bed slope, flow resistance, and areas with imposed
maximum flows (for bridges and culverts). The total number of input maps for LISEM looks daunting
at a first instance, but they are all derived from 6 basic maps and several tables with soil and
vegetation properties. This is explained in detail below. In the CHARIM project, a GIS script is created
to do this automatically. The GIS used is the freeware GIS PCRaster developed at the Utrecht
University, the Netherlands (pcraster.geo.uu.nl). This is just for convenience, in principle LISEM can
use data from other GIS systems if it is in GeoTIFF format.

4 Rainfall data analysis, return periods and design storms

LISEM needs rainfall intensity in mm/h, preferably for small timesteps (<15min), so that it can
calculate accurately infiltration and runoff. Many islands have daily data, sometimes hourly and
sometimes minute data. Of the islands, only Saint Lucia has an extensive network of daily total rain
gauges, and also automatic tipping bucket rain gauges, that give 1 minute intensities data since 2003
(but not operational 100% of the time). These were used to create design rainfall events for 5, 10, 20
and 50 year return periods, as is explained below.

A frequency magnitude analysis is done on the annual maximum daily rainfall of available stations
with records of at least 20 years or longer. This gives us the maximum daily rainfall for different
recurrence intervals. Subsequently, design storms are created with 5 min intensities that have a total
rainfall depth corresponding to the daily maximum values.

4.1 Rainfall data quality

Grenada has 22 stations of which records exist. Unfortunately all of them except MBIA airport have
extremely fragmented records of isolated moths where daily rainfall was registered (some in inches,

11
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others in mm). Figure 4.1 gives the names of the stations and the months in which something was
registered. The quality of those measurements are unknown. The fragmented records do not permit

any analysis.

Stations Registered months type
Annadale WTP nov 1988,june 1992, Feb-Sep 1994 daily
Black Bay July 1985, Aug 1992 daily
Boulogue Cocoa Station feb 1986 daily
Capital Estate july 93, june-nov 94, feb-mar 2000, jan 2004 daily
Concord one month, unknown daily
Douglaston WTP Apr,may,july,sep,dec 1985 daily
Grand Etang jan 2000, oct-dec 2001, jan-apr 2003 daily
Grand Roy aug-dec 1982 daily
Mamma Cannes WTP june 1992, aug-dec 1994, oct 2002 daily
Maran years 1982-1984, isolated months 2000,2003, 2004 |(daily
Mirabeau Agromet jan 2006, mar 2007, july 2007, sep 2007 daily
Mt Alexander April 2001 daily
Mt Hartman july 2001,aug-dec 2005, may 2009, may 2012 daily
Mt Horne Cocoa Station may-sep 1986, may-july 1989 daily
Mt Plisair june 2007 daily
Paradise 94 month from 1985 to 2013, no complete years daily
Peggy Whim july-dec 2008 daily
Snell Hall jun-jul 1993, may-dec 1994 daily
Tufton Hall Daily Rainfall 73 months from 1985 to 2013, no complete years |daily
Vendome WTP aug-dec 1994, july 2006 daily
Botanic Garden Auto mar 2003-july2004 and feb 2009-feb 2012 30 min data

Figure 4.1. List of available rainfall records for Grenada.

Of the stations listed above the station at the Botanical gardens has less then daily intervals, namely
30 min. Unfortunately also this record is not complete (see figure 4.2), although it may still be active.
Nevertheless it is good that sub-daily data are measured, but 30 minute interval data is not useful for
flood analysis, nor can it be used for engineering purposes (for instance to create a design rainfall
event or use in Early Warning System analysis).

It is recommended to revive/continue the Botanical Garden station and to programme it to 5 or 10
minute intervals, which would be much better for engineering design and disaster management.

There is one station on Grenada that has a long enough rainfall record, which is the Maurice Bishiop
International Airport (MBIA) on the south-west coast with 29 years (1986-2014) (fig 4.3). This station
was used for the GUMBEL and GEV analysis. Because of the limited time series, the maximum return
period considered was 1:50 years. This is also consistent with the other islands in the CHARIM
project.

12
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Figure 4.2. Overview of the automated station at Botanical gardens, 30 min interval data.

Figure 4.3. Location of the Maurice Bishop International Airport rainfall station used in the return period analysis.

Gumbel distributions were fitted to each station. A Gumbel distribution is a special case of
Generalized Extreme Value distributions, suitable for right hand skewed datasets (such as rainfall,
that cannot be less than 0, but can have extreme maxima). The Gumbel distribution assumes a
double logarithmic relation between the maximum rainfall R and the return period T. The return
period is the inverse of the occurrence probability P. Figure 4.4 shows the Gumbel analysis of MBIA
station with a reasonable linear fit between the log-log values of the return periods and the

maximum daily rainfall.
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Figure 4.4. Gumbel analysis of maximum daily values of MBIA station (1986-2014). The highest 3 maximum daily rainfall
are related to known tropical storms and hurricanes.

The highest 3 maximum daily rainfall values are related to known tropical storms and hurricanes,
whereby the storm Arthur actually happened more in the northern part of the Caribbean but it might
have influenced the weather in the region. Hurricane Ivan in 2004 passed over the island and caused
a lot of devastation (mainly by wind) but was not the highest recorded rainfall. It may therefore be
that the location of MBIA is not representative, the southern peninsula is known to be relatively dry.

Similar to the other islands a Generalized Extreme Value (GEV) analysis was done to determine
return periods. The GEV analysis is better suited to extremely skewed distribution than the Gumbel
analysis (Gumbel is a special case of GEV). In the interest of consistency of method, the results are
shown in figure 4.5. The GEV fit parameters of the MBIA station are: mu = 58.8, sigma =23.2 and k =
0.284.

It is not known if this is representative for the west coast and east coast of the island, although
possibly the exposure to hurricanes form the Atlantic might be a reason for higher rainfall at the east
coast. This is speculative as the entire weather system of the Caribbean is affected by Hurricanes and
tropical storms. On St Lucia and Dominica analysis exist that shows that there is an increasing rainfall
towards the interior with the orographic effect of the central mountains, at least for the annual
totals. Whether that is also true for individual rainfall events is not known, but some of the
hurricanes and tropical storms are far larger than the islands and orographic effects may not be
present for these magnitudes.

Looking at the return period analysis of the other islands in CHARIM (Grenada, St Vincent and the
Grenadines, and Dominica), a north south gradient can be clearly seen in the design storm depth
based on the analysis of daily maxima (fig 4.6). A possible explanation lies in the nature of hurricanes
and severe tropical storms, they cross the Atlantic at the equator and veer north due to Coriolis
forces. They influence local weather systems as well, which possibly leads to a North-South gradient
in amount of rainfall in the Caribbean. However, it should be noted that apart from Saint Lucia, the
other islands have only 1 or 2 stations with long records, normally near the airport or the capital. A
north-south trend should be seen as a possible indication at best.
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Figure 4.5. GEV analysis of the MBIA station and resulting daily total values. The GEV fit parameters of the MBIA station

are: mu = 58.8, sigma = 23.2 and k = 0.284.
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Figure 4.6. Return periods and daily maxima from GEV analyses of rainfall stations at the 4 islands in CHARIM.

4.2 Design storms

A hazard analysis cannot be done on actual rainfall events because this would make the comparison

between events of different magnitude impossible, if they are spatially very different. Design rainfall

event have to be used. Design storms are used mostly in civil and construction engineering to
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calculate proper dimensions of channels, culverts and bridges. These are events that correspond to a
certain shape, size and duration for each return period that is needed (in this case 5, 10, 20 and 50
years). The total size of the design events (the rainfall depths) should be identical to the GEV analysis
sizes in Figure 10. A common way to create a design event is from intensity-duration-frequency
curves, or IDF curves. A few such curves exist for the region, but mainly for the northern part of the
Caribbean. Lumbroso et al. (2011) constructed IDF curves for the Bahamas (fig 4.7). IDF curves also
exist for the Florida but those are considered not representative as they are too far north and the
climate might be dominated by the US landmass and are likely not representative for St Vincent.
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Figure 4.7. IDF curves for the Bahamas (Lumbroso et al., 2011).

Analyzing the detailed rainfall data on st Lucia, there were in total 35 rainfall events of 90 mm and
larger, based on the 1-minute intensity data of 15 stations over a period of 3 to 11 years (depending
on the station). These events were grouped according to total depths. Of course the larger events
only have a few realizations, a summary is given in Figure 4.8. Average depth and duration are well
correlated, while the average maximum intensity does not show any correlation with event size. In
other words, larger rainfall events are longer in duration, but not necessarily more intense. In reality
they are very complex with temporal and spatial variability.
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Figure 4.8. Summary characteristics of the 23 largest events, from 15 stations in 10 years. Average depth and duration
are well correlated, while the average maximum intensity does not show any correlation with event size.

Within each class the events were fitted with a probability density function, for which a Johnson SB
distribution was used. To do this events were from all stations in each class and converted to relative
cumulative data (relative rainfall depth versus relative duration). This allows all events to be fitted
with a similar set of parameters. The procedure also has a smoothing effect compared to the more
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erratic real rainfall distribution of an event. Figure 4.8 shows an example from Cardi station on St

Lucia.
Cardi station cumulative 5y event Cardi station 5y event
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+ measured rainfall
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Figure 4.9. An example of fitting a Johnson SB probability density function to an event from Cardi station. Left: relative
cumulative event used for fitting; right: the real event and design event shape.

This resulted in a set of Johnson SB distribution parameters for each class. These were then scaled up

so that the curve describing the rainfall event has a depth and intensity close to the measured

average maximum intensities. This resulted in the design events shown in fig 4.10. There is a gradual

decrease in peak intensity from 5 to 50 years return period, and a larger storm depth. The duration

of the design storms is considerably shorter than the real average duration as shown in Figure 4.8,

which is because in the real events there are frequently short periods with low amounts of rainfall

while the design events is a single closed event.
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Figure 4.10. Design storms for Grenada for 4 return periods, based on a Johnson SB distribution fit to representative

rainfall events in the classes shown in fig 4.6.
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5 Spatial database

LISEM uses input data directly to determine the hydrological processes that it simulates. There are
very few built-in assumptions. For instance, LISEM does not handle units like "Maize" or "Forest".
This information is broken down into hydrological variables related to interception of rainfall and
resistance to flow. The user has to break these classes down into hydrological variables for cover,
infiltration related parameters and surface flow resistance.

Nevertheless, in this project a PCRaster script is made to create the 5 data groups for a model run
(columns in fig 5.1), for which basic maps are needed (row 1). Using a combination of field data and
literature (row 2) the input database for the model is created (row 3). Table 5.1 describes briefly the
main base maps, their origin if known, and how they are used in LISEM.

Rainfall

Rainfall spatial info
Event time series
(tipping bucket)

“m

Soil physical info
Texture classes
Pedotransfer

Land use/cover

\Vegetation cover :
Crop/veg type

Infrastructure

Topographicinfo
Building footprint
Channels/bridges/

functions
Field data

Interpolation
(ID, areas)
Satellite products

Satelliteimagery culverts

Road map (tarmac)

Ksat

Porosity
Moisture content
Avg. Suction
Depth

Flow direction
Slope

Spatial Event

(dt = 1-60 min)
One or more
stations as tables
or maps

Building density
Road width

Channel cross section
Bridge/culvert cross
section

anopy storage
Manning's n
Surface roughness

Elevation

Run file
¥
LISEM

1. Basic maps needed, raster format, minimum resolution defined by user (min resolution wider than channel, no max area size)

2. Additional area information on rainfall distribution, soil and land use parameters, and infrastructure parameters. Derived from
imagery, available maps, literature, field work, other models etc.

3. LISEM input database, generated automatically in PCRaster GIS (macro language script, combining base maps and knowledge
to create maps for all input variables

4. Define a run file for the job, specifying all options and map names for this run.

Figure 5.1. Flow chart of the creation of an input database for LISEM from 5 basic data layers. The database is generated
automatically in a GIS (PCRaster) with a script that is tailor made for CHARIM islands

5.1 DEM and derivatives

The DEM is used for overland flow directions and slope in the runoff part of the model, and the
elevation is used directly in flood modelling. It is partly based on LIDAR data, but the flightpaths did
not cover the entire island. Within CHARIM the 5m LIDAR DEM was patched using SRTM elevation
data (fig 5.2 left). The DEM was subsequently resampled to 20m, using the average of 2x2 cells.
Unfortunately there were also areas where the flightpaths for the LIDAR acquisition were are well
connected which caused artificial elevation differences (fig 5.2 right). These were also corrected as
best as possible, but the elevation differences are still visible to some degree.
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Basic data Created from Method
DEM Created in CHARIM by merging different Resampled to 20m.
LiDAR data sets (5m), and filling gaps
with SRTM data (30m).
Soil Map Shape file. Original 1966 soil map Soil types have a texture class indication

1:40000 made by UWI Imperial College
of Tropical Agriculture.

which are converted to soil physical
parameters with pedotransfer functions by

Saxton and Rawls (1986).

Land cover map Based on classified images 2014, Pleiades
and RapidEye images, British Geological

Has 18 classes for land cover information,
interpreted directly to hydrological parameters.

Survey.
Road map Shape file, 4 road classes, highway, Translated to a width and foot paths are
main roads, other roads, footpaths considered as partly compacted grid cells
Buildingmap  Topologically corrected, and updated Converted to building fraction per 20x20m
building footprint maps, representing gridell.
current situation with information on
building use and population estimate
River map A vector map of main rivers exist. The main channels were rasterized and the

location of the outlets were corrected
where necessary.

Table 5.1. List of main data layers for Grenada, their origin and main operations for hydrological database preparation.

Figure 5.2. DEM in 5m resolution. Left: hashed area has no LIDAR information and is repaired with SRTM elevation
information. Right: artifacts caused by incorrect processing of the flight lines. This wedge shaped artefact was decreased
by reprocessing the DEM but is still influencing the flood behavior (the barrier is still there but smoothed out).
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Soil depth
The soil depth is unknown and in spite of the simplicity of the parameter, it is not well studied and
few algorithms exist to generate a soil depth map. Kuriakose et al., (2009) generated soil depth for a
mountainous catchment in the southern India, in the Ghats mountains. The research was part of a
landslide research where soil depth was one of the more important parameters. The situation is very
similar to the Caribbean islands: tropical wet climate (Monsoon driven), soil formation due to
weathering, although not from volcanic origin, and rapid denudation that causes slopes with thin
soils and valleys that are filled up with debris over time, by erosion and mass movement. Derived
from the this research, the following GIS operation was used to create a soil depth map (in m):

Soil depth = a((1-S) — b Dyiver + € Dsed®)®

where:

S =terrain slope (bounded 0-1)

Driver = is the relative distance to the river channel (0-1)

Dseq = the relative distance to the sea (0-1)

Scaling parameters: a=1.5, b=0.5, c=0.5, d=0.1, e=1.5

The logic is that steeper slopes have shallower soil, closer to the river the soil depth increases, and
closer to the sea the soil depth decreases. Visual field checks have not been done on Grenada, but on
the islands of St Lucia and Grenada have been done, although limited to observations of river depth
(surface to bedrock) Fig 5.4 shows the soil depth for an example area. The river depth is simply the
soil depth in the channel pixels.

' ~ 2

Ll g g ™~
CJJ \,H i - #f 7

Figure 5.3. Example of soil depth (in mm) generated from the DEM, river system and proximity to the sea. Steeper slopes
have shallower soil, valley floors accumulate material.
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Rivers network and river dimensions

A shape file with the rivers exists in the Grenada database, which is based on air photo or high
resolution image digitization. This means that some river branches are not connected to the main
channel where they are not visible (for instance under the forest canopy). Nevertheless the river
network is of a high quality. The 5m DEM from the LIDAR data is accurate enough to follow the main
river channels and a few corrections have to be done in the river network. Figure 5.5 gives an
example of St Georges near the national stadium. The arrow indicates an area where the DEM shows
the correct channel path and the digitized channel is about 30m too far east. These small errors are
not corrected, given the dense channel network this is not possible. Since LISEM generates floods by
overflowing channels, accurate channel maps are important. Manmade channels such as road
drainage are not included as they are not available, but they would not be used in the national flood
hazard map anyway.

From the river network at 20m, the channel dimensions are derived automatically. It is assumed that
the river dimensions increase from the source to the outlet near the see. Note that LISEM has the
restriction that the river channel cannot be wider than the gridcell, because the flow is a 1D
kinematic wave in the converging channel network. The algorithm used is based on Allen and
Pavelski (2015) who show that for large North American river systems there is a good correlation
between total rive length and river width. They further extrapolated their data to smaller river
systems, using the total river surface area, and correlated that to river width (r?=0.996, p < 0.001):
Area =3.22e4 * W18

This equation is used in the dataset, whereby the river area is approximated as the accumulation of
cell area from the river source to the outlet.

Figure 5.4. Stream network example with the blue raster cells showing rasterized stream network. The arrow shows an
example of an area where the river location is slightly wrong.
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Everywhere it is observed that the river has eroded until bedrock, apart from the last few kilometers
or so near the mouth of the river, where sedimentation takes place and the river widens. This river
depth was estimated by using the soil depth as river depth (explained above).

Important: at the national scale sedimentation of sand and debris in the river beds is not included.
Occasionally this may cause obstruction of culverts and bridges, or greatly decrease the storage
capacity of the channels. Hence the flood map shows the situation with clear rivers with maximum
capacity, using the assumptions of dimensions as explained above.

The river network in LISEM is characterized by two more parameters: the slope of the river bed and
the resistance to flow (Manning’s n). The slope of the river bed is obtained by taking the slope of the
DEM in its steepest downstream direction. The Manning’s n is taken from comparing observations in
the field with literature values. Morgan et al. (1998) has compiled a large number of values for
different surfaces, and the USGS websites provides visual references:
http://wwwrcamnl.wr.usgs.gov/sws/fieldmethods/Indirects/nvalues/. Generally the riverbeds are

either filled with seidment or rocky with boulders, which gives a Manning’s n of 0.03-0.04, and the
banks are overgrown with abundant natural vegetation, so the value was increased to 0.05.

5.2 Soil map and derivatives

Grenada experienced several different volcanic episodes from the Miocene to the Pleistocene. This
results in a variety of rocks from volcanic origin, from basalts to tuffs. At least five different volcanic
centers of activity can be identified across the island; each dominated by either basalt or andesite
eruptions at different stages of the island’s geological history. These volcanic centers of activity,
namely North Domes, South East, Mt. Maitland, Mt. Granby-Fedon’s Camp and Mt. St. Catherine, are
associated with basalt and andesitic lava flows and are also associated with volcanoclastics, tuff or
scoria deposits (in CDERA, 2006).

The soil map was developed in 1959 by the Soil Research Unit of the University of the West Indies, St.
Augustine, Trinidad. The soil base maps were digitized in 1994 by the Ministry of Agriculture. The
authors of the soil survey note that of the five factors recognized in soil formation (parent material,
climate, topography, vegetation and time), climate and topography are the most important in
understanding soil formation in Grenada. Climate is the most important single factor, specifically
differences in total annual rainfall and in the length of the dry season. The parent rocks are very
similar in mineralogy and may be discounted as a major factor leading to variation in soil types;
however, parent material was found to influence the frequency of occurrence of landslide events.
The geological bedrock is also relatively young, therefore time, has not yet been an import soil-
forming factor. The digital soil map was classified into forty-two soil unit types (fig 5.6).

The classification system follows the US convention of assigning a "typical soil profile" and giving
them a name based on the type location, such as “Belmont clay loam”. Each of these units have a
texture description which was linked to a texture class indication according to the USDA texture class
triangle, and the class average grain size distribution was assumed. Based on the texture class the soil
physical parameters Saturated Hydraulic Conductivity (Ksat in mm/h), Porosity (cm3/cm3) and
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average initial matric suction (kPa) were derived, using the pedotransfer functions of Saxton and
Rawls (1986), see fig 5.8. This results in the values in table 5.3. The reclassified
“hydrological” soil map is shown in figure 5.7.

Code  Soil Type Code Soil Type
1 Woodlands Clay Loam 30 Capitol clay loam
2 Plains Clay Loam 31 Capitol clay loam ( stony bouldery phase )
3 Plains Loamy Sand 32 Capitol clay loam (very steep shallow phase)
4 Plains Sandy Loam 35 Capitol clay loam ( drier areas )
5 Bonair Bouldery Sandy Loam 36 Capitol clay loam ( stony bouldery phase in drier areas)
6 La Tante Clay Loam kT Capitol clay loam (very steep and shallow phase in drier
areas)
T Hope clay 40 Belmont clay loam
8 Pearls clay 41 Belmont clay loam (stony and bouldery phase)
9 Simon clay loam 42 Belmont clay loam (very steep and shallow phase)
" Hillsborough loamy sand 43 Palmiste clay loam
12 Lauriston clay 44 Palmiste clay loam (very steep and shallow phase)
20 Sabizan clay loam 50 Tophill Steny Clay
n Woburn clay loam 51 Belair Stony Clay
2 Woburn clay loam (stony 52 Betish Clay Loam
[bouldery phase)
23 Hartman clay U Urban area
24 Limlair clay M Made land
25 Concord clay loam RW  Riverwash
% Concord clay loam (stony BS Beach sand
bouldery phase)
7 Parnassus clay 33 Salt swamp
28 Perseverence clay SL Salina
pat] Perseverence clay (stony MA Mangrove swamp
bouldery phase |

Figure 5.5. An overview of the soil types of Grenada (CDERA, 2006).
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Figure 5.6. Left: 42 soil types of Grenada and right: the translation into texture classes that serve as hydrological units.
The class numbers in the legend are shown in table 5.3.

Figure 5.6 shows the 42 main classes in the Grenada soil map, and the derived 8 classes of the
texture class map, that are used as hydrological units. The pedotransfer functions are largely texture
based, with effect of stoniness and organic matter. The stoniness is information given for each soil
class in the soil map which causes a small effect on Ksat and somewhat larger on porosity (Saxton
and Rawls, 1986):

Ksateg = Ksat*(1 - stone)/(1 — 0.85*stone)

Pores = Pore*(1-stone)
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It is known however that the soil structure has a large effect on the Ksat and porosity. Normally a soil
classification system is not based on the top soil as this is often affected by agriculture and building
activities. The texture indications are valid for both top soil and subsoil, but under natural vegetation
the top soil has a much more open structure. The clayey soils, derived from weathered volcanic
material, form strong and stable aggregates under natural conditions, that give the soil an open
structure with a high porosity and high saturated hydraulic conductivity. This means that the top soil
can absorb quickly large amounts of water, depending on how dry it is. Under agricultural
circumstances the tops soil is more massive during most of the year, for instance as in the frequently
occurring Banana plantations. Trampling of the soil destroys its structure.

s Soil Water Characteristics - [Sand: 28%, Clay: 49%] e | O] .
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Figure 5.7. Pedotansfer functions by Saxton and Rawls (1986) used in SPAW model software.

As is common in tropical environments, the organic matter rapidly decreases with depth because of
the high degree of decomposition. This was confirmed by Pratomo (2015), who determined the
saturated hydraulic conductivity from 64 sample rings and porosity from 72 sample rings on Grenada,
in the Gouyave and St John watersheds as part of a comparative catchment study in the CHARIM
project. It is clear from figure 5.9 and table 5.2, that the saturated hydraulic conductivity value (ksat
in mm/h) under natural vegetation is a lot higher than the statistical values for the clays and silty
clays in the area (table 5.3). This is attributed to the high organic matter content and open structure
of the forest soils. The agricultural area was clearly closer to the statistical values found by Saxton
and Rawls (1998), although there is a large spread as is also common for conductivity. The porosity
values are generally high which is also common to clay rich soils and there is much less variation.

It was therefore decided to use a two layer Green and Ampt infiltration model in LISEM, whereby the
top layer of 15 cm, has larger values of Ksat and porosity than the second layer for all land cover
types that consist of natural vegetation (see table 5.4, column 4 and 5). This results in the maps
shown in figure 5.10 for the top 15 cm of the soil.
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Figure 5.8. Left: saturated hydraulic conductivity (mm/h) and right: porosity (-) organized per main land cover type. The
measurements are from Grenada, taken in the Gouyave and St John watersheds (Pratomo, 2015). The values in bold are
the average, the lines show one standard deviation around the mean.

Ksat (mm/h) Porosity (cm3/cm3)
Mixed Mixed
Agriculture Shrub Tree Forest  Agricultur Shrub Tree Forest
min 5.4 5.4 10.7 21.4 0.50 0.50 0.44 0.53
-std 6.1 5.3 14.5 57.4 0.55 0.50 0.50 0.56
avg 19.8 83.8 168.6 169.5 0.60 0.53 0.56 0.62
+std 33.5 202.5 322.6 281.6 0.64 0.56 0.63 0.68
max 42.9 257.1 492.9 321.4 0.65 0.57 0.70 0.70
n 6 = 40 14 8 7 45 12

Table 5.2. Basic statistics of soil physical parameters measured in Grenada in the Gouyave and St John catchments, in
clays and silty clays (Pratomo, 2015).

Field Wilting

Ksat Pore Capacity Point

Unit mm/h - - -

1 C 9.0 0.56 0.40 0.25
2 CL 16.0 0.54 0.35 0.20
3 L 74.0 0.48 0.25 0.10
4 S 161.0 0.45 0.11 0.06
5 SCL 31.0 0.43 0.28 0.15
6 SL 102.0 0.45 0.18 0.06
7 Si 73.0 0.46 0.30 0.06
8 SiC 15.0 0.56 0.41 0.24
9 SiCL 22.0 0.50 0.38 0.18
10 SiL 48.0 0.48 0.30 0.09
20 Water (W) 1.0 0.00 0.00 0.00
21 Urban (A) 15.0 0.40 0.30 0.06
23 Rock/outcrops (R) 1.0 0.30 0.11 0.06

Table 5.3. Main classes derived from the soil map and assumed saturated hydraulic conductivity
(Ksat in mm/h), Porosity (pore in cm3/cm3), field capacity and wilting point (cm3/cm3), after Saxton and Rawls (1986).
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The advantage of this approach is that the forested areas have a larger buffering effect than would
be evident form the soil texture alone. Also land use changes have a larger effect on the hydrology
and flood dynamics than if soil units are directly used, which is assumed to reflect the reality better.
The Green and Ampt infiltration process in LISEM needs the matric suction at the wetting front,
based on the initial moisture content that is assumed. All simulations of the flood hazard use an
initial moisture content (0i) of 0.75 of the porosity (8s), which is approximately at field capacity (6fc)
or slightly wetter. Since the porosity is adapted to the presence of natural vegetation, the initial
moisture content is adapted as well.

The matric suction (psi in kPa) is calculated directly from the initial moisture content using the
following set of equations (Saxton and Rawls, 1986):

psi = a Bi®

where:

b = (In(1500)-In(33))/(In(6fc)-In(Bwp))

a = exp(In(33)+b In(6fc))

1500 and 33 = matric suction for resp. wilting point and field capacity (kPa)
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Figure 5.9. Main hydrological parameters of the top soil. Left: ksat (mm/h), right: Porosity (cm3/cm3).

5.3 Land cover and infrastructure

Land cover map and hydrological parameters

A 2014 land cover map of St Lucia was created by the British Geological Survey as part of the
framework of the European Space Agency (ESA) “Eoworld 2” initiative. The following description is
provided (CHARIM Data management book, section basic data collection):

“The satellite data comprised Pleiades imagery (acquired between 2013-2014) and RapidEye imagery
(acquired 2010-2014). These datasets have a spatial resolution (pixel size) of 2m and 5m,
respectively, for the multispectral waveband images. Additionally, the Pleiades datasets includes a
very high-resolution 0.5m panchromatic image. To enable the most detailed information to be
resolved, the Pleiades imagery was used as the primary dataset for generation of the new land
use/land cover maps for the three AOIs; thus achieving a spatial resolution of 2m, which is equivalent
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to a mapping scale of 1:10,000. For each of the AOIs, land use/land cover was mapped using a
combination of automated image classification, rule-based refinement and manual digitization. The
existing 30m maps were used to define the different land use/land cover types and identify
representative areas in the imagery to help guide the initial automated classification and to
subsequently validate the mapping. Water features and the basic road networks were manually
digitized at 1:10,000-scale from Pleiades imagery that had been pan-sharpened to 0.5m resolution
using the panchromatic image. Wherever available, existing vector layers were utilized as baseline
information during mapping.

The land use/land cover maps were validated using a standard remote sensing approach, which
involves comparing the land use/land cover class identities of a sample of pixels in the map with their
‘true’ land use/land cover class. The ‘true’ land use/land cover classes of these pixels were
determined using a combination of the pan-sharpened Pleiades imagery and existing maps.
Consequently, the maps for St. Lucia, Grenada, and St. Vincent and the Grenadines were found to
have accuracies of 84.9%, 84.8% and 80.8%, respectively; which are within the desired target
accuracy of 80-90%. Additional validation of the maps for St. Lucia and Grenada was achieved using
point-sampled field observations at a number of locations.”

The parameters derived from the land cover are those affecting the soil surface structure, which
affects infiltration, and roughness, which affects the surface runoff. Also the canopy storage for
interception is derived from the land cover type. A soil cover that does not change in time is
assumed, which is less realistic for agricultural areas. Cover influences the interception of rainfall by
the plant canopy. This is usually in the order of 1-2 mmm (De Jong and Jetten, 2007). The variables
Ksat_nat and Pore_nat (table 5.4) are used for the top layer Ksat and porosity under natural

vegetation (see section 5.2).

Land Cover Type Roughness Manning's Cover Ksat_nat Pore_nat
Elfin and Sierra Palm tall cloud forest 1.0 0.10 0.95 168.4 0.62
Evergreen forest 1.0 0.10 0.95 168.4 0.62
Mangrove 2.0 0.10 0.95 n.a. n.a.
Wetland 2.0 0.10 0.95 n.a. n.a.
Semi-Deciduous, coastal Evergreen and mixed forest or shrubland 1.0 0.10 0.95 83.3 0.53
Lowland forest (e.g. Evergreen and seasonal Evergreen) 1.0 0.10 0.95 83.3 0.53
Golf course 1.0 0.15 0.95 n.a. n.a.
Woody agriculture (e.g. cacao, coconut, banana) 1.0 0.07 0.95 n.a. n.a.
Pastures, cultivated land and herbaceous agriculture 1.0 0.03 0.95 n.a. n.a.
Buildings 0.5 0.02 0.2 n.a. n.a.
Concrete pavement 0.5 0.02 0 n.a. n.a.
Roads and other built-up surfaces (e.g. concrete, asphalt) 0.5 0.02 0.5 n.a. n.a.
Bare ground (e.g. sand, rock) 0.5 0.02 0.1 n.a. n.a.
Quarry 0.5 0.02 0 n.a. n.a.
Water 0.1 0.03 0 n.a. n.a.

Table 5.4. Average vegetation parameters based on field observations. From left to right: roughness is the micro surface
roughness (cm) for surface storage, Manning’s n is the flow resistance (-), Cover is the vegetation canopy cover (used in
interception), “Ksat_nat” (mm/h) and “Pore_nat” (cm3/cm3) are top soil values under natural vegetation.

The values that are used for anthropogenic cover (built up area, concrete, roads etc.) represent the
value of soils adjacent to a house or road. As explained in figure 3.3, LISEM uses different layers with
information on houses, roads, parking lots etc. as fractions of surface occupied, and the model needs
to know the hydrological characteristics of the surface in between these structures, or next to the
road in a cell.
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Building density map

A building footprint only exists for Roseau, the buildings for the rest of the island have been created
by van Westen in the CHARIM project (2015). Apart from Roseau the buildings are indicated by their
center point. For these buildings, an average size was used of 70m?2. In LISEM the buildings have an
effect on the hydrology by assuming there is rainfall interception from the roof, no infiltration and
they obstruct the flow to a certain extent (adding 0.2 as Manning’s n by 2 for the fraction of the
building covering the pixel.

Figure 5.10. Left: Building footprint of St Georges, right: 20m resolution building fraction map used in LISEM (darker grey
means higher fraction. Buildings have roof interception, no infiltration and obstruct the flow.

Roads, bridges, dikes

The road shapefile has three types: 1 is the main highway, 2 are primary roads and 3 are secondary
roads. All roads in the shape file are tarred roads or paved with concrete slabs. Therefore they are
hydrologically smooth, impermeable and have no virtually surface ponding. The roads are reclassified
to the LISEM input map according to their width. The highway is assumed to be 10m wide, the
primary roads 6m wide and the secondary roads 4m wide.

Note that at the national scale, the road drainage channels are not included, as they are too small.

Also the fact that at some locations the road is elevated above the flood plain like a dike, is not
included, as that information is not available.
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6 Model output and Hazard maps

Hydrological response

The hydrological response of the model with respect to the rainfall is such that the areas that are
built up (roads, paved surfaces) generate runoff first, then the soils with a high clay content under
non-natural vegetation, and finally the forested areas contribute (see fig 6.1). The overall runoff
fraction (average of the island) of a 1:5 year event is 15% and increases to 20% for a 1:50 year event.

All major valleys have flooding effects upstream in the hills. While this is of course dangerous for
locations where there are settlements, there is also a hydrological effect of these flooded areas.
Flooding upstream generally decreases and slows down the streamflow decreasing the flood hazard
downstream near the coast. Site investigations that are based on models that need an incoming
discharge to operate, should take this into account. Catchment models that generate a discharge as
input for flood models overestimate the discharge when this is not taken into account.
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Figure 6.1. Example of the hydrological response in LISEM: top left a hydrograph (discharge in I/s) at a selected channel,
top right a flooded area around a channel (flood depth in m), and bottom left the cumulative infiltration (mm) at
approximately 100 minutes. The infiltration shows the soil and land use pattern of this catchment for less infiltrating
areas (yellow) to more infiltrating areas (blue). The example is from the Bois d’Orange catchment on St Lucia.

6.1 Summary flood hazard statistics

Figure 6.2 shows the summary statistics for the flood hazard for 4 return periods. Note that for these
statistics, areas inundated by less than 10 cm were considered not flooded. In total the area flooded
increases from 14.2 to 20.9 km? while the flood volume increases from 4.9 to 11.0 million m3.
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The average building size in the national flood database is approximately 75 m?, LISEM does not deal
with individual buildings, only with built up area per grid cell area. Based on this average number, the
approximate number of buildings affected is 1120 for 1:5 years and rises to 2865 for 1:50 years. This
analysis gives no indication of the flood depth at the location of these buildings, which can be
anything from 0.1 to over 2 meters.

Generally in rapid damage assessment after a hurricane the number of houses damaged is a lot less.
The modeled flood hazard says nothing about the potential damage. Houses may well withstand the
flood, or due to the inaccuracy of the modelling at national scale, these numbers should not be seen
as an indication for actual damage or destruction of houses, but as the number of buildings in the
vicinity of the flood water.
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Figure 6.2. Summary statistics of the national flood hazard map for the 4 return periods. Note that the building nr
affected is an approximate number based on an average building size of 75 m2.

6.2 Stakeholder evaluation of Draft Flood hazard map

The 2015 draft flood hazard map was discussed with Grenada counterparts. In this section the
evaluations and differences between the 2015 draft and the final 2016 flood hazard maps are
discussed. The main difference is the use of the new land cover map by the BGS (2014) which may
influence the amount of infiltration and runoff. Also the estimated river width and depth is
improved, which gives some differences in flooding, although not very much.

Various mistakes in the topography (names and permanent water bodies) have been corrected. In fig
6.3 the center of St Georges town is flooded in heavy rainfall (red circle). This is however not a flash
flood mechanism, but excessive rainfall that cannot drain away quickly enough. The LISEM model
does simulate this process as excessive runoff, but this is not included in the flood hazard map
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because it is not a flash flood mechanism. Only overflowing rivers are included. Therefore in the new
map this is still not indicated as a flood hazard area. Fig 6.4 shows the area in Victoria. Both the draft
and final flood map show only a limited hazard here, while the experience from Hurricane Ivan in
2004 gives more flood hazard. This may be due to specific circumstances that are not in the model
database, such as the exact dimensions of the channel, or possible local sedimentation and blockage.
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Figure 6.3. The area in the red circle is not flooded, both in the draft and the last version. The model correctly simulates
an excess of runoff, but this is not included in the flood map, as it is not a flash flood process.

St. Mark Bay
Victoria

St. Mark Bay
Victoria

Figure 6.4. The draft and final maps are not different, while in experience the flood hazard here should be larger. This
may be because the channel is assumed to have an optimal throughflow.

The following two examples (figs 6.5 and 6.6) are areas which have a large simulated flood hazard,
but in the experience of the physical planners this is exaggerated. This is very likely the result of the
low quality DEM in that area. The SRTM has almost no elevation details in the valleys and near the
coast, and the water that overflows the channels will simply spread out fast and fill the available
space in the model. It can be seen in fig 6.6 that for the part where LIDAR data is available (hashed
middle arrow), the level of detail is far greater and the flood water flows local depressions.

Grenada will benefit greatly from a full coverage with LIDAR information, as the current DEM is
incomplete and has serious mistakes (also in the LIDAR area).
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Figure 6.6. DEM quality affecting the flood extent simulations. The absence of elevation information causes the
floodplain to be completely inundated (solid arrows) contrary to experience. Where the LIDAR DEM has information the
flood pattern is more realistic (dashed arrow). The hashed area in the right image shows the SRTM repaired area.

6.3 Evaluation against existing flood hazard assessments

In 2006, Cooper and Opadeyi created a flood hazard map of the island using a series of GIS rating
functions, as well as a detailed study of the stadium area in St George with the flood model FLO-2D.
Flo-2D is very similar to LISEM in principles and functioning. The national flood hazard map of Cooper
and Opadeyi uses a weighted combination of land use and soil type to determine runoff probability,
and combine that with rainfall and slope into a flood hazard. Rainfall probability is not really used, so
in fact the map is more a susceptibility map than a hazard map. The map has 3 classes that are
interpreted in terms of water height and evacuation, but it is not clear at all how that is achieved as
the method does not result in water height.

Figures 6.7 and 6.8 show the northern half and southern half of the island, compared to the CHARIM
flood hazard. The map by Cooper and Opadeyi (2006) does not give much information, the entire
country has a low flood susceptibility, except for isolated dots near the coast that have a high
susceptibility (indicated only by a fed dot). Some individual areas have a medium susceptibility, but it
is not so clear why. The map by Charim is very different, showing basically floods in the major valleys
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which is logical from a hydrological point of view. The older flood susceptibility map misses any
pattern that can be interpreted.
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Figure 6.7. The 2006 flood hazard map of Cooper and Opadeyi compared to the CHARIM map.
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uthern half of the island shows high level susceptibility in the same areas as the Charim map, but

(2016)

again very little detail. We believe that the CHARIM map is more useful and has better information,

related to rainfall return periods.

Southern Grenada: Flood hazard zones
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Figure 6.8. The 2006 flood hazard map of Cooper and Opadeyi compared to the CHARIM map.
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6.4 Recommendations to improve the flood hazard map
DEM

One of the most important improvements can come from a much better DEM. A large part of the
DEM is not very good with SRTM data, and also the LIDAR covered parts have some errors. A better
LIDAR product is advised. The results of the flood hazard simulation in the eastern part of the island
could be greatly improved with a better DEM.

Rainfall data

There is no detailed rainfall data, only daily data and only from one stations, which might be biased
because it is located on a dry part of the island. An investment should be made to improve the rain
gauge network on Grenada. The Botanical Gardens automatic station should be set to a smaller
timestep (preferably 5 minutes). Without this data hazard modelling cannot be done. Since there
seems to be a trend in rainfall form the southern to the northern islands, using rainfall form another
location may be wrong, both in this study as well as in in those from other consultants. Island specific
rainfall data is absolutely necessary.

Discharge data

One of the most important improvements is measuring river discharge in a few selected catchments.
This has the following advantages:

- The flood model LISEM for national and watershed scale works well with the current dataset
composition but is essentially uncalibrated. The first priority must be to collect data to calibrate
and validate the model.

- All consultants until now just make an assumption on discharge conditions during a flood,
without any backup data. They all use their own principles and assumptions, so that reports and
results are not intercomparable.

- People may have a false sense of security from the FEW systems, because they operate on mere
assumptions.

Several Early Warn ing Systems exist that are currently not used for discharge measurements. They
only serve to issue a warning to disaster management operators. Thus they are greatly underused. It
is questionable whether the stations actually still work. In any case they have not been properly
calibrated against the discharge they are monitoring.

The following steps are advised:

- A continuous time series of water level will help to understand the water balance, as the
baseflow data is related to groundwater activity and peak flow data is related to storm runoff
form the slopes. So store and collect the water level at all locations where a FEW system is
installed to start with.

- Check these readings with a level staff that is constructed on the side of the channel, possibly at
a bridge. Note: baseflow levels are generally very low and uninformative, so a weekly visit to a
river is not very useful, as all variations in water level are missed. A continuous short time
interval series should be captured, preferably at a 10 min interval.
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- On these locations the water velocity and channel cross section must be measured, to be able to
convert the water level to a discharge (create a stage-discharge relationship).
- Establish a database for these catchments.

Hydrological data

- Channel dimensions: measuring channel dimensions is a simple task in the context of
hydrological modelling at the watershed scale. This doesn’t have to be done with a full elevation
level equipment. Average width and depth is on every 100 m along the channel is sufficient. This
should be done for the main rivers that are known to be flooded.

- Estimate/measure other elements that interfere with surface flow: elevated roads, bridges,
culverts etc.

- Soil data: based on the soil and land use map, a series of simple soil tests should be done for
selected catchments. In each catchment about 50 samples should be taken in different classes of
land use and soils. Gradually this will lead to a database of pedotransfer functions, that can be
used on the entire island. This can be coordinated with the Ministry of Agriculture, that has a
soils lab. These measurements will also benefit other projects for instance related to drought.
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ANNEX: Grenada National Flood Hazard Map
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