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1 DocumentBackground

This docurent has been producedo provide methodologydetail regarding the Flood Hazard
Modelling/Mapping for Belize under the CHaRIM project.

2 FloodHazardTypes

Belize is exposed to the three major types of fldwakard river flooding (fluvial), surface water
flooding from extreme rainfall (pluvial), and coastal flooding from storm surges.

2.1 Fluvial (river overtopping)

This relates to plonged rainfall across catchmerasd extremesoften associated with hurricane or
tropical storms For example, igher rainfall ad steep slopes at the dadwaters in the Maya
mountains leads to very rapid flod wave build and travel times,g.Macal RiverWhenthese flood
waves arrive in the lower reaches of the riveherethe terrain is very flgtbank overtopping occurs
leadng to long duration ponded water flooding.hese are essentiallijwo very different flood
mechanisms from the same flood but modifiedlocaltopographicakcontext.

2.2 Pluvial (intense rainfall)
The topical context leads to very high intensity, short dimatrainfall events which results in rapid
saturation, overland flow and localised ponding.

2.3 Coastal (storm surge)

This is asociated with tropical storms and hurricane low pressure systmiving at the coastThis
leads to a 15 m water surge travellinigpland, centred on the depressiofhe bcal tide range is small
and timing with tide peaks is not an issue.

2.4 Addressing the Flood Hazards in Belize

For tuvial hazard(river overtopping)we will use a national scale 1D/2fodel approach based on
the bed available data. Return period flows for each river and resretderived from regional flood
frequency analysis.

For pguvialhazard we will use arain on D grid approach withxreme rainfallinputs derived from
regionalintensity duration frequency cues(IDF analysis.

For the oastalhazard,we willidentify expected storm surge peaks and their spatial range along the
coast from existing coastal modelling repoitée will cerive the dynamics of the event from pressure
measurements made of hurricarlandfalls at Beliz&dty. This will allow us to novide a spatially
varying water boundary as a boundary condition to the 2D model domain to simulate |aofdfadi
storm surge
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3 MethodologyObjectives

A national scale flood hazard map is required tovte a large scale overviewfidod risk across the
entire country following a consistent methodologfResolution must bgood enough to enable the
hazardmap to be relevant tglanners at a nationatistrict and city scalim Belizgsee Sectio.4for
more discussion on scale of application)

The aims are to:

1. Identify the highest quality datasets available for Belize

2. Use local knowledganddata to improve datasets where possible.

3. Employstate of the art modelling method¢hat can utilise high quality local data (where
available) whilst being robust to poor quality data and/or data scarcity.

4. Create a~100 m resolution national scale flood hazard map that incorporates the three dominant
sources of flood risk.

4 ProcesOvervew

A simplified overview of the method is providedRigurel. From thisit can be seen that there are
four overall processes involved. The first two steps involve building the model geometry and
generating the model inputs. €hmodel inputs define the quantity of water in the model at a
particular time and the model moves this water in/through the model geometry provided to simulate
channel and overland flow. The hydrodynamic model is the actual software used to simulatthe fl
physics required for realistic hydrodynamics (movement of wafEhe final validation step is an
important part of the process used to test the model results, both to check for mistakes and to
understand the scale of error that is inherent in all moeksults.

Require National Fluvial Flood

River Hazard Ma
network
and
A geometry
(1) build model (2) generate
Land geometry model inputs
surface
topograph
N Historical
v [} river flow,
-% (3) run large scale hydrodynamic % L levelsand
2 * 2 e

(4) validation

National Flood Hazard GIS
Layers

Figurel - Overview process diagram of National Flood Hazard Assessment for Belize
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5 GeneraDataRequirements

5.1 Digital Elevation Model (DEMJjodel Geometry]

The DEM should be bare earth and needs to have the sasodution as the final hazard map (~100m).
Shuttle Radar Topography Mission (SRTM) has been identified as the best badar BENe The
ASTER DEM, while in theory isadigher resolution (~30m), has been found to contain significantly
more noise efor, resulting in worse results when used for hydrodynamics modelling.

5.2 DEM correction datfModel Geometry]

Spatial urbanisation data (such as satellite luminosity data) and vegetationM&BIS Vegetation
Continuous Field (V@QFRare requiredto assesseaduction of vegetation and urban biases SRTM

These allow artefacts in the DEM due to vegetation and buildings to be removed, correcting the DEM
to a bare earth DEM required for flow simulation.

5.3 River networkModel Geometry]

River networkupstream acamulating areaand geometnare all required for the modellinghe river
network and upstream accumulating areaan be estimated in an automated fashion from SRTM
DEM(e.g. Hydroshedsyvith subsequent manual validation and correction where necegsskiiis also
necessary to measure (or estimate) channel geometry (i.e. width and depth).

5.4 Flood defence standardslodel Geometry]
Knowledge of river defence standards can be incorporated into the model.

5.5 Discharge datfModel Inputs]

InordertoconstrtucRS & A3y KE@RNBIANIF LKA F2NJ NBOdzNYy LINR2R Ff
mnn @SFENI S@SyiaQoux 201t T freiable NBusehbiedecdrddBo noty | RO
exist, a regionalised flood frequency analysis (RFFA) is requiretinatesappropriate discharges.

5.6 Rainfall dat@gModel Inputs]

As flooding along minor channels and away from floodplains is usually driven by intense local
upstream rainfall, local rainfall records should be used to estimate intedsitgtion-frequency (IDF
curves for the regionlf local rainfall data is not available, regionalised IDF curves can be used.

5.7 Storm surge datfModel Inputs]

A coastal flood model requires a full coastal water level boundary condition in order to simulate the
arrival and propaagtion of a storm surge ovehe coastal landarea Local tide buoy records efater

level changes during historical storm surges (if available) allow an understanding of the magnitude
and duration of storm surges that might be experiethaéthose locatios onthe coast.To understand

how the storm surge hazard varies along the coast (i.e. not just at a singleutighe ki is common to

use the water levels derived from a different kind of computer model. These ocean models use sea
floor bathymetryand stam conditions to model the movement stirge andvaves towards the cah

and then the land flood model will use these water levels as input to model hiewsutge floods the
coastal landWe use the water levels reported in tiAdlas of Probable Storm Etits(CDMP) by the
Caribbean Disaster Mitigation Project (CDMPWater level inputs to our coastal land flood model.
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6 Analysisteps

The National Flood Hazard Layer Belizehas been generated using a staikthe-art Global Flood
Hazard frameworkmproved with local data where such data is availaldedetailed breakdown of

its application in Belize is shownHigure2 and explained in the subsections below. Theffalhework
containsmany modules and sumodules, and th full structure is shown graphically Figue 3 for
completeness, althougRigure2 should be sufficient for understanding its application to Belitaés
particular framework is one of a number of n@obal flood models that attempt to apply standard
methodologies using global dataseWdrd et al, 2015 and allow assessment of risk at a global and
national scale without using a moexpensive and time consumimggineeringnodellingapproach.

The SSB model has the highest resolution of these new models and is deemed one of the most
ddzZA ot S AAGSYy GKS ao0ltS 2F GKS O2dzyiNEQA NAXJSNE
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Figure2 - Detailed process diagram of National Flood Hazard Assessment for Belize
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Figue 3 - Full process diagram of SSBN Global Flood Hazard Modelling methodology
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6.1 Stepla- Terrain PreéProcessor

9 Therelevant 3 arc second SRTM terrain tiles are extraatatljoined to create a continuous
DEM of the entire country.

1 Urban areas are identified using satellite night time luminosity dgteidge etal., 2012)

1 Depending on the degree of urbanisation, a filter of varying strength is applied to the SRTM
data to remove local high points (which represent building roatsl) r@construct the surface
by interpolating between the remaining lower points.

9 Vegetation bias is reduced using an algorithm based on MODIS VCF.

1 A featurepreserving smoothing algorithm is applied to the entire DEM to reduce the noise
inherent to SRTM dat(Gallant, 2011).

6.2 Steplb- Channel Prérocessor

1 Itis critical to explicitly model river channels within flood models as most water is conveyed
across the land surface within them; their omission leads to severeeastanation of flood
hazard.

1 The chanel network is generated using @&sed hydrological analysis tools; the basic
network used here was created as part of the Hydrosheds prdjettner etal., 2008) The
Belize network has been validated manually, with corrections made where necessary.

1 Simple models of river width can be built by surveyiming aerial and satellite pltography
and constructing a database of sample points along the river network that relate upstream
accumulating area to river width; sample measurements on smaller rivers are taken in un
forested areas to ensure line of sight is raiscuredby vegetationcover. A total of 200
measurements were made from satellite imagery using the measure distance tool within
Google MapsA spline model is then fitted to the data that allows river width to be estimated
at any pointbased orthe relationship between widtland the upstreamaccumulating area
The spline model is used to assign widths to all channel cells within the model.

T WAGSNI RSLIIK Oy 06S SaildAYIFGSR dzaAy3a GKS al yyaA)
be estimated using the RFRAidth can be esinated using the width model and slope can be
calculated using the DENIross sections are assumed to be rectangular as no surveyed cross
section data is available.

6.3 Step2a- Regional Flood Frequency Analysis

1 The RFFASith et al., 2014 has been devefted to enable return period discharges to be
estimated anywhere on Earth basedly on KépperGeiger climate classification, upstream
area and upstream annual rainfall. By making an assumption of bankfull return period
(typically ~ 1 in 2 yeard} is pcssible also to estimate bankfull discharge using the RFFA.

1 Flows estimated via the RFFA approach have been validated by comparing with observed
flows for theBelizestationsfor which flows were judged to be reliablNot all stations were
used in thigorocessas some of the data were clearly erroneous at higher flows.

1 Validation involved comparing estimates of the Mean Annual Flood and the Q100 (100 year
recurrence interval) eveniThe Mean Annual Flood is defined the mean of the annual
maxima flow rags for a given statioand can be assumed to be the bankfull flood defined in
the RFFA More broadly, flood frequency curves estimated from observations and from the
RFFA method were compared.

1 The RFFA operates for channels with an upstream area of #40Hor channels below this
size, intense rainfall is simulated within the hydraulic model. The rainfall intensity for an event
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of given duration and return period is estimated using IDF curves generated from local rainfall
dataif available else usingegional IDF curves

6.4 Step2b- BoundaryConditionPreProcessor

1 Simple hydrographs are generated based on the rational method, where time to
concentration is used to estimate the period of rising and recession limbs. The time to
concentration is estm&R o0& dzZaAAy3 alyyAy3daQa Sldz dAzy G2
length of the river network to the furthest point. The peak discharge is taken from the RFFA.

1 River network is decomposéddplit)into reaches, with each reach having its own hydrograph
simuated. If tributaries are present along a reach, inflow discharge is distributed amongst the
tributaries andmain-river according to their relative upstream accumulating areas. Flow
convergence (or divergence) in junctions cells is handled automaticathe mpodel

1 Reach decomposition is depesrd on change in bankfull discharge: the maximum difference
in bankfull discharge between boundary condition points along a river is 5%.

1 Downstream boundary conditions are set to sea level if terminating in tharoce

6.5 Coastal StorrsurgeAnalysigspecialise®btep 2b)

The coastal storm surge analysis is effectively a sjmiblersion of Step2b) BoundaryCondition
PreProcessarHere we need to define the water levels experienced at the coast, allowing thelmode
to simulate what would happen as this surge spreads over the coastal topography.

6.5.1 Storm surge amplitude

TheCaribbean Disaster Mitigation Project (CDMP) created the Atlas of Probable Storm Effects in the
Caribbean Sea. In brief, this used the conditioh®7%3 tropical cyclones in the region to force a
numericaloceanstorm surge modelt provides estimates of storttide elevations accounting for tide,
pressure, wind and wave influences upon the ocean (but noupiroveral km resolution grid. From

the ensemble of simulations, return period water levels were calculated (10, 25, 50, 100 year) for each
cell in the domain. Interpolation between points enables representation of spatial variability in surge
characteristics along the coastlin&igure 4). The storm surges for the standard five hurricane
categories (15) were also calculated in the report and these were used to provide the amplitude of
five different storm surge simulations used in the Belize national flood mappinglimagd
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Surges

100-Year Return Time

Belize

1. SanPedro: 12m

2. Belize City: 1.4 m at the peninsula;
1.6 m near the main shoreline

3. Dangriga: 1.9m

4. Punta Gorda: 2.3 m directly offshore;
2.6 m to the southwest.

5. Corozal: 1.8 m upto 26 m
inland to the west

Figure4 ¢ Spatial variation of 100 year surge along Belize coastline At@s of Probable Storm Effe¢GDMP)

6.5.2 Storm surge time series

Due to a lack of tide gauge data, past data can be used to infer a relationghipemeatmosplerics

and surge. For instancEjgure5 shows the water level and pressure time series at 2 gauges along the
coast of the USA during hurricane Rita in 2005. This itifatsve can at least make approximation

of the time series of extreme surge events based on historical pressure alfate we have no water
level data
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Figure5 - Water level and pressure at 2 gauges along the coast of the USA during hurricane Rita in 2005

Pressure recals at Belize during hurricane Hattie will be used as a first approikimatf extreme
event timeseries. This event could be characterised by a triangular function in which a linear
interpolation is used from the peak (100% of the surge peak magnitudeyst@t approximately 6
hours either sidederived from pressure records for hurricane Hattie at Belize City in F9é¢dr¢6).
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BELIZE CITY STATION
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HURRICANE' HATTIE
1964

Figure6 - Pressure records for hurricane Hattie at Belize City in 1961

6.6 Sep 3-Hydraulioviodel

T

The models are executed using a full 2D hydraulic model based on a simplified momentum
preserving variant of the shallow water equatigiiates etal., 2010)

The model explicitty models channels using a subgrid schieal et al., 2012)that
decouples the channel geometry from the model grid, allowing channels of all sizes to be
represented Essentiallyit is similar to a 1d river channel (with correct flow area) embedded
within a 2d overland flow domain.

A surface water routing scheme is incorporated into the model to handle situations where the
assumptions underlying the shallow water equations are violatddis usually applies to
areas of very steep or discontinuous terrain. The routing scheme moves water downslope at
a velocity that is dependent on slope gradient; the velogitdient relationships were
developed from empirical studies of surface waflew velocities(Sampson etal., 2013).

Large rivers are modelled at 30 arc second resolutigkkm) as a coarser grid produces a
more stable simulation of water surface elevation on large flood plaihen using noisy
digital elevation datgDEM)like that from the shuttle radar topography missig8RTM) This

is becausevhen the DEM isesampéd (averaging)it reduces the noise presebly providing

more accurate mean water elevations over el This resampling does reduce some of the
detail in the topography, but this is ameliorated by-peojecting the more accurate water
surface onto the original 3 arc second (~90 m) DEM for the final output.

Small rivers and pluvial simulations are simulated at 3 arc seg¢edtain)resolution as the
higher resalition is necessary to resoltiee small scale topographical features that constrain
the flow of smaller channels.

6.7 Step 4a Post Processor

1

30 arc second simulations of large rivers arerejected onto the 3 arc second DEM by
interpolating between wateelevations at the centre of each 30 arc second cell to create a
smooth 2D surface of water elevations at 3 arc second resolution.

Simulations of individual reaches are combined to create a continuous flood hazard map
Fluvial / pluvial / coastal simulatisncan also be merged to create composite flood hazard
mapsif required
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6.8 Step4db- ModelValidation

The alidation of a flood hazard map is challengiag sucha map doesiot attempt to describe any
single real eventbut instead attemps$ to describe the eeas affected by all events of a certain
probability and magnitude

However, we can teshe following

1. The underlying methodare sound and robust
2. Ceneralisationsaand regional valuewith local information, where availahle
3. Compareresults withother studiesand event data sets

6.8.1 Assumptions to test with Validation
The following assumptions will be tested explicitly during the validation

1. SRTM with correctiorealisticallyrepresents actual topography.
1 Raw random noise error ~&m,resampled tca 1km resolutionis~0.5 m.
1 Vegetation/urban bias. Assuntkis can be corrected for (i.eemovablg.
2. Regional flow method provides reasonable estimates for ungauged catchments locally.
3. Regional rainfall depth duration relationship is appropriate locally.
4. Hydroshels drainage network represents actual river network

6.8.2 Validate river networkgainst national network data
The national river network vector data set provided by the Belize Government will be used to check
the model river network derived from SRTM topogrgph

6.8.3 Quality of SRTM corrected DEM

LIDAR1 m resolutionopographyhas been obtained from the University of Florida for a 1,208 km
region of Western Belize. Thisused toassess whether vegetation bias in SRTM has lbsefully
reducedby the use ofvegetation-type correction factors based on a MODIS VCF dlaimalso used
to test the effects of the urban area correction appligaisee if itimproves the DEM.

6.8.4 Validation ofiver flows and rainfall

Data was collected from the Belize Government foaedlilable riveland metgauging stationsThis
will be processed to extract rare high magnitude events for extreme value anghjgise7). The
results of this local data analysis will be compared directly ¢orttgional values used in the model at
the station locations.
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Figure7 - River flow data processing and annual maxima analysis

6.8.5 Comparison to existintpod hazardinformation

An important part of the validation process is ngpare the results of the national flood hazard map
(NFHM) to existing data that is available to the Belize Government. This is not just a numerical
comparison exercise, but also serves as an important part of the credibility acceptance of the output
by the users of the hazard information within the Belize Government. Therefore we produced draft
model output for the Belize Government personnel to comment on and feedback initial thoughts and
ideas for the validation phase. This draft output also serves tinpgse of preparing the users for the

final output and begins the process of thinking about how best to integrate the new hazard
information in their work. There are alsthree primary existing datasets that are available for
comparison to the draft NFHMAN observed flood extent frorctober 200§ Landsat Meerman)

Kings et al., 1992 Geomorphological assessmeMNEMO DANA reportJhesedata sets are kindly
provided by the Belize Government via their geonode webseriip(/geoserver.bnsdi.gov.b/

While the existingdataset are notthe same as a return period based nationwide hydrodynamic
model output, they can still provide valuable information as to what might be expestddvhere
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