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GENERAL FLOOD STANDARDS  

GF-1  Scope of the Flood Model and Its 

Implementation  

A. The flood model shall project loss costs and probable maximum loss levels for primary 

damage to insured personal residential property from flood events.  

The flood  model developed by Impact Forecasting (IF) estimates loss costs and probable maximum 

losses to insured residential property caused by damage from flood events . Loss outputs are 

modeled for primary structure, appurtenant structure, contents, and time element coverages and 

are validated extensively using historical claims data. The methods used by Impact Forecasting in 

flood  loss cost and probable maximum loss estimation are actuarially sound as demonstrated in 

Standard AF -4. 

B. A documented process shall be maintained to assure continual agreement and correct 

correspondence of databases, data files, and computer source code to presentation 

materials, scientific and technical literature, and modeling organization documents.  

Impact Forecasting employs standard methods and procedures to ensure agreement and correct 

correspondence of databases, data files, and computer source code. Source control software and 

error tracking systems are used to maintain accuracy . 

C. All software, data, and flowcharts (1) located within the flood model, (2) used to validate 

the flood model, (3) used to project modeled flood loss costs and flood probable maximum 

loss levels, and (4) used to create forms required by the Commission in the Flood 

Standards Report of Activities shall fall within the scope of the Computer/Information 

Flood Standards and shall be located in centralized, model -level file areas.  

All software, data, and flowcharts used to develop and validate the Impact Forecasting model, 

project loss outputs, and create forms comply with the Computer/Information Standards and are 

kept in centralized, model -level file areas.  

D. Differences between historical and modeled flood losses shall be reasonable, given 

available flood loss data.  

¥Đþ MīĿæôō CĳłþôæņōēĬĊ īĳúþĥʁņ ņēīŒĥæōþú þŝþĬō ņþōņ æłþ úþŝþĥĳĿþú æĬú ŝæĥēúæōēĬĊ ŒņēĬĊ Đēņōĳłēôæĥ 

úæōæ ņþōņȽ æĬú ōĐþ īĳúþĥʁņ ĥĳņņ ĳŒōĿŒōņ æłþ ŝæĥēúæōþú þţōþĬņēŝþĥŤ ŒņēĬĊ Đēņōĳłēôæĥ ôĥæēīņ úæōæȼ 

Individual components of the model are tested and observed to be consistent with historical flood 

events. Good agreement is observed between modeled  flood losses and historical flood losses. 

Differences between historical and modeled  flood losses are reasonable and are due to different 

sample sizes of historical and stochastic storm sets and various uncertainties within.  

E. Vintage of data, code, and scientific and technical literature used shall be justifiable.  

Impact Forecasting rigorously evaluates data, code, and scientific and technical literature on a 

continuous basis.  When new data, code, and literature are made available, Impact Forecasting 

incorporates the most recent vintage of data or information when it is a sufficiently defensible 
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improvement on older sources, and when it is demonstrably fit for use within the model's framework 

and development cycle.  

Disclosures  

GF-1.1 Specify the flood model version identification. If the flood model submitted for 

review is implemented on more than one platform, specify each flood model 

platform identifying the primary platform and the distinguishing aspects of each 

platform.  

The flood  model submitted for review is the Impact Forecasting Florida Flood  (FCHLPM) 

Model Version 3.0. The Impact Forecasting loss modeling platform associated with the 

model submission is ELEMENTS Version 1 8.0. 

GF-1.2 Provide a comprehensive summary of the flood model. This summary should 

include a technical description of the flood model, including each major component 

of the flood model used to project loss costs and probable maximum loss levels for 

insured primary damage to personal residential property from flood events causing 

damage in Florida. Describe the theoretical basis of the flood model and include a 

description of the methodology, particularly the meteo rology components, the 

hydrology and hydraulic components, the vulnerability components, and the 

insured flood loss components used in the flood model. The description should be 

complete and is not to reference unpublished work.  

The Impact Forecasting Florida  Flood model is designed to estimate insured losses from 

multiple sources of flooding, including fluvial and pluvial flooding arising from both tropical 

and non -tropical systems along with coastal storm surge flooding caused by tropical 

systems, including hurricanes. The flood hazard was developed in partnership with Fathom, 

making use of their flood hazard maps for multiple return periods. The model consists of the 

following four components: hazard, exposure and geocoding, vul nerability, and financial. 

These components are discussed in the following sections:  

Hazard Component  

Event Set  

The probabilistic Impact Forecasting Florida  Flood model contains two event sets: one that 

addresses Tropical Cyclone Induced Flooding (fluvial, pluvial, and storm surge), and one 

that addresses the non -tropical system induced pluvial (precipitation) and fluvial (riverine) 

flooding.  To begin with the Tropical Cyclone event set, the frequency of flooding proceeds 

from the wind event frequencies.  This ensures that the Tropical Cyclone portion of the 

Flood model is consistent with the Tropical Cyclone Wind mod el. This event set produces 

an Event Loss Table (ELT) as a default output.  

In order to model the causes of inland flooding apart from Tropical Cyclones, the non -TC 

event set (Non -Tropical System Induced Flooding) was developed with a separate 

methodology. The non -TC event set was developed by Fathom and  is based on the 

temporal and spatial extrapolation of flood characteristics derived from MSWEP (Multi -

Source Weighted -Ensemble Precipitation  ) precipitation reanalysis  (Beck, et al., 2022)  and 

corresponding discharge estimates from in -house hydrological modeling frameworks using 

the FUSE (Framework for Understanding Structural Errors ) (Clark, et al., 2008)  and 
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mizuRoute (Mizukami, et al., 2016)  hydrological and routing software, respectively. The 

non-TC component of the synthetic event set is fundamentally centered on a derivative of 

the multivariate extreme value model first introduced by (Heffernan & Tawn, 2004) , which 

aims to characterize tail dependence between a series of datasets (both discharge and 

precipitation time series), then use those characteristics to inform the creation of synthetic 

event footprints. All event frequencies in the resulting event set are equal, at a rate of 

0.0001 (=1/10,000). To ensure that only precipitation and flows from non -tropical systems 

were used to generate this event set, the reanalysis hydro -meteorological data, which 

serves as the basis for calibrating the statistical mode ls, was cleansed of the tropical 

cyclones data set using records from the IBTrACs  (The International Best Track Archive for 

Climate Stewardship ) database (Knapp, et al., 2010; 2018) . In the modeling framework, 

including semi -empirical and Laplace distribution choices are standard in environmental 

applications within the literature; see for instance (Quinn, et al., 2019; Diederen, et al., 

2019; Li, et al., 2023) . This event set produces a Year Loss Table (YLT) by default.  

As it is important to connect the TC and non -TC view of flooding risk, Impact Forecasting 

connects the two event sets (TC and non -TC) into a unified table of 200,000 years. The TC 

event set was created by beginning with 200,000 years of stochastic simulati on. Then, in 

order to improve computational efficiency, events with very similar characteristics are 

aggregated into a single representative event, whose rate is then adjusted corresponding to 

the number of stochastically simulated events that were part of  the initial aggregation in 

ĳłúþł ōĳ Ŀłþņþłŝþ ōĐþ ĳłēĊēĬæĥ þŝþĬōņʁ ĉłþŁŒþĬôēþņ ĳĉ ǇɋǈǆǆȽǆǆǆȼ ¥Đþ łþņŒĥō ĳĉ ōĐæō 

aggregation process is a TC event set with a reduced total number of events, but with event 

rates consistent with the 200,000 years of stochasti c simulation. The non -TC event set, 

provided by Fathom and which originally comprised 10,000 years, is replicated 20 times to 

produce a matching catalog size. This table and the associated link is accessible in the 

ELEMENTS Query Explorer or by query (in S QL). 

Inundation Modeling  

The model contains three flood hazard sub -perils: fluvial (riverine) flood, pluvial (rainfall) 

flood, and storm surge.  The fluvial and pluvial hazard development was done by Fathom, 

while the storm surge hazard was developed internally by Impact Forecasting.  

The fluvial and pluvial hazard are dynamically simulated using the two -dimensional 

hydrodynamic model LISFLOOD ɴFP (Bates, et al., 2010), which is a numerical solver of 

partial differential equations, specifically the Saint -Venant equations. The fluvial mod el 

simulates flooding originating from river channels by simulating a range of river discharges 

through the hydrodynamic model, whilst the pluvial model simulates a range of rainfall 

intensities and durations through the hydrodynamic model using a rain -on-grid approach. 

Both approaches are outlined in more detail below.  

Fluvial Simulation  

Fluvial simulations were performed at a 1 arc second (approximately 30 m) spatial  

resolution. These simulations were split into a series of 1° x 1° tiles (approximately 100 km x  

100 km), plus an additional 0.25° buffer region (so in total covering an area of 1.5° x 1.5°).  

These included the watercourses coming from the NHD+ dataset and its associated flow 

direction grid  (Buto, 2020) . Rivers with an upstream catchment area > 193.051  sq mi (500  

sq km) are simulated within the fluvial model with boundary conditions distributed along the 

river network. The NHD+ dataset was used to establish the location of river channels, whilst 

the underlying terrain is provided by a 1 arc second (approximately 30m) spatial resolution 
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digital terrain model (DTM) comprised of a combination of LiDAR  (Light Detection and 

Ranging ) and FABDEM (Hawker, et al., 2022) . The model resolution was determined by 

Fathom to be an appropriate balance between computational runtime and representation of 

ōĐþ ĥæĬúņôæĿþʁņ īĳłĿĐĳĥĳĊŤȼ  

In order to address the inability of a 30m terrain model to represent channel geometry 

below its native resolution, Fathom uses a coupled 1D/2D approach (Neal, et al., 2012)  in 

combination with a bathymetry estimation solver (Neal, et al., 2021)  to accurately capture 

bankfull discharge and simulate inundation caused by discharge in excess of bankfull. The 

simulation uses an adaptive timestep scheme to calculate the fluxes in the x and y 

Cartesian directions using an inertial form of shallow water  equations.  

The hydrologic inputs used in the fluvial simulation process were informed by regional flood 

frequency analysis (Smith, et al., 2015; Bates, et al., 2021)  using long -term observations 

from USGS  (United States Geological Survey ) river gauge data.  

Pluvial Simulation  

Pluvial simulations were performed at a 1 arc second (approximately 30 m) spatial  

resolution. These simulations were split into the same series tiles as the fluvial model. These  

included the watercourses coming from the NHD+ dataset and its associated flow direction  

grid  (Buto, 2020)  with an upstream catchment area >19.3051 sq miles (50 sq km). The  

underlying DTM is the same as the fluvial model. The model resolution was determined by 

Fathom to be an appropriate balance between computational runtime and representation of 

ōĐþ ĥæĬúņôæĿþʁņ īĳłĿĐĳĥĳĊŤȼ 

The initial forcing for the pluvial simulation are the one -, six-, and 24 -hour precipitation 

intensities associated with several return periods of extreme precipitation. Precipitation 

intensities for each model simulation are taken from the National Oceanic and Atmospheric 

Administration (NOAA ) National Oceanic and Atmospheric Administration  Atlas 14 Intensity 

Duration Frequency (IDF) estimates (available at https://hdsc.nws.noaa.gov/hdsc/pfds/ ), 

which define the intensity and duration of event rainfall, and are explicitly simulated by the 

hydraulic model using a rain -on-grid approach. The simulation uses an adaptive timestep 

scheme to calculate the fluxes in the x and y Cartesian directions usi ng an inertial form of 

shallow water equations. During model runtime, rainfall is simulated directly onto the DTM 

grid. Sub -grid channels are included in the model and are present for river channels with an 

upstream catchment area of 19.03 sq mi ( 50 sq km) or greater to allow rainfall to be routed 

through the river network. Rainfall intensity is applied uniformly in time. However, rainfall 

intensity is spatially variable and is further varied depending on assumptions on infiltration 

and urban drainage, the e ffects of which are applied to the pluvial boundary conditions 

rather than modeled explicitly within the hydraulic model (Bates, et al., 2021) . 

 

Tropical Cyclone Rainfall  

Precipitation is explicitly modeled, utilizing a physics -based Tropical Cyclone Rainfall (TCR) 

model developed by (Lu, et al., 2018) and (Feldmann, et al., 2019). Detailed information 

about the model can be found in the studies by (Lu, et al., 2018) and (F eldmann, et al., 

2019). This model computes rain rates and accumulated rainfall at specified Points of 

Interest (POI), defined as any 0.1°×0.1° grid point in the continental United States.  

 

https://hdsc.nws.noaa.gov/hdsc/pfds/
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The TCR model estimates rainfall by multiplying the saturation specific humidity and vertical 

velocity, derived from the time -evolving storm wind field and environmental winds. The TCR 

encompasses five physical mechanisms including topographic forcing, fri ctional 

convergence, vortex stretching, baroclinic effects, and radiative cooling to generate 

rainfall. The total vertical velocity is computed as the sum of the vertical velocities from 

these components, and the vertical vapor flux is determined by multip lying the total vertical 

velocity with the specific humidity.  

A rain rate is then calculated by multiplying the vertical vapor flux by the assumed 

precipitation efficiency of 0.9. Consequently, the hourly rain rate is computed for each point 

of interest throughout the entire lifetime of the track.  

Lacustrine Modeling  

As lakes have some slightly different modeling challenges than rivers and streams, the 

lacustrine modeling was performed separately before being linked with the fluvial and 

ĿĥŒŝēæĥ ĉĥĳĳú Đæũæłúȼ !ņ Cĥĳłēúæʁņ ōĳĿĳĊłæĿĐŤ ēņ þţōłþīþĥŤ ĉĥæōȽ ōĐþ ĥæôŒņōłēĬþ īĳúeling can 

be very sensitive. Simulation was performed for lake systems with available observational 

data, such as those with water level gauge stations. For lakes with available data, frequency 

analyses were carried out on the observed time series, and the  water levels for modeled 

hydrological return periods were identified. These underlying DTM was then subtracted 

from the water levels , post -processed, and merged with the fluvial hazard. Hazard masks 

providing a link to the event set were adjusted to reflect the extent of lacustrine inundation. 

For the remaining lakes without available data, two -dimensional modeling was used, 

treating t he lake as a wide river with excess water accumulation potential being accounted 

for by the DTM.  

Linking Flood Hazard Maps and Event Set  

As the hazard data described above are effectively seamless flood hazard maps covering 

the contiguous United States, it is necessary to generate both stochastic and historical 

events for the model. To do this, the hazard maps are broken into segments that are linked 

with the event set. For the pluvial hazard, the HUC10  (hydraulic unit codes)  units from the 

NHD+ dataset are used. Each HUC10 unit is applied a constant Return Period of pluvial 

hazard during each synthetic event. The pluvial hazard values are t aken from the seamless 

hazard map, and the events in the event set inundation footprints are comprised of 

combinations of these HUC10 unit areas.  

The fluvial hazard requires a more nuanced approach, as the model must account for areas 

that can be flooded from multiple segments (areas in close proximity to river junctions). As 

a result, the segments linked to the event set must realistically overlap with each other. 

Fathom created polygons representing specific river reach inundation zones. These river 

reaches were generated and defined by a combination of the river network Strahler order 

and a concentration time threshold of six hours. Hydrodynamic s imulations were performed 

for each river reach. The outputs of these simulations are essentially polygonal rasters, 

outlining the hazard for different return periods for each river reach and an additional buffer 

to capture potential overlap with downstream  reaches. As multiple river reaches may 

overlap at confluences, any location receiving hazard from multiple reaches is assigned the 

higher flood depth.  

Storm Surge  
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The hazard footprint of the Impact Forecasting  US Flood Model ɴ Storm Surge is developed 

based on the Sea, Lake and Overland Surges from Hurricanes (SLOSH) model. It was 

developed by the National Weather Service (NWS) of the National Oceanic and 

Atmospheric Administration (NOAA) in the early 1980s to d elineate evacuation zones with 

high computational efficiency. It is still the operational storm surge model of the National 

Hurricane Center (NHC). Over the years, it was selected as a benchmark model for the 

evaluation of many other storm surge models because it is the only model in the United 

States that has been verified extensively against field observations for overland flooding 

along the East and Gulf coasts  (Zhang, et al., 2008) .  

Storm Tracks  

The SLOSH model is a computerized numerical model to estimate storm surge heights 

resulting from historical, hypothetical, or predicted hurricanes by taking into account their 

atmospheric pressure, size, forward speed, and track data. The storm surge compo nent of 

the flood model uses tropical cyclone track data developed in -house to provide an event set 

that matches the Impact Forecasting Atlantic Tropical Cyclone - Wind (FCHLPM) V2.0 

model. These track parameters (e.g. track location, central pressure, Rma x (radius of 

maximum winds) ) are inputs to the SLOSH wind field model, which drives the modeled 

storm surge.  

Wind Field Model  

SLOSH uses a parametric wind field model based on the balance of forces along and normal 

to the surface wind trajectory (Myers, et al., 1961; Jelesnianski, et al., 1992) : 

 

ὺ                              (1) 

 

ÃÏÓ‰ Ὢὺ ÃÏÓ‰ ὺ ÓÉÎ‰ Ὧὺ            (2)  

 

where ὴὶ is the pressure field; ‰ὶ is the inflow angle field across circular isobars towards 

the storm center; Ὧ and Ὧ are the wind friction coefficients in the tangential direction and 

radial direction, respectively; Ὢ is the Coriolis parameter; ” is density of air; and ὺὶ is the 

wind speed field described as follows:  

 

ὺὶ ὺ                             (3)  

 

where ὺ  is the maximum 1 -minute sustained wind speed within the field. The 

aforementioned friction coefficients, Ὧ and Ὧ, are estimated using the following empirical 

equation:  

Ὧ ρȢρυὯ ‌
Ȣ

                         (4)  

 

where ‌ is the location parameter ( ‌ ρ for ocean winds; ‌ τ ςςὙϳ  for lake winds).  

To solve these equations, an iteration procedure is used. ὺ  is approximated (using a 

table look -up procedure from pre -computations) and Eqs. (1) ~ (2) are then solved for ὴὶ 
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and ‰ὶ. The discrepancy between computed and required pressure is then obviated by 

changing ὺ  until the pressure discrepancy is less than a preassigned value.  

Governing Equations for the Surge Model  

To compute surge heights, SLOSH uses the following equations of motion to balance the 

surface forces, including surface friction:  

 ὫὈ Ὤ ὄ ὄ  Ὢὃ ὠ  ὃ Ὗ  ὅὼ  ὅώ                         (5) 

 ὫὈ Ὤ ὄ ὄ  Ὢὃ Ὗ  ὃ ὠ  ὅώ  ὅὼ                         (6) 

where U and V are the components of transport, g is the gravitational constant, D is the 

úþĿōĐ ĳĉ ŁŒēþņôþĬō Şæōþł łþĥæōēŝþ ōĳ æ ôĳīīĳĬ úæōŒīȽ !łȽ ɀȼ /ē æłþ ōĐþ óĳōōĳī ņōłþņņ ōþłīņȽ 

h is the height of water above datum, h0 is the hydrostatic water height, f  is the Coriolis 

parameter, and x  ̱and y  ̱are components of surface stress.  

SLOSH Basin  

SLOSH models the propagation of storm surge through wetting and drying of grid cells. 

Surge is computed at the center of each grid -square, and transport is computed on each 

momentum point. Factors affecting inland propagation of the storm surge include the  

ground elevation, trees, levees, and other barriers. All these geographic features used to 

control, route, and impede the flow of water are considered in SLOSH basins.  

There are 28 basins covering the US Atlantic and Gulf of Mexico coasts; of them, 14 are in 

Florida. The basins are centered upon particularly susceptible features like inlets, large 

coastal population centers, low -lying topography, and ports. Each of the b asins contains 

information on topography/bathymetry and terrain descriptions (heights referenced to the 

vertical datum, NAVD88  (North American Vertical Datum of 1988 )) for each of the cells in 

the basin grid. The spatial coverage for each SLOSH basin varie s from areas the size of a 

few counties to areas that cover a few states, the latter of which is not applicable to Florida. 

The grid is set up to have finer resolution in key areas for storm surge and coarse resolution 

in deep -water or boundary regions. SL OSH basins are updated at an average rate of 3 -6 

basins per year, and are governed by the Interagency Coordinating Committee on 

Hurricanes (ICCOH), a tri -agency supported by the U.S. Army Corps of Engineers (USACE), 

the Federal Emergency Management Agency (FEMA), and the National Oceanic and 

Atmospheric Administration (NOAA). Updates include finer grid size resolution to improve 

surge representation, increasing area covered by hypothetical tracks for improved 

accuracy, and the latest topography or bathymetr ic data for better representation of 

barriers, gaps, passes, and other local features (NOAA, 2023c) . 

The modeled water heights from SLOSH are mapped to the pre-defined grid system with 

0.0025 -degree resolution (equivalent to about 250m). The 250m resolution was 

determined based on the smallest SLOSH basin grid size for the majority of the basins. This 

predefined grid methodology allows for easy data retrieval.  

Storm Surge Footprint Validation  

The historical storm surge extents and depths in the model were validated against ADCIRC 

footprints and observation data obtained from the United States Geological Survey (USGS), 

the National Oceanic and Atmospheric Administration (NOAA), the Federal Emerg ency 

Management Agency (FEMA), the World 's Storm Surge Data Center (SURGEDAT), and 

published literatures. The comparison of flood extent and elevation/depth with observation 
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data and FEMA return period maps can be found in Disclosure MF -4.1, Disclosure  MF-5.3 , 

and Forms HHF-1~HHF-5. 

For stochastic events, the modeled return period surge maps are validated against NFIP 

(National Flood Insurance Program  ) extents. Detailed comparison maps are shown in Form 

HHF-3. The modeled stochastic storm surge elevation exceedance probabilities at several 

NOAA tidal station locations were compared with the observed frequencies  (NOAA, 2023a) . 

The validation of the return period storm surge elevation at several NOAA tidal stations is 

shown in Disclosure MF -5.3 . 

Exposure and Geocoding Component  

The model is designed to process exposure on a location level, consuming either address 

information or Latitude/Longitude coordinates and assigning coordinates to each location. 

When address information is available for a location, the Precisely geocoding service is 

triggered during portfolio import and converts the given information to latitude and 

longitude coordinates in the WGS 84 coordinate standard. Locations with provided 

coordinates pass directly to the model, which consumes the coordinates in the W GS 84 

coordinate standard. After creating these coordinates, the location is assigned an ID that 

corresponds to the appropriate 30m x 30m cell in the model.  

Vulnerability Component  

The vulnerability component of the Impact Forecasting Florida Flood Model (FCHLPM) relies 

on many years of building vulnerability assessment and structural engineering experience 

to produce thousands of vulnerability functions for different combinations of  exposure 

variables (e.g., construction type, occupancy, year built, region, number of stories, 

foundation type, first floor height, and other property -specific characteristics), as well as for 

different flood sub -perils (e.g., fluvial, pluvial, and storm surge). The vulnerability 

component has been validated using claims data for different areas in Florida considering 

building code requirements and compliance practices, as well as using publicly available 

damage functions (Hazus Flood Model).  

The vulnerability component is an integration of a suite of programs developed by Impact 

Forecasting. The most important program among them is a building component -based flood 

úæīæĊþ ņēīŒĥæōĳłȽ úþŝþĥĳĿþú æĬú īæēĬōæēĬþú óŤ MīĿæôō CĳłþôæņōēĬĊʁņ ŝŒĥĬþłæóēĥēōŤ team. 

The flood damage simulator uses engineering principles and reliability methods to estimate 

load and capacity characteristics of various components of a building susceptible to flood 

damage.  

The simulator is based on a Monte Carlo framework which performs statistical sampling for 

various flood loading conditions (water depth, flow velocity, and wave height) and 

resistance values on different structural components in order to estimate damage ou tcomes 

for each component. These component -based results are aggregated into overall building 

outcomes, by evaluation of the dependencies between the components failure and the 

envelope breach or failure condition of the overall structure. Component damage  estimates 

are then combined with a restoration cost model to determine repair cost and time 

estimates. Finally, these estimates are represented as the proportion of the overall 

combined component replacement values of the buildings, also known as damage r atios.  

 For use in the Impact Forecasting ELEMENTS catastrophe modeling platform, damage ratio 

estimates from the flood damage simulator are sorted by discrete water depth ranges. For 

each range, the uncertainty associated to the damage ratio is addressed by usin g the 
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OASIS format to probabilistically represent damage to assets subject to flooding. This 

distribution is determined from the simulations and is intended to reflect the damage 

uncertainty. Furthermore, different loss probability distributions are implemented for 

building, appurtenant structure, contents, and time element coverages for different 

combinations of exposure variables. Damage functions consider the impact of the Florida 

building codes, the NFIP post -FIRM building code, and regional vulnerability dif ferences 

across Florida.  

MīĿæôō CĳłþôæņōēĬĊʁņ ņōłŒôōŒłæĥ æĬú ôēŝēĥ þĬĊēĬþþłņ Đæŝþ ôĳĬúŒôōþú ĬŒīþłĳŒņ ĳĬ-site 

damage surveys for past hurricane events to assist with the validation of damage modeling. 

This includes both recent hurricanes, such as Hurricane Matthew (2016), Hurricane  Harvey 

(2017), Hurricane Irma (2017), Hurricane Michael (2018) and Hurricane Ian (2022), and 

hurricanes that occurred longer ago, like Hurricane Wilma (2005), Hurricane Katrina (2005) 

and Hurricane Sandy (2012). Complementary to learnings from on -site dam age surveys, 

Impact Forecasting vulnerability engineers have reviewed numerous flood claims data sets 

and publicly available damage functions to further validate the vulnerability components.  

Financial Component  

¥Đþ ĉĥĳĳú īĳúþĥʁņ ĉēĬæĬôēæĥ ôĳīĿĳĬþĬō æĿĿĥēþņ ōĐþ æĿĿłĳĿłēæōþ úæīæĊþ łæōēĳņ ōĳ þţĿĳņŒłþ 

łþĿĥæôþīþĬō ŝæĥŒþņ ōĳ úþōþłīēĬþ æ łēņĢʁņ ĊłĳŒĬú ŒĿ ĥĳņņȼ 5ŒłēĬĊ ōĐþ ĥĳņņ æĬæĥŤņēņȽ æ bĳĬōþ 

Carlo simulation is used to sample the damage distributions for a given level  of flood depth 

(from each sub -peril: fluvial flooding, pluvial flooding, and storm surge) to account for 

damage uncertainty. Building, appurtenant structure, contents, and time element losses are 

determined using sampling from a vulnerability damage ratio  histogram that is available for 

each damage function and respective hazard intensity. The appropriate number of damage 

samples required to ensure loss stability is determined by Impact Forecasting model 

developers for different analysis types.  

Individual coverage -level samples are propagated through the financial component for the 

application of policy deductibles and limits. In the final step, ground up loss samples, net of 

policy conditions, are assembled into gross loss statistics including a verage annual losses 

and annual return period probable maximum loss levels (PMLs).  

The financial component also incorporates a demand surge function to account for the 

increase in the cost of materials, services, and labor due to spikes in demand following a 

catastrophe (Olson & Porter, 2011a). The demand surge function exists individual ly for both 

TC and non -TC components of the model, capturing the difference in the type of damage 

and subsequent recovery caused by individual perils. The TC portion of the model function 

is developed based on analysis of the pricing information for the co nstruction sector from 

Xactimate and XactContents. For the Non -TC portions of the model, demand surge is 

represented by a separate function developed using historical loss data and fluctuations in 

the labor and material costs specific to the construction s ector following a major event.  

GF-1.3 Provide a flowchart that illustrates interactions among major flood model 

components.  

A flowchart is provided below in Figure 1 and Figure 2. 
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Figure 1: Interactions among major flood model components  for TC  
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Figure 2: Interactions among major flood model components for non -TC 

GF-1.4 Provide a diagram defining the network organization in which the flood model is 

designed and operates.  

A diagram is provided below in Figure 3  
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Figure 3: The network organization within which the Impact Forecasting Florida Flood Model 

(FCHLPM) Model is designed and operates . 

GF-1.5 Provide detailed information on the flood model implementation on more than one 

platform, if applicable. In particular, submit Forms VF -3, Flood Mitigation 

Measures, Range of Changes in Flood Damage; AF -1, Zero Deductible Personal 

Residential Standa rd Flood Loss Costs; AF -4, Flood Output Ranges; and AF -8, 

Flood Probable Maximum Loss for Florida, from each platform including additional 

calculations showing no differences.  

The Impact Forecasting Florida Flood  (FCHLPM) Model is implemented only on the Impact 

Forecasting ELEMENTS Version 1 8.0 catastrophe modeling platform.  
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GF-1.6 Provide a comprehensive list of complete references pertinent to the submission 
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GF-1.7 Identify and describe the modeling -organization -specified, predetermined, and 

comprehensive exposure dataset used for projecting personal residential flood 

loss costs and flood probable maximum loss levels.  

Impact Forecasting developed a Florida residential properties database at a location level, 

which is used for projecting personal residential flood loss costs and flood probable 

maximum loss levels. This dataset was developed using a variety of sources inc luding data 

from third -party vendors, the Federal Emergency Management Agency (FEMA) Hazus 

program, National Flood Insurance Program (NFIP) exposure, and Aon client exposures. 

NFIP insurance limits are applied to the database to confine the maximum coverag e and 

minimum deductibles.  

GF-1.8 Provide the following information related to changes in the flood model from the 

currently accepted flood model to the initial submission this year.  

This is the first submission of Impact Forecasting Florida Flood Model.  

GF-1.9 Provide a list and description of any potential interim updates to underlying data 

relied upon by the flood model. State whether the time interval for the update has a 

possibility of occurring during the period of time the flood model could be found 

acceptable by the Commission under the review cycle in this Flood Standards 

Report of Activities.  

No interim updates to underlying data relied upon by the model are anticipated .  
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GF-2 Qualifications of Modeling Organization 

Personnel and Consultants Engaged in Development of 

the Flood Model  

A. Flood model construction, testing, and evaluation shall be performed by modeling 

organization personnel or consultants who possess the necessary skills, formal education, 

and experience to develop the relevant components for flood loss projection 

method ologies.  

Impact Forecasting staff and consultants involved in the development of the flood  model possess a 

wide range of multi -disciplinary skills in hydrology, hydraulics, meteorology, structural engineering, 

actuarial science, statistics, computer science, and risk analysis. Model developers have advanced 

degrees and the majority hold PhDs in their fields of expertise. They are suitably qualified to 

develop, test, and evalu ate flood  loss projection methodologies . 

Further information about the qualifications of individuals can be found in Disclosure G F-2.2 .  

B. The flood model and flood model submission documentation shall be reviewed by modeling 

organization personnel or consultants in the following professional disciplines with 

requisite experience: hydrology and hydraulics (advanced degree or currently lice nsed 

Professional Engineer, with experience in coastal and inland flooding), meteorology 

(advanced degree), statistics (advanced degree or equivalent experience), structural 

engineering (currently licensed Professional Engineer, with experience in the effe cts of 

coastal and inland flooding on buildings), actuarial science (Associate or Fellow of 

Casualty Actuarial Society or Society of Actuaries), and computer/information science 

(advanced degree or equivalent experience and certifications). These individua ls shall 

certify Expert Certification Forms GF -1 through GF-7 as applicable.  

The flood model and flood submission document submitted by Impact Forecasting was reviewed by 

employees of Aon and Fathom who meet the educational and professional criteria set forth in the 

ROA for each of the sections within the ROA.  Further details on t he professional qualifications of 

each individual and the sections they participated in the review and, where applicable, signatory 

approval of, can be found in Disclosure G F-2.2 . 

 

Disclosures  

GF-2.1 Modeling Organization Background  

A. Describe the ownership structure of the modeling organization engaged in 

the development of the flood model. Describe affiliations with other 

companies and the nature of the relationship, if any. Indicate if the 

modeling organization has changed its name and explain the 

circumstances.  

Impact Forecasting LLC is a wholly owned subsidiary of Aon Benfield Inc. Aon Benfield Inc. 

is the reinsurance broking subsidiary of Aon plc, a publicly held global  professional services 

firm providing risk, retirement, and health solutions. Impact Forecasting provides 
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catastrophe modeling services to Aon Benfield Inc. and directly to insurers, reinsurers, and 

regulatory organizations.  

B. If the flood model is developed by an entity other than the modeling 

organization, describe its organizational structure and indicate how 

proprietary rights and control over the flood model and its components are 

exercised. If more than one entity is in volved in the development of the 

flood model, describe all involved.  

Impact Forecasting holds the proprietary rights and controls to the model.  

Flood inundation modeling of the inland sub -perils (fluvial and pluvial) and a large 

proportion of the flood model event set were developed by Fathom ɴ a United Kingdom -

based consultant founded in 2013 as SSBN by Bristol University post -graduate abiturient s 

and Professor Paul Bates. In 2017, SSBN was rebranded to Fathom solely for marketing 

reasons. In 2023, Fathom was acquired by Swiss Re. Impact Forecasting partnered with 

Fathom mainly due to the quality and openness of their methodologies and their flexi bility in 

cooperation.   

Flood inundation modelling of the coastal sub -peril (storm surge) uses the Sea, Lake and 

Overland Surges from Hurricanes (SLOSH) model , which is a computerized numerical model 

developed by the National Weather Service (NWS)  in National Oceanic and Atmospheric 

Administration (NOAA) to estimate storm surge heights resulting from historical, 

hypothetical, or predicted hurricanes by taking into account the atmospheric pressure, size, 

forward speed, and track data . The source code of the SLOSH model and basin fi les are 

freely available upon request.  

C. If the flood model is developed by an entity other than the modeling 

organization, describe the funding source for the development of the flood model.  

Fathom provided all inland flood hazard data (hazard maps and event set component) in 

exchange for  a royalty share from future model client -use or external licensing.  

NWS from NOAA provided the SLOSH model for storm surge inundation modelling. The 

SLOSH model is freely available upon request.  

D. Describe any services other than flood modeling provided by the modeling 

organization.  

Impact Forecasting develops and maintains a global suite of catastrophe models and 

software tools to empower insurers, reinsurers, and regulatory organizations to quantify and 

manage the financial impact of natural catastrophes including hurricanes, earthq uakes, and 

floods.  

E. Indicate if the modeling organization has ever been involved directly in 

litigation or challenged by a governmental authority where the credibility of 

one of its U.S. flood model versions for projection of flood loss costs or 

flood probable maximum loss  levels was disputed. Describe the nature of 

each case and its conclusion.  

Impact Forecasting LLC has never been directly involved any legal process questioning the 

quality of any of its flood model versions or output types.  
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GF-2.2  Professional Credentials  

A. Provide in a tabular format (a) the highest degree obtained (discipline and 

university ; b) employment or consultant status and tenure in years, and (c) 

relevant experience and responsibilities of individuals currently involved in 

the acceptability process or in any of the following aspects of the flood 

model:  

1. Meteorology  

2. Hydrology and Hydraulics  

3. Statistics  

4. Vulnerability  

5. Actuarial Science  

6. Computer/Information Science  

The credentials of individuals who contributed to development of the Impact Forecasting 

Florida Flood (FCHLPM) Model are listed below in Table 1. Contributors are either Impact 

Forecasting employees , Fathom employees who collaborated on the model development, or 

Aon Benfield Inc. employees acting as consultants on the  project . The table identifies the 

years of professional experience of each contributor as well as their tenure at either Impact 

Forecasting , Fathom,  or Aon Benfield Inc. Further details are provided for each contributor 

inAppendix B: Individuals Involved in the Impact Forecasting Florida Flood Model (FCHLPM) 

Model Acceptability Proces s. 

Table 1: Credentials of individuals involved in the acceptability process and each aspect of the flood  

model  

Standard  Name Degree  Discipline  University  Status  

Prof 

Exp. 

(Yrs)  

Tenure 

(Yrs)  

General  Alec Killoran  B.A.  English  

University of 

California, 

Santa 

Barbara  

E 7 1 

Vulnerability  Andres Paleo  Ph.D. 
Structural 

Engineering  

University of 

Florida  
E 5 2 

Meteorology, 

Hydrological 

and 

Hydraulics  

Ankit Prashnani  M.S. Geomatics  
CEPT 

University  
E 6 3 

Meteorology, 

Hydrological 

and 

Hydraulics, 

Statistics  

Anthony 

Cooper  
M.Eng  Engineering  

University of 

Cambridge  
F 6 1 

Actuarial  Chad Xu  M.S. 
Actuarial 

Science  

Temple 

University  
C 2 2 

Vulnerability, 

Actuarial  

Christopher 

Long  
M.A. Economics  

Tufts 

University  
E 25  19 
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Meteorology, 

Hydrological 

and 

Hydraulics, 

Statistics  

Christopher 

Sampson  
Ph.D. 

Geographical 

Sciences  

Univerity of 

Bristol (U.K.)  
F 10 10 

Vulnerability, 

Actuarial  
Corbin Tucker  M.S. 

Actuarial 

Science  

University of 

Illinois at 

Urbana 

Champaign  

E 5 2 

General, 

Meteorology, 

Hydrological 

and 

Hydraulics, 

Statistics  

Dan Rees M.A. 

Geographic 

Information 

Science  

Clark 

University  
E 13 1 

General  David Colbus  M.A. 
Climate and 

Society  

Columbia 

University  
E 6 1 

Meteorology  David Byrne  Ph.D. Oceanography  

University of 

Liverpool 

(U.K.) 

E 5.5  1 

Meteorology, 

Hydrological 

and 

Hydraulics, 

Statistics  

Elham 

Sharifineyestani  
Ph.D. 

Civil 

Engineering  

Old Dominion 

University  
E 6 3 

Meteorology, 

Hydrological 

and 

Hydraulics, 

Statistics  

James Savage  Ph.D. 
Geographical 

Sciences  

University of 

Bristol (U.K.)  
F 7 4 

Actuarial  Minchong Mao  

M.S., 

FCAS, 

MAAA, 

CCRMP 

Computer 

Science  

University of 

Missouri -

Columbia  

C 22  5 

Meteorology, 

Hydrological 

and 

Hydraulics, 

Statistics  

Nans Addor  Ph.D. Geography  

University of 

Zurich, 

Switzerland  

F 8 1 

Meteorology, 

Hydrological 

and 

Hydraulics, 

Statistics  

Niall Quinn  Ph.D. 
Geographical 

Sciences  

University of 

Southampton  
F 6 5 

General, 

Meteorology, 

Hydrological 

Petr Puncochar  Ph.D. 

Hydrology and 

Open -Channel 

Hydraulics  

Czech 

Technical 

University in 

E 13 13 
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and 

Hydraulics, 

Statistics  

Prague 

(Czechia)  

Computer 

Information  
Purvish Patel  B.S. 

Computer 

Science  

South 

Gujarat 

University 

(India)  

E 24  10 

Statistics  Radek Solnicky  M.S. 
Mathematical 

Statistics  

Charles 

University  
E 13 13 

Meteorology  Radovan Drinka  M.A. 

Physics (with 

focus on 

Meteorology 

and 

Climatology)  

Comenius 

University in 

Bratislava 

(Slovakia)  

E 15 12 

Vulnerability  
Ricardo Wong 

Montoya  
B.S. 

Civil 

Engineering  

Pontifical 

Catholic 

University of 

Peru 

E 3 2 

Computer 

Information  
Sushma Bhat  B.S. 

Computer 

Science  

University of 

Bombay 

(India)  

E 25  16 

Computer 

Information  

Venkatesh 

Ramaiah  
M.S. 

Computer 

Science  

Birla Institute 

of 

Technology 

and Science, 

Pilani (India)  

E 19 13 

Vulnerability  
Vipin 

Unnikrishnan  
Ph.D. 

Structural 

Engineering  

Louisiana 

State 

University  

E 9 7 

Computer 

Information  
William Dong  Ph.D. 

Civil 

Engineering  

University of 

Nebraska -

Lincoln  

E 11 6 

General, 

Meteorology, 

Hydrological 

and 

Hydraulics, 

Statistics, 

Actuarial  

Xian He Ph.D. 
Civil 

Engineering  

University of 

Illinois at 

Urbana -

Champaign  

E 6 5 

Vulnerability  Yujin Liang  Ph.D. 
Structural 

Engineering  

University of 

Illinois at 

Chicago  

E 31 18 

Vulnerability  
Yuliia 

Khmurovska  
Ph.D. 

Civil 

Engineering  

Czech 

Technical 

University in 

Prague 

(Czechia)  

E 10 1 
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Computer 

Information  

Shruthi 

Srikantegowda  

PGDIPL Information 

Technology  

Symbiosis 

International, 

Pune (India)  

E 18 14 

 

B. Provide visual business workflow documentation connecting all personnel 

related to flood model design, testing, execution, maintenance, and 

decision -making.  

A diagram to illustrate connections between all personnel related to flood  model design, 

testing,  execution, maintenance, and decision -making is provided below in Figure 4. 

 

 

 

 

Figure 4: Business workflow diagram illustrating the connections between Impact Forecasting 

personnel  

. 
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GF-2.3  Independent Peer Review  

A. Provide reviewer names and dates of external independent peer reviews 

that have been performed on the following components as currently 

functioning in the flood model:  

1. Meteorology  

2. Hydrology and Hydraulics  

3. Statistics  

4. Vulnerability  

5. Actuarial Science  

6. Computer/Information Science  

The Meteorology and Vulnerability components were reviewed in January 2024 by Holly 

Widen, Ph.D.  

Dr. Widen leads Americas flood model evaluations for Aon Reinsurance Solutions. Dr. 

Widen is an expert at evaluating the science and engineering implemented within flood 

models licensed by Aon Benfield Inc. and has more than 7 years of professional experie nce 

in catastrophe risk management, natural hazards, and insurance. Prior to joining Aon, Dr. 

¶ēúþĬ ŞĳłĢþú æō xēņĢ bæĬæĊþīþĬō |ĳĥŒōēĳĬņȽ MĬôȼ ɤĬĳŞ bĳĳúŤʁņ xb|ɥ ēĬ cþŞæłĢȽ /æĥēĉĳłĬēæ 

as the Product Manager of the RMS U.S. Inland Flood HD Model.  

Dr. Widen has a Bachelor of Science degree in Atmospheric Science from Indiana 

University, a Master of Science degree in Geography from Ball State University, and a 

Doctorate degree in Geography from Florida State University.  

 

The Vulnerability component was reviewed in November 2023 by ERN (Evaluación de 

Riesgos Naturales ), led by Dr. Eduardo Reinoso , the founder of ERN. ERN is a Mexico -

based leader in risk assessment modeling in Latin America.  

B. Provide documentation of independent peer reviews directly relevant to the 

modeling organization responses to the flood standards, disclosures, or 

forms. Identify any unresolved or outstanding issues as a result of these 

reviews.  

There are no unresolved or outstanding issues as a result of these reviews. The review 

letters provided by ERN and by Dr. Widen  are included in Appendix C: External Expert 

Review of Vulnerability Modules  and Appendix D: External Expert Review of Meteorology 

and Vulnerability Modules , respectively . 

C. Describe the nature of any on -going or functional relationship the modeling 

organization has with any of the persons performing the independent peer 

reviews.  

Dr. Widen is an employee of Aon Benfield Inc., the parent entity of Impact Forecasting. Aon 

Benfield Inc. is the reinsurance broking subsidiary of Aon plc. Aon Benfield Inc. uses 

hurricane models from multiple modeling vendor companies, including Impact Fo recasting, 

ensuring that their clients have access to a range of loss perspectives.  
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ERN was acquired by Aon, the parent entity of Impact Forecasting, in November 2022. ERN 

is a part of Aon Reinsurance Solutions and  collaborates with Impact Forecasting. There was 

no collaboration between Impact Forecasting and ERN on the Impact Forecasting Florida 

Flood Model development, as ERN remained an external and un -biased reviewer.  

GF-2.4  Provide a list of rating agencies and insurance regulators that have reviewed the 

flood model. Include the dates and purpose of the reviews.  

The Impact Forecasting Florida Flood Model (FCHLPM) has not been reviewed by any rating 

agencies or insurance regulators.  

GF-2.5  Provide a completed Form GF -1, General Flood Standards Expert Certification. 

Provide a link to the location of the form [ Form GF-1: General Flood Standards 

Expert Certification ].  

GF-2.6  Provide a completed Form GF -2, Meteorological Flood Standards Expert 

Certification. Provide a link to the location of the form [ Form GF-2: Meteorological 

Flood Standards Expert Certification ].  

GF-2.7  Provide a completed Form GF -3, Hydrological and Hydraulic Flood Standards 

Expert Certification. Provide a link to the location of the form [ Form GF-3: 

Hydrological and Hydraulic Flood Standards Expert Certification ].  

GF-2.8  Provide a completed Form GF -4, Statistical Flood Standards Expert Certification. 

Provide a link to the location of the form [ Form GF-4: Statistical Flood Standards 

Expert Certification ].  

GF-2.9  Provide a completed Form GF -5, Vulnerability Flood Standards Expert Certification. 

Provide a link to the location of the form [ Form GF-5: Vulnerability Flood Standards 

Expert Certification ].  

GF-2.10  Provide a completed Form GF -6, Actuarial Flood Standards Expert Certification. 

Provide a link to the location of the form [ Form GF-6: Actuarial Flood Standards 

Expert Certification ].  

GF-2.11 Provide a completed Form GF -7, Computer/Information Flood Standards Expert 

Certification. Provide a link to the location of the form [ Form GF-7: 

Computer/Information Flood Standards Expert Certification ].   
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GF-3 Insured Exposure Location  

A. ZIP Codes used in the flood model shall not differ from the United States Postal Service 

publication date by more than 48 months at the date of submission of the flood model. ZIP 

Code information shall originate from the United States Postal Service.  

The Impact Forecasting Florida Flood (FCHLPM) Model  uses United States Postal Service ZIP Code 

data that is post processed by  the third -party vendor Zip-Codes.com . The issue date of the current 

iteration is November 2021 , which was within 24 months of the date of the original submission 

deadline, November 1 st, 2023, and is within the 48 months of the actual submission date, January 

31st, 2024, as specified by the standard.  

B. Horizontal location information used by the modeling organization shall be verified by the 

modeling organization for accuracy and timeliness and linked to the personal residential 

structure where available. The publication date of the horizontal locatio n data shall be no 

more than 48 months prior to the date of submission of the flood model. The horizontal 

location information data source shall be documented and updated.  

MīĿæôō CĳłþôæņōēĬĊʁņ MĬúŒņōłŤ 9ţĿĳņŒłþ 5æōæóæņþ ɤM95ɥ Œņþņ ĥæōɋĥĳĬĊ ĥĳôæōēĳĬæĥ úæōæȽ ŞĐēôĐ Đæņ 

been validated for accuracy. The IED relies on exposure from Aethenium, the vintage of the data 

used is 2022.  

C. If any flood model components are dependent on databases pertaining to location, a 

logical process shall be maintained for ensuring these components are consistent with the 

horizontal location database updates.  

Three polygon layers are used in the model serving as a basis for risk aggregation and additional 

breakouts.  

- Zip-code polygon shapefile (provided by zip -codes.com) introduced more in depth in section A 

above. This is the same layer as was used for the Impact Forecasting  Atlantic Tropical Cyclone ɴ 

Wind (FCHLPM)  Model Version 2.0  submission.  

- Florida county shapefile (provided by GfK) holding all information about individual counties  

- Florida state shapefile (provided by GfK) holding information about states, for Florida is however 

one polygon only.  

In model 'ReferenceData' database the table Geodata holds the hierarchical structure of which zip -

codes are covered by respective higher units (counties) and subsequently for states. Small number 

of polygons where counties and zip -codes boundaries are inco nsistent were thoroughly manually 

checked and proportion with larger area/ and IED sums insured was assigned to.  

Any subsequent changes are done and verified in the GIS environment and in this table is updated.  

D. Geocoding methodology shall be justified.  

Impact Forecasting uses industry -proven toolset for geo addressing from Precisely (former Pitney 

Bow eņɥȼ 9\9b9c¥| Ŀĥæōĉĳłī ēņ ŒņēĬĊ ōĐþēł Dþĳ!úłþņņēĬĊ !uMʁņ (Application programming interface)  

service to convert street address  strings in to location coordinates (in WGS 84 coordinate system).  

E. Use and conversion of horizontal and vertical projections and datum references shall be 

consistent and justified.  

The modeled storm surge elevation is based on the vertical datum of NAVD88 and the horizontal 

datum of NAD83  (Conver, et al., 2008) . During the surge elevation validation process, if the 
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observation data is not based on  NAD83 or  NAVD88 datum, the observed water elevations were 

converted to NAD83 and c!µ5ǎǎ ŒņēĬĊ ci!!ʁņ µ5!¥ªb ōĳĳĥ (https://vdatum.noaa.gov/ ). After 

the validation, the final  surge elevation of the  surge  footprint is converted to EGM08 vertical datum 

æĬú ¶D|ǎǊ ĐĳłēũĳĬōæĥ úæōŒī ŒņēĬĊ ci!!ʁņ µ5!¥ªb ōĳĳĥȼ 

The inland flood model consistently uses the Earth Gravitational Model (EGM) 2008 (EGM 08) 

vertical datum and the World Geodetic System (WGS) 1984 (WGS 84) horizontal datum.   

Disclosures  

GF-3.1 List the current location databases used by the flood model and the flood model 

components to which they relate. Provide the effective dates corresponding to the 

location databases.  

The Impact Forecasting  Florida  Flood (FCHLPM) Model uses United States Postal Service 

ZIP Code data that is post -processed by the third -party vendor Zip -Codes.com. The issue 

date of the current iteration is November 2021 , which was within 24 months of the date of 

the original submission deadline, November 1st, 2023, and is within the 48 months of the 

actual submission date, January 31st, 2024, as specified by the standard .  

GF-3.2  Describe in detail how invalid ZIP Codes, parcels, addresses, and other location 

information are handled.  

After importing a portfolio into ELEMENTS as described in Disclosure GF -3.3 , the status of 

the quality of the data can be found in a summary result which indicates how many 

exposures were mapped to the street address level, mapped to the ZIP Code level, or were 

found to be invalid. If a ZIP Code is found to be invalid and cannot  be found in the Impact 

Forecasting ZIP Code database, it will not be modeled. Users have the option to correct the 

data by changing the address/ZIP Code or setting coordinates and re -importing the 

portfolio.  

. 

GF-3.3  Describe any methods used for subdividing or disaggregating the location input 

data and the treatment of any variations for populated versus unpopulated areas.  

For exposure input on zip -code level, the calculation process is done on the cumulative 

inundation depth exceedance distribution calculated for individual zip -code and modeled  

event.  

GF-3.4  Describe the data, methods, and process used in the flood model to convert 

between street addresses and geocode locations (latitude -longitude).  

There are four geocoding options when importing exposure data into ELEMENTS:  

 

1. Use Most Precise Information Available  

If both coordinate and address information are provided by the user, this option outputs the 

higher precision geographic information. For example, if ZIP Code centroid coordinates are 

provided but address data is available and can be geocoded to street lev el, then the 

address data is used. If the coordinates provide more precise information, reverse 

geocoding is performed to find related administrative information (i.e., ZIP Code, state, etc.) 

which is used for reporting.  

 

https://vdatum.noaa.gov/
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2. Use Address Information, Ignore Coordinates  

This option uses the user -supplied address information (excluding coordinates) for 

geocoding with the internal geocoding engine. Locations where geocoding cannot be 

achieved with address information are excluded from analyses even if coordinates were 

provi ded.  

 

3. Use Coordinates and only if not available use Address Information  

This option uses the user -supplied coordinates regardless of precision. If coordinates are 

not present, the address data provided is used (as in option 2).  

 

4. Use Coordinates for Hazard and Address Information for Reporting  

The coordinates are used to find the appropriate hazard location, and the supplied address 

information is used for reporting. Generally, administrative information is retained (e.g., ZIP 

Code, state) when an exact match is available. ZIP Codes entered by t he user that do not 

match exactly to a known ZIP Code may be re -mapped to known ZIP Codes. This avoids the 

reverse geocoding process performed when attempting to use the Use Most Precise 

Information Available option (option 1 above), and administrative inf ormation is generally 

retained. If coordinates are not present for a given location, the address information is used 

(as in option 2). If address information is not present for a given location, the coordinate 

information is used (as in option 3).  

 

ELEMENTS has the option to validate the address information provided by the user using a 

third -party geocoder (Precisely, formerly Pitney Bowes) if available.  

GF-3.5  Describe the use of geographic information systems (GIS) in the process of 

converting among street address and geocode locations, and the generation of 

insured exposure locations.  

No use of GIS software or associated libraries are directly used.  

The information about the precise risk location is specified by model users with 

latitude/longitude coordinates (available in WGS 84) or provided by 3 rd party geocoder 

ĉłĳī ułþôēņþĥŤʁņ |ĿþôōłŒī Dĥĳóæĥ DþĳôĳúēĬĊȽ úēņôŒņņþú ēĬ Disclosure GF -3.4 . 

The zip -code ID assignment for risk coordinates is done in ELEMENTS portfolio import 

process by a spatial query in SQL over the zip -code layer (reference) stored in SQL as an 

SQL geometry object.  

GF-3.6  List and provide a brief description of each database used in the flood model for 

determining geocode location.  

A list of ZIP Code -based databases used in the Impact Forecasting Flood (FCHLPM) Model, 

along with a brief description of each, is given below.  

ZIP Code  

ZIP Code boundaries and point ZIP Codes used in the Impact Forecasting model are 

acquired from Zip -Codes.com. Zip -Codes.com uses algorithms that strictly interpret 

monthly data feeds from the U.S. Postal Service to construct polygons for postal ZIP Codes. 

All maps displayed in this submission are created based on this ZIP Code boundary product.  
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ZIP Code Events  

 

Population -weighted inundated depth profile s are calculated for ZIP Codes affected by 

events. Using the 2020 U.S. Census population data  released in 2022 , population is 

assigned to each model grid cell , and the average population -weighted flood inundation 

depth is calculated for each event and ZIP Code. Those ZIP Codes that have a population -

weighted centroid outside of the event footprint will not be included for that event.   

 

GF-3.7  Describe the process for updating flood model geocode locations as location 

databases are updated.  

Impact Forecasting updates its ZIP Code databases at least every 24 months. The update 

process is as follows:  

1. Acquire the ZIP Code boundary and point ZIP Code data from ZIP -Codes.com.  

2. ZIP Code boundary data are compared with previous vintages for accuracy and 

appropriateness.  

3. If the data pass the above inspection, the new version is deployed into the Impact 

Forecasting flood model.  

4. Additional ZIP Code databases described in Disclosure G F-3.4  (ZIP Code Events) 

are prepared using the new ZIP Code data and U.S. Census data.  

GF-3.8  Describe in detail the methods by which ground elevation data at the insured 

exposure location (e.g., building) is associated with the location databases and 

how this associated data is used in the flood model.  

The altitude  of each insured location  is extracted from the digital terrain mode l in Hydrogrid 

dataset, as is described in Disclosure HHF -1.5. This is subsequently used to reflect first -

floor -height in the loss calculation process . 

GF-3.9  For each parameter used in the flood model, provide the horizontal and vertical 

projections and datum references, if applicable. If any horizontal or vertical datum 

conversions are required, provide conversion factors and describe the conversion 

methodology used.  

For the storm surge portion of the model, the vertical datum employed in the SLOSH basins 

is NAVD88 and the horizontal datum is NAD83 (Conver, et al., 2008) . During the surge 

elevation validation process, if the observation data is not based on  NAD83 or  NAVD88 

datum, the observed water elevations were converted to  NAD83 and  NAVD88 using 

ci!!ʁņ µ5!¥ªb ōĳĳĥ ɤhttps://vdatum.noaa.gov/ ). After the validation, the final surge 

elevation of the surge footprint  is converted to EGM08 vertical datum and WGS84 

ĐĳłēũĳĬōæĥ úæōŒī ŒņēĬĊ ci!!ʁņ µ5!¥ªb ōĳĳĥ ōĳ óþ ôĳĬņēņōþĬō ŞēōĐ ĳōĐþł īĳúþĥ 

components.  

The parameters used in the Inland Flood Model are based on World Geodetic System (WGS) 

1984 (WGS 84) horizontal datum, while the vertical values are based on elevation dataset 

employing the Earth Gravitational Model (EGM) 2008 (EGM 08) vertical datum.  

  

https://vdatum.noaa.gov/
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GF-4 Independence of Flood Model Components  

The meteorology, hydrology and hydraulics, vulnerability, and actuarial components of the 

flood model shall each be theoretically sound without compensation for potential bias from 

other components.  

The meteorological, hydrology and hydraulics, vulnerability, and actuarial components of the Impact 

Forecasting Florida Flood  (FCHLPM) Model are theoretically sound and developed independently. 

Each component is validated individually without consideration of possible biases in other 

components.  
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GF-5 Editorial Compliance  

The flood model submission and any revisions provided to the Commission throughout the 

review process shall be reviewed and edited by a person or persons with experience in 

reviewing technical documents who shall certify on Form GF -8, Editorial Review Expert 

Certification, that the flood model submission has been pe rsonally reviewed and is 

editorially correct.  

The Impact Forecasting submission has been compiled, edited, and reviewed by a person with 

experience in authoring and reviewing technical documents for consistency, grammar, and editorial 

accuracy. The signatory for Form GF-8: Editorial Review Expert Certification  (also referred to here 

as the Editor), David Colbus, has experience in authoring, reviewing, and editing technical 

documentation, as well as experience understanding the FCHLPM Hurricane Standards and 

Acceptability Process. Further details on the qualificati ons and experience of the Editor may be 

found in Appendix B: Individuals Involved in the Impact Forecasting Florida Flood Model (FCHLPM) 

Model Acceptability Proces s . 

Disclosures  

GF-5.1 Describe the process used for document control of the flood model submission. 

Describe the process used to ensure that the paper and electronic versions of 

specific files are identical in content.  

Impact Forecasting used the web -based collaboration platform, Microsoft SharePoint, to 

manage document control of the submission. In addition to facilitating clear version 

ĐēņōĳłēþņȽ |ĐæłþuĳēĬō Đæņ æ ɾôĐþôĢ ĳŒōɿ ĉþæōŒłþ ŞĐēôĐ ēņ Œņþú óŤ ōĐþ 9úēōĳł ōĳ þĬņŒłe that (1) 

only authorized changes are made to the submission document, (2) all required formatting 

and links are maintained, and (3) ultimately, the paper and electronic versions of the 

submission document and all associated files are identical in content .  

 

To compile the initial version of the submission document, submission authors and 

contributors first produced a separate draft of each Standards section within an organized 

folder structure on SharePoint. Track Changes and Comments were used to facilitate 

collaboration and discussion among Standard collaborators. Once the draft of each 

Standards section was completed and reviewed by the section owner (signatory who 

certifies the corresponding Expert Certification form), the Editor locked each draft 

document  for editing and incorporated its content into a master document template.  

 

From this point forward, in order to maintain a clear and consistent version history and 

þĬņŒłþ ōĐæō Ĭĳ ôĐæĬĊþņ ōĐæō ŞþłþĬʁō þţĿłþņņĥŤ æŒōĐĳłēũþú óŤ ōĐþ ņþôōēĳĬ ĳŞĬþłņ ŞĳŒĥú óþ 

made to the final document, only the Editor was permitted to make changes to th e draft 

submission. At this stage, the Editor performed a comprehensive editorial review of the 

draft document using Track Changes and made notes using Comments of any areas that 

appeared to need clarification or additional information from the section own ers.  

 

Further edits were completed on a rolling basis while the Editor maintained a 

comprehensive version history of each subsequent draft version. To request a change to 

any submission content (Standards, Disclosures, or Forms), the section owner or 
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collaborator downloaded the most recent version of the master document, made edits using 

Track Changes, clearly labeled the file name of their version, and submitted it to the Editor 

for inclusion. The Editor incorporated the requested changes to the maste r document (while 

noting in the version history what changes were made) and requested review from the 

section owner. A final deadline was established for content changes by section owners, 

after which point the Editor made a final review of the completed s ubmission document for 

consistency, grammar, and editorial accuracy.  

 

Finally, to prepare for printing, the submission document was converted to PDF (Portable 

Document Format). The PDF was reviewed by the Editor for proper bookmark functionality. 

Upon receipt of the printed copies, the document was personally reviewed by the  Editor to 

ensure print quality and readability . 

GF-5.2  Describe the process used by the signatories on the Expert Certification Forms GF -

1 through GF-7 to ensure that the information contained under each set of flood 

standards is accurate and complete.  

Each signatory on Expert Certification Form GF-1 through Form G F-7 was responsible for 

the final review of their section, in addition to preliminary reviews throughout the 

submission production process. Additional key contributors may submit requested changes 

to the master document (see Disclosure G F-5.1), but the section owner must ultimately 

approve them. Upon inclusion of any changes to the working submission draft, the 

signatory must re -approve the updated version. Prior to submission of the final document, 

each signatory gives a final review and comm unicates to the Editor that they have signed 

off.  

GF-5.3  Provide a completed Form GF -8, Editorial Review Expert Certification. Provide a 

link to the location of the form [ Form GF-8: Editorial Review Expert Certification ].  
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METEOROLOGICAL FLOOD STANDARDS  

MF-1 Flood Event Data Sources  

A. The modeling of floods in Florida shall involve meteorological, hydrological, hydraulic, and 

other relevant data sources required to model coastal and inland flooding.  

The Impact Forecasting Florida Flood Model  uses current scientific and technical literature involving 

meteorological, hydrological, hydraulic, and other relevant data sources required to model coastal 

and inland flooding. A comprehensive list of pertinent references can be found in Disclosure GF -1.6. 

B. The flood model shall incorporate relevant data sources in order to account for 

meteorological, hydrological, and hydraulic events and circumstances occurring either 

inside or outside of Florida that result in, or contribute to, flooding in Florida.  

The Impact Forecasting Florida Flood Model  incorporates relevant data sources accounting for 

meteorological, hydrological, and hydraulic events and circumstances occurring  either  inside or 

outside Florida that result in or contribute to flooding in Florida. A comprehensive list of pertinent 

references can be found in  Disclosure GF -1.6. 

C. Coastal and inland flood model calibration and validation shall be justified based upon 

historical data consistent with peer reviewed or publicly developed data sources.  

Coastal and inland flood model calibration and validation are justified and based upon historical data 

consistent with peer reviewed or publicly developed data sources. The validation data sources and 

plots can be found in  the  Form HHF-1 ~ Form HHF-5. 

D. Any trends, weighting, or partitioning shall be justified and consistent with current 

scientific and technical literature.  

There was no trending, weighting , or partitioning when developing the Impact Forecasting Florida 

Flood Model . 

Disclosures  

MF-1.1 Specify relevant data sources, their release dates, and the time periods used to 

develop and implement flood frequencies for coastal and inland flooding into the 

flood model.  

The Base Hurricane Storm Set  from the official HURDAT2 database  (Landsea, et al., 2008)  

and the Hadley Centre Sea Ice and Sea Surface Temperature Dataset (HadISST)  (Rayner, et 

al., 2003)  as of August 2, 2021, covering the period from 1900 to 2020, are used to 

develop and implement flood frequencies and intensities for TC -induced coastal and inland 

flooding.  

The key datasets used in the non -TC synthetic event set model, corresponding hydrological 

model, and the construction of inland event inundation footprints include:  
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ï MSWEP: reanalysis precipitation fields (Beck, et al., 2019) , version 2.8 (Feb 14, 2021) 

covering the period of 1980 to 2020 were used in the training of the non -TC event set 

model.  

ï IBTrACS version v04r00: Storm track and associated dates for historical events (Knapp 

et al., 2010; 2018), released 2019, using data covering the period of 1980 to 2020, was 

used to remove historical TC events from our dataset used to train the non -TC mode l  

ï USGS watershed units: Polygonal hydrological units, obtained 2020, was used within the 

event clustering stage of the non -TC synthetic event set model training data creation 

and as discretization units for the pluvial event footprints.  

ï Multi -Source Weather (MSWX): bias -corrected and interpolated reanalysis multivariate 

fields (including temperature) on the same grid as MSWEP (Beck, et al., 2022) , version 

1.0 (Dec 12 2020), covering the period of 1980 to 2020, was used in the generation of 

the hydrological hindcast.  

ï Multi -Error -Removed Improved -Terrain Hydrography (MERIT hydro): Global river 

hydrography (network) at 3 arcsecond resolution (Yamazaki, et al., 2019) , version 1.0.1 

(10 June 2019) was used to derive river reach locations and connectivity.  

ï Multi -Error -Removed Improved -Terrain Digital Elevation Model (MERIT DEM): Global 

terrain dataset at 3 arcsecond resolution (Yamazaki, et al., 2017) , version v1.0.3 (15 oct 

2018) was used in the hydrological model.  

ï Fathom Hazard catalog : Pre-computed flood inundation layers across 15 Return Periods 

for fluvial and pluvial perils (Bates et al., 2021), version US V2.F are sampled from within 

each synthetic event to construct a flood inundation footprint. Further datasets are used 

within this product include river gauge data from the USGS  National Water Information 

System (NWIS) (gauges records cover various dates but last updated in 2021) and 

extreme rainfall data taken from the National Oceanic and Atmospheric Administ ration 

(NOAA) Precipitation Frequency Data Server (PFDS) Atlas 14 - accessed January 2023  

MF-1.2 Where the flood model incorporates modification, partitioning, or adjustment of the 

historical data leading to differences between modeled climatological and 

historical data, justify each modification and describe how it is incorporated.  

The historical data was not modified, partitioned, or adjusted when developing the TC -

induced events in the Impact Forecasting Florida Flood Model.  

ï Within the non -TC synthetic event set training data creation, reanalysis data was 

modified prior to the characterisation of marginal distributions and subsequent synthetic 

event set generation by removing the historical Tropical Cyclone and Tropical Storm 

data points from the records. This data was then used to derive event -max tables that 

would be used to characterize the non -TC synthetic event set model. This was done to 

ensure the model did not represent TC and TS  (tropical storm)  processes, to avoid lat er 

double counting in the final event set.  

MF-1.3 Describe how historical sea -level rise is treated in the flood model validation. If 

sea-level rise is not used in flood model validation, justify its omission.  

In the coastal flood model validation for historic events, modeled maximum storm tides are 

validated against observations of peak water levels from sources like NOS  (National Ocean 

Service) , USGS, etc. These observations include the effects of sea -level rise. The modeled 

results do not include sea -level rise due to its small effects. When averaged over all the 

Şĳłĥúʁņ ĳôþæĬņȽ ōĐþ Ċĥĳóæĥ īþæĬ ņþæ ĥþŝþĥ Đæņ łēņþĬ óŤ æóĳŒō ǆȼǇǍī ĳŝþł ōĐþ ĥæņō Ǉ00 years 



Meteorological  Flood Standards  

 

Impact Forecasting Florida Flood Model (FCHLPM) v3.0  

Aon 66  October 24 , 202 4 4:40  PM 

 

(1920 -2020), with noted acceleration since about 1970. Relative sea level averaged along 

the contiguous United States has risen about 0.28m over the same period, which is 

equivalent to about 0.0028m per year (Sweet, et al., 2022) . Studies showed a sea level rise 

rate in various tide stations along Florida coastline of around 0.0014m per year ~ 0.0037m 

per year in the 1930s and 0.0024m per year in the 1970s. Since early 2000s, the mean sea 

level rise rate has increased to about 0.0 08m per year by the end of 2021 (Wdowinski, 

2019; Dangendorf, et al., 2023; NOAA; Tides & Currents, 2023a) . Most of the validation 

data used for the storm surge portion of the Impact Forecasting Florida Flood Model  is for 

events after 1990. So, for the 30 years or so after 1990, the maximum sea level rise could 

only be around 0.24m, which is not significant enough to alter the loss estimates a lot. 

Thus, the sea -level rise is not considered in developing the storm surge portion of the 

Impact Forecasting Florida Flood Model .  

The sea level rise is not used in inland flood model validation due to its minimal impact on 

the study area, leading to a negligible influence on the overall results.  

MF-1.4 Describe if and how future projected sea -level rise is treated in the flood model.  

The Impact Forecasting Florida Flood Model  does not consider projected sea -level rise.  

MF-1.5 Describe any assumptions or calculations used in the flood model relating to future 

conditions (e.g., changes in precipitation patterns, changes in storm frequency or 

severity).  

No assumptions or calculations were used in the Impact Forecasting Florida Flood Model  

that anticipates changes in future conditions.  

MF-1.6 Describe if and how historical changes in topography, bathymetry, and land use 

land cover are treated in the flood model validation.  

In the coastal flood validation, the observation data reflects the changes in topography, 

bathymetry, and land use land cover. The modeled storm surge also considers the changes 

in topography, bathymetry and land use land cover through SLOSH basins. The SL OSH 

basins are updated at an average rate of 3 -6 basins per year, to account for changes in 

bathymetry and topography (NOAA, 2023b) . These updates are driven by several factors 

including changes to bathymetry/topography due to a landf alling hurricane, changes to the 

coastline, addition of new flood protection devices like levees, increasing the resolution for 

better surge conveyance or for better representation of local features, etc.  

For the inland flood hazard modelling, we assume static land use cover, bathymetry, and 

topography for the model simulations. These components represent a present -day model 

and are based on the latest data available to us at the time of modeling.  

MF-1.7 If precipitation is explicitly modeled for either inland or coastal flooding, then 

describe the underlying data and how they are used as inputs to the flood model.  

Precipitation is explicitly modeled  in the Impact Forecasting Florida  Flood Model, utilizing a 

physics -based Tropical Cyclone Rainfall (TCR) model developed by Lu et al.  (2018)  and 

Feldmann et al.  (2019) . Details about the model can be found in studies by Lu et al.  (2018)  

and Feldmann et al.  (2019) . This model calculates rain rates and accumulated rainfall at 

specified Points of Interest (POI), defined here as any 0.1°×0.1° grid point in the continental 

United States. The key inputs for the model include:  
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ï Two-hourly track information, encompassing details such as track position, dates, 

maximum sustained wind speed, and radius of maximum wind speed (RMW). These two -

hourly data points are interpolated from six -hourly data derived from IF Hurricane model.  

ï Environmental parameters at different pressure levels including two -hourly 600 hPa 

(hectopascal) environmental temperature, 250, and 850 hPa environmental zonal and 

meridional wind speeds (m/s) interpolated to the storm center. These parameters were 

obtain ed using two sets of reanalysis data including NOAA CIRES  (Cooperative Institute 

for Research in Environmental Sciences ) Twentieth Century Global Reanalysis Version 1 

(1908 -1958) (Compo, G. P., et al. 2009) and NOAA NCEP -NCAR (1958 ɴ 2023)  (Kalnay, 

et al., 2018) .  

ï Topography and Drag coefficient: The drag coefficient, derived from the Surface 

Roughness dataset of NLCD 2019 using (Lu, et al., 2018)  formula. For the topography, 

we used a digital elevation map with a horizontal resolution of 0.1°×0.1°.  

ï Analytical wind profile: We employed (Emanuel & Rotunno, 2012)  analytical wind profile.  

ï The maximum 24 -hours accumulated rainfall, derived for historical and stochastic event 

sets, serves as input for the Fathom hydrological model.  

For the pluvial flood hazard model simulations, we take extreme rainfall estimates in the 

form of Intensity -Duration -Frequency curves from the National Oceanic and Atmospheric 

Administration (NOAA) Precipitation Frequency Data Server (PFDS). These data are  based 

on gauge data and describe rainfall intensity for different duration events for different event 

severities. We take these estimates for the 1 -, 6- and 24 -hour rainfall durations for  

simulation in the hydrodynamic model. Rainfall is reduced to accoun t for soil infiltration and 

urban drainage and simulated within the hydrodynamic model. More detail is provided in 

Disclosure MF-2.6 . 

Within the non -TC synthetic event set, explicit precipitation fields are modeled, converted 

to probability (return period) space after merging with the TC event set, and are then used 

to sample from pre -computed hazard layers to derive inundation footprint s after 

interpolation to National Hydrography Dataset's Hydrologic  Unit Level Ten watershed 

boundary units. The MSWEP precipitation dataset is used as a pluvial training data input to 

the non -TC synthetic event set model. This dataset contains reanalysis p recipitation fields 

across a 0.1 degree grid at 3 -hourly resolution from 1979 to present. The data is also used 

to force the hydrological model reanalysis to provide the fluvial training data. This data is 

interpolated to 25 km spatial and daily temporal r esolution.  

MF-1.8 Provide citations to all data sources used to develop and support bottom friction 

for storm surge modeling, including publicly developed or peer reviewed 

information.  

The SLOSH model is based on constant eddy viscosity and bottom slip coefficients, which 

can reproduce reasonable steady bottom flow behavior of the wind -driven currents over an 

inner shelf. The SLOSH model bottom stress formulation is described in (Platzman, 1963; 

Jelesnianski, 1966; 1970; 1992; Kim & Chen, 1999) . The values for the eddy viscosity and 

bottom slip coefficients were empirically determined using three historical storms with 

adequate meteorological and surge data for such tests ɴ the September 1944 storm, Carol 

in 1956, and Donna in 1960 (Jelesnianski, et al., 1992) . A tide gauge was operative just 

ĳĉĉņĐĳłþ æō !ōĥæĬōēô /ēōŤȽ cþŞ XþłņþŤ úŒłēĬĊ æĬú æĉōþł þæôĐ ĳĉ ōĐþņþ ņōĳłīņʁ ĿæņņæĊþņȼ !ĥĥ 

three storms were traveling at high speed (>30mph) and waters just offshore were deep 

(>25ft depths). The SLOSH model was tested us ing several values for eddy viscosity and 
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slip coefficients until the peak surge matched well with the observation. It was also found 

that the peak surge was insensitive to a broad range of eddy viscosity and bottom slip 

coefficients when both were included in the bottom stress formulation (Jelesnianski, 1966) . 

This may not always hold for shallow waters (<10ft) or for slow moving storms. Special tests 

with the SLOSH model for shallow depths and inland inundation with real observed data in 

Lakes Okeechobee and Pontchartrain imply the adopted values of eddy visc osity and 

bottom slip coefficients are acceptable in a universal sense, at least for the level of 

accuracy needed in operational storm surge forecasting.  

MF-1.9 State whether the model includes flooding other than coastal and inland flooding. 

State whether the other flooding types are independent of the minimum required 

sub-perils of coastal and inland flooding.  

The Impact Forecasting Florida Flood Model  only include s coastal and inland  (fluvial and 

pluvial)  flooding.   
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MF-2 Flood Parameters (Inputs)  

A. The flood model shall be developed with consideration given to flood parameters that are 

scientifically appropriate for modeling coastal and inland flooding. The modeling 

organization shall justify the use of all flood parameters based on information do cumented 

in current scientific and technical literature.  

The Impact Forecasting Florida Flood Model  parameters are based on scientifically appropriate 

technical literatures and data sources. The justification of the flood parameters can be found in 

Disclosure MF -2.1. 

B. Differences in the treatment of flood parameters between historical and stochastic events 

shall be justified.  

The Impact Forecasting Florida Flood Model has no difference in the treatment of flood model 

parameters between historical and stochastic events.  

C. Grid cell size(s) used in the flood model shall be justified.  

The storm surge portion of the Impact Forecasting Florida Flood Model  models surge elevation at a 

grid cell resolution of 0.0025 -degree (equivalent to about 250 m). The 250 m resolution was 

determined based on the smallest SLOSH basin grid. The DEM  (Digital Elevation Model)  data 

resolution is 0.0003 -degree which is equivalent to about 30m, thus the surge depth resolution is 

also 0.0003 -degree (about 30m). The justification of grid cell size used in the storm surge portion of 

the Impact Forecasting Florida Flood Model can be found in Disclosure MF -2.11.  

The inland flood inundation model is simulated at 1 arc second (approximately 30 m) resolution. The 

properties of the river channel (i.e., riverbed and bank elevation and width) are determined at a 3 arc 

second (approximately 90 m) resolution, with these p roperties interpolated to 1 arc second between 

the center points of these cells.  

This model resolution was chosen as being fine enough to resolve primary flow pathways whilst also 

remaining computationally feasible to run models across the state for all three primary flood perils. 

This resolution is typical of regional and national sca le models, and publications have demonstrated 

that models simulated at these resolutions are able to compare well to national scale flood maps 

(e.g. Bates et al. 2021; Bates et al. 2023).  

The hydrological models FUSE is run on a 0.25° grid (~25km at the equator) and mizuRoute is run 

on the MERIT -Hydro network (median reach length of ~7km). Both models are set up to simulate all 

river reaches upstream and downstream of the TC/TS rainfall foo tprint.  

For the inland event set, the final model event footprints are generated through the sampling from 

pre-computed hazard layer catalog s. To do this in an efficient manner, the region is discretised into 

pluvial and fluvial catchments, and within each, the event maximum return period is defined. This 

return period is used to select the most appropriate hazard layer (flood depths) to sampl e. Further 

details are provided above in Disclosure HHF-1.2. 

Disclosures  

MF-2.1 For coastal and inland flood model components, identify and justify the various 

flood parameters used in the flood model.  

The following parameters are used in the  storm surge portion of the Impact Forecasting 

Florida Flood Model : 
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Central  Pressure  

The central pressure deficit (i.e. the difference in atmospheric pressure between the storm 

center and the environment) will pile up the water and lead to pressure -driven surge. Lower 

central pressure will produce a higher surge. The central pressure is mo deled in the form of 

relative intensity (Darling, 1991)  using a multiple linear regression model. For each time 

step, the central pressure in a given 5x5 -degree cell is modeled as a function of the relative 

intensities from the previous three time steps and the current and previous sea surface 

temperatures  (Vickery, et al., 2000; Rayner, et al., 2003) . A random error term which 

follows a normal distribution is used to model the residuals that result from the regression. 

Relative intensity values are taken between 0 and 1 to constrain the minimum central 

pressures a hurricane can physically reach under certain environmental conditions.  

Radius of Maximum Winds  

The radius of maximum winds is an important parameter that describes the size of a 

hurricane and the footprint extent of the storm surge. The winds in a larger storm will push 

water from a larger area of the ocean to affect a larger region on land. The str ong winds in a 

larger storm usually tend to affect an area longer than smaller storms (NOAA, 2023b) . The 

Rmax is modeled as a random variable which follows a lognormal distribution. The mean of 

the variable is described as a function of central pressure deficit and latitude (Vickery & 

Wadhera, 2008) . The variation relative to the mean is determined from historical data 

through regression analysis. The historical data is obtained from the HURDAT2 Re -analysis 

Project (e.g., (Landsea, et al., 2004a; Landsea, et al., 2004b; Landsea, et al., 2008; 

Landsea, et al., 2012; Landsea, et al., 2014; Hagen & Landsea, 2012; Delgado, et al., 

2018) ), NOAA Technical Report NWS 38 (Ho, et al., 1987) , and the Extended Best Track 

Dataset (Demuth, et al., 2006) . 

Storm Track (Translational Speed and Heading Angle)  

The translational wind speed and heading angle affect the peak storm surge height. In 

general, a storm with a heading angle perpendicular to the coastline generates higher storm 

surge  than  a storm with  heading angle close to parallel to the coastline.  On the open coast, 

a storm with higher translational speed will produce a higher surge. However, in bays, 

sounds, and other enclosed bodies of water, higher surge is produced with a slower storm 

since slower storm will have more time to accumulate water o n land (NOAA, 2023b) . The 

hurricane translational speed and heading angle at every 6 -hour time step are modeled as 

separate regression models, using the forward speed, heading direction, latitude, and 

longitude from up to two previous time steps as predictors. The regression c oefficients are 

derived for different 5x5 -degree cells across the North Atlantic Ocean (Vickery, et al., 

2000; 2009c) . The regression model with the corresponding set of coefficients is used 

when a storm moves into a given cell. The residuals from the regression are modeled as a 

normal distribution in each cell to address the randomness of hurricane movement.  

Shape of the Coastline  

Storm surge will be higher when a hurricane makes landfall on a concave coastline (curved 

inward, such as the Apalachee Bay in Florida) as opposed to a convex coastline (curved 

outward, such as the Miami Beach area on the east coast of Florida). Places wit h bays are 

especially vulnerable because the mound of water can be funneled into a small area. The 

shape of the coastline is defined in SLOSH basin grids (Conver, et al., 2008) . 
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Width and Slope of the Ocean Bottom  

Higher storm surge occurs on wide and gently sloping continental shelves, while lower 

storm surge occurs on narrow and steeply sloping shelves. Areas along the Gulf Coast, 

including the west coast of Florida, are vulnerable to storm surge because the ocean  floor 

gradually deepens offshore. Conversely, areas such as the east coast of Florida have a 

steeper shelf, reducing the amount of storm surge (NOAA, 2023b) . The slope of the 

coastline is defined in SLOSH basin grids through latitude, longitude, and elevation of each 

grid cell  (Conver, et al., 2008) .  

Surface Drag Coefficient  

The surface drag coefficient is used to quantify the drag or resistance of an object in water. 

A lower drag coefficient indicates the object will have less hydrodynamic drag. In the 

absence of suitable data to empirically formulate a variable drag coeffici ent for surface 

stress, a constant was chosen by comparing observed and computed surges for 43 

historical storms (Jelesnianski, 1972) . The constant drag coefficient is presently used to 

forecast or hindcast surges generated by all tropical storms in all basins. A constant surface 

drag coefficient ὅ Ͻ” ”ϳ σ ρπὪὸίὩὧϳ  is used to calculate surface stress in SLOSH 

(Jelesnianski, 1972; 1992) . 

Vertical Eddy Viscosity Coefficient & Bottom Slip Coefficient  

The SLOSH model is based on constant eddy viscosity and bottom slip coefficients, which 

can reproduce reasonable steady bottom flow behavior of the wind -driven currents over an 

inner shelf. The values for the eddy viscosity and bottom slip coefficients wer e empirically 

determined using historical storms and validation data. The vertical eddy viscosity 

coefficient is 0.25 ὪὸȾί, and the bottom slip coefficient is 0.006 ὪὸȾί for all storms and in 

all geographical regions. With a fast -moving storm (>20mph), empirical tests with the 

SLOSH model generate a storm surge that is insensitive to large changes in bottom stress 

coefficients (Platzman, 1963; Jelesnianski, 1966; 1970; 1992; Kim & Chen, 1999) .  

Wind Friction Coefficients  

Strong wind friction gives weak winds with strong convergence (large inflow across 

pressure isobars), whereas weak friction yields strong winds with weak convergence of the 

wind field. These properties have compensating effects on the surge. Although large 

fricti onal changes cause large changes for the absolute surge surface stress or the 

computed wind speed, these frictional changes do not necessarily mean large changes for 

the storm surge. The computed surge is only mildly sensitive to the wind friction 

coeffici ents  (Jelesnianski, et al., 1992) . The wind friction coefficients in the tangential 

direction, Ὧ, and in the radial direction, Ὧ, are estimated using the following empirical 

equation:  

Ὧ ρȢρυὯ ‌
Ȣ

                         (7)  

Where Ὑ  is the radius of maximum winds in statute miles;  ὺ  is the maximum wind 

speed in mph for a stationary storm; ‌ is the location parameter ( ‌ ρ for ocean winds, ‌

τ ςςὙϳ  for lake winds). The above equation is based on empirical studies of many past 

hurricanes  (Jelesnianski, et al., 1992) . 

 

The inland flood hazard model requires the following components to be parameterized:  
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bæĬĬēĬĊʁņ xĳŒĊĐĬþņņ /ĳþĉĉēôēþĬō 

¥Đþ ĐŤúłĳúŤĬæīēô īĳúþĥ łþŁŒēłþņ æĬ þņōēīæōþ ĳĉ ōĐþ bæĬĬēĬĊʁņ łĳŒĊĐĬþņņ ôĳþĉĉēôēþĬō æņ 

per the underlying mass conservation equations presented by (Bates, et al., 2010) . This 

ōþłī ôĳĬōłĳĥņ ōĐþ ĉłēôōēĳĬ þţþłōþú ĳĬ Şæōþł ĉĥĳŞēĬĊ ĳŝþł ōĐþ þæłōĐʁņ ņŒłĉæôþȼ ¶þ æĿĿĥŤ æ 

ņĿæōēæĥĥŤ ŝæłŤēĬĊ bæĬĬēĬĊʁņ ĉłēôōēĳĬ ôĳþĉĉēôēþĬō ōĐæō ôĐæĬĊþņ óæņþú ĳĬ ĥæĬú ôĳŝþł æņ úþĉēĬþú 

by (Chow, 1959)  or (Arcement, et al., 1989) , which are listed in the Table 2. This is then 

modified in cells that contain buildings as defined by the Microsoft building footprints 

dataset ( Table 3). We do this so that areas within urban regions that do not contain 

óŒēĥúēĬĊņ ôæĬ Đæŝþ ĥĳŞþł bæĬĬēĬĊʁņ łĳŒĊĐĬþņņ ôĳþĉĉēôēþĬōņ ōĐæĬ ōĐĳņþ ôĳĬōæēĬēĬĊ óŒēĥúēĬĊņȼ 

In areas of no data we apply a uniform friction coefficient of 0.06, and within the sub -grid 

channels we apply a uniform friction coefficient of 0.04.  

Table 2: |ŒīīæłŤ ĳĉ ņĿæōēæĥĥŤ ŝæłŤēĬĊ bæĬĬēĬĊʁņ ĉłēôōēĳĬ ôĳþĉĉēôēþĬōņȼ 

NLCD land use code  Definition  Manning's roughness 

coefficient  

11 Open Water  0.04  

12 Perennial Ice/Snow  0.04  

21 Developed, Open Space  0.04  

22  Developed, Low Intensity  0.04  

23  Developed, Medium Intensity  0.03  

24  Developed, High Intensity  0.03  

31 Barren Land 

(Rock/Sand/Clay)  

0.025  

41 Deciduous Forest  0.1 

42  Evergreen Forest  0.1 

43  Mixed Forest  0.1 

52  Shrub/Scrub  0.1 

71 Grassland/Herbaceous  0.035  

81 Pasture/Hay  0.03  

82  Cultivated Crops  0.035  

90  Woody Wetlands  0.1 

95  Emergent Herbaceous 

Wetlands  

0.07  

127 Unclassified  0.06  

 

Table 3: |ĿæōēæĥĥŤ ŝæłŤēĬĊ bæĬĬēĬĊʁņ ĉłēôōēĳĬ ôĳþĉĉēôēþĬōņ ēĬ ōĐþ ĿłþņþĬôþ ĳĉ óŒēĥúēĬĊņȼ 
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Building Coverage  Manning's roughness coefficient  

>20% -50%  0.06  

50% -80%  0.09  

80%+  0.12 

Channel Bathymetry  

The model also requires the bathymetry of the river channel to be estimated. While river 

bathymetry information is not available over wide areas, it must at least be approximated to 

enable behavioral  simulations of flood events  (Fewtrell, et al., 2011) . River widths are 

estimated using the Global River Widths from Landsat (GRWL) database from (Allen & 

Pavelsky, 2018) . Channel bed elevations are then the last remaining variable to be 

estimated (as rectangular channels are assumed). Bankfull discharge is estimated to be 

equivalent to a return period of approximately 1 in 2 years  (Andreadis, et al., 2013; Harman, 

et al., 2008) . By combining bankfull discharge, channel width, and an estimate of slope 

calculated from the DEM, it is possible to produce an estimate of channel depth using an 

innovative channel solver based on the shallow water equations (Neal, et al., 2021) . The 

bæĬĬēĬĊʁņ þŁŒæōēĳĬ ēņ Œņþú ōĳ Ŀłĳŝēúþ æĬ ēĬēōēæĥ þņōēīæōþ ĳĉ ōĐþ ôĐæĬĬþĥ úþĿōĐ ŒņēĬĊ ōĐþ 

óæĬĢĉŒĥĥ úēņôĐæłĊþȽ ôĐæĬĬþĥ ŞēúōĐȽ æĬú æĬ þņōēīæōþ ĳĉ ōĐþ bæĬĬēĬĊʁņ ĉłēôōēĳĬ Ŀæłæīþōþł 

ŝæĥŒþȼ ¥Đþņþ bæĬĬēĬĊʁņ-based estimates of river bed elevation ( Table 2) are provided as 

initial conditions to a 1D gradually varying flow model that solves for nonuniform flow (Neal, 

et al., 2021) ȼ ¥Đþ ņĳĥŝþł ōæĢþņ ōĐþ ņŒłĉæôþ Şæōþł Ŀłĳĉēĥþ ôæĥôŒĥæōþú ŒņēĬĊ ōĐþ ēĬēōēæĥ bæĬĬēĬĊʁņ 

bed estimate, calculates the error between the observed bank elevation and the solved 

Şæōþł ņŒłĉæôþ þĥþŝæōēĳĬȽ æĬú æĿĿĥēþņ ōĐĳņþ úēĉĉþłþĬôþņ ōĳ ōĐþ bæĬĬēĬĊʁņ óþú þĥþŝæōēĳĬ 

estimate to produce a new estimate of bed elevation. This process is repeated twice, 

allowing the solver to improve its estimate of bed elevation.  

Inland Hydrological Model for Event Set Calculation  

The Framework for Understanding Structural Errors (FUSE) hydrological model (Clark, et al., 

2008)  relies on a dozen of adjustable model parameters that control processes such as 

evaporation, infiltration, snow accumulation and melt, and baseflow generation. The full list 

of parameters and their default values (which were used here) can be found in (Clark, et al., 

2008) ʁņ ¥æóĥþ ǉȼ For the FUSE snow module, the parameter ranges are provided in (Clark, 

et al., 2008) ʀņ ¥æóĥþ Ǉȼ FUSE parameters are spatially uniform. MizuRoute (Mizukami N. , et 

al., 2016 ; Mizukami N. , et al., 2021) , a rainfall -runoff routing model, implementation of the 

ĢēĬþīæōēô Şæŝþ ōłæôĢēĬĊȽ ŞĐēôĐ Şæņ Œņþú ĐþłþȽ łþĥēþņ ĳĬ ōŞĳ ĿæłæīþōþłņȾ bæĬĬēĬĊʁņ ĉłēôōēĳĬ 

coefficient, which was set to 0.01, and the river width scale factor (see equation 5 in 

(Mizukami, et al., 2016) , which was set to 0.001. MizuRoute parameter values are the same 

for all river segments.  

Table 4: Adjustable Model Parameters in FUSE model . 
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Inland non -TC Synthetic Event Set Model  

The parameters within the non -TC synthetic event set model that are considered to be the 

most important to model outputs are the event definition threshold, the spatio -temporal 

windows, and the marginal tail threshold specification.  

The event threshold and spatio -temporal windows used during the creation of the training 

data are used in the model to cluster reanalysis timeseries into unique historical events by 

first finding the local peaks in a timeseries at a given location, then gr ouping these 

exceedances into distinct events, using spatio -temporal clustering windows (following  

(Diederen, et al., 2019) . In this work, we used a 1 in 0.5 -year exceedance threshold to define 

an event of interest. The specification of this threshold is notoriously difficult in tail 

statistics, due to the trade -off between stability and representativeness. Due to the 

relative ly short records (40 years), this threshold was deemed to be a suitable compromise 

between the two. Previous research has used thresholds of similar magnitudes (e.g. (Quinn, 

et al., 2019; Li, et al., 2023) . Exceedances at local sites are then clustered using algorithms 

that contain temporal and spatial window parameters. The temporal window is given as 7 

days following the research by Allen et al (2018) on the travel times of large rivers to their 

terminus.  The spatial clustering algorithm (DBscan) is applied to the local exceedances that 

are found within the temporal window in order to extract unique spatial clusters. The spatial 

parameter within this algorithm is given as 5 decimal degrees, based on prelim inary tests 

and qualitative assessments. The definition of the temporal and spatial parameters (and 

indeed the determination of what an event is) is highly uncertain, and for this reason, have 

been the focus of sensitivity testing (see Standard SF -2). 

Once the training data has been produced, it is used to define exceedance probability 

curves at each site. These marginal distributions are fitted with a semi -empirical distribution 

(empirical below threshold, generalised pareto to the tails above) followi ng previous 

literature  (Heffernan & Tawn, 2004; Quinn, et al., 2019; Wing, et al., 2020) . The marginal 

threshold above which to fit the generalised pareto model is derived following the 

approaches of (Varty, et al., 2021) . The subsequent thresholds required for pairwise 

dependence characterisation and model event prediction (required by the model 

framework) use the same threshold as that used in the creation of the marginal 

distributions, for consistency.  
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MF-2.2  For coastal and inland flood model components, describe the dependencies among 

flood model parameters and specify any assumed mathematical dependencies 

among these parameters.  

Impact Forecasting Florida Flood Model ɴ Storm Surge  

The dependencies among coastal flood model parameters are:  

1. The Rmax is modeled as a random variable which follows a lognormal distribution. 

The mean of the variable is a function of central pressure deficit and storm eye 

latitude (Vickery & Wadhera, 2008) . The variation relative to the mean is 

determined from historical data through regression analysis. The historical data is 

obtained from the HURDAT2 Re -analysis Project (e.g., ., (Landsea, et al., 2004a; 

Landsea, et al., 2004b; Landsea, et al., 2008; Landsea, et al., 2012; Landsea, et 

al., 2014; Hagen & Landsea, 2012; Delgado, et al., 2018) ), NOAA Technical Report 

NWS 38 (Ho, et al., 1987) , and the Extended Best Track Dataset (Demuth, et al., 

2006) . The Rmax model can be expressed as follows:  

ÌÎὙ ὶ ὶЎὖ ὶ• ‐                         (8) 

Where Ўὖ is the central pressure deficit, computed as the difference between the 

ambient air pressure and the storm central pressure; • is the latitude of the storm 

eye; ὶ, ὶ, ὶ are the regression coefficients and ‐ is the error term. The modeled 

Rmax has general agreement with the observation and the effect of uncertainty is 

properly addressed.  

2.  The wind friction coefficients are functions of Rmax, Vmax  (Maximum sustained 

wind speed) , and the location parameter. The wind friction coefficients in the 

tangential direction, Ὧ, and in the radial direction, Ὧ, are estimated using the 

following empirical equation:  

Ὧ ρȢρυὯ ‌
Ȣ

                         (7) 

Where Ὑ  is the radius of maximum winds in statute miles;  ὺ  is the maximum 

wind speed in mph for a stationary storm; ‌ is the location parameter ( ‌ ρ for 

ocean winds, ‌ τ ςςὙϳ  for lake winds). The above equation is based on 

empirical studies of many past hurricanes  (Jelesnianski, et al., 1992) . 

Impact Forecasting  Florida  Flood Model - Inland Flood  

As noted in Standard MF 2.1 , bankfull discharge is estimated to be equivalent to a return 

period of approximately 1 in 2 years (Andreadis, et al., 2013; Harman, et al., 2008) Leopold, 

1994 ). The gauge -based discharge model is utilized to estimate the bankfull discharge for 

every river cell in the model. This means that the flow estimation methodology that is used 

for estimating the bed elevation of river channels is the same as the methodol ogy used to 

estimate extreme river flows that are simulated by the model. Linking channel geometry to 

discharge return period in this manner ensures that the channels are appropriately sized for 

the flows being simulated, mitigating the proble m of gross mismatches between discharge 

and channel conveyance.  
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MF-2.3  For coastal and inland flood model components, describe the dependencies that 

exist among the flood model components.  

The tropical cyclone induced coastal flood and inland flood hazards are modeled  from the 

same tropical cyclone track. If a location is flooded by both inland flood and coastal flood, 

the losses are calculated separately, and the maximum loss will be used.  

MF-2.4  Identify whether physical flood parameters are modeled as random variables, 

functions, or fixed values for the stochastic flood event generation. Provide 

rationale for the choice of parameter representations.  

Impact Forecasting Florida Flood Model  ɴ Storm Surge   

The methods to model each flood parameter are described below:  

Storm Formation Count and Genesis Parameters  

The Markov Chain approach is used to model the entire track of each tropical cyclone 

(limited to a maximum number of time steps) on a 6 -hour time step from initiation to 

dissipation. The number of tropical cyclones generated each year is modeled using a 

negative binomial distribution  (Vickery, et al., 2000) . The genesis location of the tropical 

cyclone along with its genesis date and time, initial forward speed, heading angle, and 

central pressure are modeled by random draws from historical genesis data  (Vickery, et al., 

2000; 2009c) . If central pressure data is not available, a regression equation is used to 

estimate a central pressure value from maximum sustained wind speed and latitude. The 

tropical cyclone parameters at subsequent time steps are determined using regression 

models.  

Translational/Forward Speed and Heading Angle/Direction  

The tropical cyclone translational speed and heading angle at every 6 -hour time step are 

modeled as separate regression models, using the forward speed, heading direction, 

latitude, and longitude from up to two previous time steps as predictors. The regres sion 

coefficients are derived for different 5x5 -degree cells across the North Atlantic Ocean. The 

regression model with the corresponding set of coefficients is used when a storm moves 

into a given cell. The residuals from the regression are modeled as a n ormal distribution in 

each cell to address the randomness of storm movement.  

Central Pressure  

Central pressure is modeled in the form of relative intensity (Darling, 1991)  using a multiple 

linear regression model. For each time step, the central pressure in a given 5x5 -degree cell 

is modeled as a function of the relative intensities from the previous three time steps, the 

current sea surface temperature, and the previous se a surface temperature  (Vickery, et al., 

2000; Rayner, et al., 2003) . A random error term which follows a normal distribution is used 

to model the residuals that result from the regression. Relative intensity values are taken 

between 0 and 1 to constrain the minimum central pressures a storm can physically reach 

under cert ain environmental conditions.  

Radius of Maximum Winds  
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Radius of maximum winds is an important parameter that describes the size of a tropical 

cyclone. It is modeled as a random variable which follows a lognormal distribution. The 

mean of the variable is described as a function of central pressure deficit and latitude 

(Vickery, et al., 2000) . The variation relative to the mean is determined from historical data 

through regression analysis. The historical data is obtained from the HURDAT2 Re -analysis 

Project (e.g., ., (Landsea, et al., 2004a; Landsea, et al., 2004b; Landsea, et al., 2008; 

Landsea, et al., 2012; Landsea, et al., 2014; Hagen & Landsea, 2012; Delgado, et al., 

2018) ), NOAA Technical Report NWS 38 (Ho, et al., 1987) , and the Extended Best Track 

Dataset  (Demuth, et al., 2006) . 

Surface Drag Coefficient  

A constant surface drag coefficient ὅ Ͻ” ”ϳ σ ρπὪὸίὩὧϳ  is used to calculate surface 

stress in SLOSH (Jelesnianski, 1972; Jelesnianski, et al., 1992) . The constant drag 

coefficient is presently used to forecast or hindcast surges generated by all tropical storms 

in all basins.  

Vertical Eddy Viscosity Coefficient & Bottom Slip Coefficient  

The SLOSH model is based on constant eddy viscosity and bottom slip coefficients, which 

can reproduce reasonable steady bottom flow behavior of the wind -driven currents over an 

inner shelf. The values for the eddy viscosity and bottom slip coefficients wer e empirically 

determined using historical storms and validation data. The vertical eddy viscosity 

coefficient is 0.25 ὪὸȾί, and the bottom slip coefficient is 0.006 ὪὸȾί for all storms and in 

all geographical regions (Jelesnianski, et al., 1992) .  

Wind Friction Coefficients  

The wind friction coefficients in the tangential direction, Ὧ, and in the radial direction, Ὧ, 

are estimated using the following empirical equation:  

Ὧ ρȢρυὯ ‌
Ȣ

                         (7) 

Where Ὑ  is the radius of maximum winds in statute miles;  ὺ  is the maximum wind 

speed in mph for a stationary storm; ‌ is the location parameter ( ‌ ρ for ocean winds, ‌

τ ςςὙϳ  for lake winds). The above equation is based on empirical studies of many past 

hurricanes  (Jelesnianski, et al., 1992) . 

Impact Forecasting  Florida  Flood Model - Inland Flood  

bæĬĬēĬĊʁņ xĳŒĊĐĬþņņ /ĳþĉĉēôēþĬō 

¥Đþ bæĬĬēĬĊʁņ łĳŒĊĐĬþņņ ôĳþĉĉēôēþĬō ŝæłēþņ ēĬ ņĿæôþ æņ Ŀþł Disclosure MF -2.1 but  is fixed 

both during and between events.  

Channel Bathymetry  

The channel bathymetry varies in space as per Disclosure MF -2.1 but  is fixed both during 

and between events.  

Inland non-TC Synthetic Event Set Model  
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Within the non -TC synthetic event set model, the event definition threshold, the spatio -

temporal window parameters and the generalized pareto distribution  fitting threshold used 

in the marginal distributions creation are fixed values defined by the modelers. These 

parameters are described in detail in Disclosure MF - 2.1. 

MF-2.5  Describe if and how any physical flood parameters are treated differently in the 

historical and stochastic flood event sets, and provide rationale.  

Physical flood parameters are not treated differently for the historical and stochastic flood 

event sets.  

MF-2.6  If there is explicit modeling of precipitation -driven flooding, then describe how 

rainfall extent, duration, and rate are modeled. If the effects of precipitation are 

implicitly incorporated into the flood model, describe the method and 

implementati on. 

Precipitation is explicitly modeled  in the Impact Forecasting US Inland Flood model, utilizing 

a physics -based Tropical Cyclone Rainfall (TCR) model developed by (Lu, et al., 2018)  and 

(Feldmann, et al., 2019) . You can find detailed information about the model in studies by 

(Lu, et al., 2018)  and (Feldmann, et al., 2019) . This model computes rain rates and 

accumulated rainfall at specified Points of Interest (POI), defined as any 0.1°×0.1° grid point 

in the continental United States.  

The TCR model estimates rainfall by multiplying the saturation specific humidity and vertical 

velocity, derived from the time -evolving storm wind field and environmental winds. The TCR 

encompasses five physical mechanisms including topographic forcing, fri ctional 

convergence, vortex stretching, baroclinic effect, and radiative cooling to generate rainfall. 

The total vertical velocity is computed as the sum of the vertical velocities from these 

components, and the vertical vapor flux is determined by multipl ying the total vertical 

velocity with the specific humidity.  

Rain rate is then calculated by multiplying the vertical vapor flux by the assumed 

precipitation efficiency of 0.9. Consequently, the hourly rain rate is computed for each point 

of interest throughout the entire lifetime of the track.  

Precipitation is explicitly modeled within the pluvial inland model simulations. Precipitation 

intensity for each model simulation is taken from Intensity Duration Frequency (IDF) 

functions defining the intensity and duration of event rainfall (and which a re used to force 

the hydraulic model using a rain -on-grid approach), taken from the NOAA Atlas 14 

precipitation frequency estimates (available at https://hdsc.nws.noaa.gov/hdsc/pfds/ ). To 

summarize, these maps are created using a regional frequency analysis approach based on 

L-moment statistics derived from annual maxima time series observations.  

For the pluvial model, rainfall is simulated directly onto the DEM grid. Sub -grid channels are 

included in the model and are present for river channels with an upstream catchment area 

of 19.03 sq mi ( 50 sq km) or greater to allow rainfall to be routed through the river network. 

Pluvial simulations are undertaken for one -, six-, and 24 -hour rainfall durations. Rainfall 

intensity is applied uniformly in time but is spatially variable depending on assumptions on 

infiltration and urban drainage, the effects of which are applied to the pluvial boundary 

conditions rather than modeled explicitly within the hydraulic model.  

Infiltration is calculated based on a modified Horton equation  (Morin & Benyamini, 1977)  

and varies depending on soil type as defined by the US Soil Survey Geographic Database 

(SSURGO) (Soil Survey Staff, 2021) . An assessment of the likely standard of protection 

https://hdsc.nws.noaa.gov/hdsc/pfds/
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provided by the drainage system is made by first estimating the likely standard of protection 

based on how urbanized a location is. We use the National Land Cover Dataset (NLCD , 

2019 ) (Dewitz, 2021)  to determine the degree to which areas are built up and classify 

regions into rural and urban (see Table 5). We then assign a 10-year drainage standard to 

urban locations. The rainfall associated with that standard of protection is then subtracted 

from the baseline rainfall intensity for the scenario modeled for those locations. These 

approaches result in a spatially var iable rainfall grid, reflective of the underlying soil type 

and assessments of urban drainage standards.  

Table 5: NLCD classification and subsequent drainage defense standard . 

NLCD Classification  Fathom Classification  Drainage Defense Standard  

21 - Developed, Open Space  

22 - Developed, Low Intensity  

23 - Developed, Medium Intensity  

24 - Developed High Intensity  

Urban  1-in-10 year RP 

Other  Rural  Soil infiltration only  

MF-2.7  For coastal flood analyses, describe how the coastline is segmented (or 

partitioned) in determining the parameters for flood frequency used in the flood 

model.  

The coastline is neither segmented nor partitioned in determining any parameters for 

coastal flood frequency; rather, coastal segmentation is used to validate the modeled 

tropical cyclone landfall rate with the corresponding historical landfall rate. The m odeled 

and measured annual landfall occurrence rates for Florida coastal segments are shown in 

Figure 5. The coastal segments of Florida used for calculating annual occurrence rates are 

shown in Figure 6. 

 

Figure 5: Comparisons between modeled and measured annual landfall occurrence rates for Florida 

coastal segments . 
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Figure 6: Coastal segments of Florida used for calculating annual occurrence rates . 

MF-2.8  For coastal flooding, describe how astronomical tides are incorporated and 

combined with storm surge to obtain storm tide.  

The SLOSH model incorporates the tides dynamically at every time step and at every 

SLOSH model grid point. The location dependent amplitudes and phases of the tidal 

ôĳĬņōēōŒþĬōņ æłþ þţōłæôōþú æō þŝþłŤ |\i|J Ċłēú ôþĥĥ ĉłĳī !5/Mx/|ʁņ 9/-2014 tidal 

database. This includes 37 constituents along the Atlantic and Gulf Coasts of the United 

States (Forbes, et al., 2014) . The tide equation is then used to calculate a tide water level at 

each time step (Schureman, 1958).  

The process of combining and advancing tides and surges can be explained below (Liu, et 

al., 2018) : 

1. Initialize with tide at time = ὸ 

2.  SLOSH moves tide and surge to time = ὸ 

3.  Subtract tide at time = ὸ  and add tide at time = ὸ, for ὲ ρ 

4.  Repeat steps 2 and 3.  

But this process of adding and subtracting tide at every grid cell at ever y time step can be 

chaotic when dealing with cells that wet and dry. To deal with this issue, the adding and 

subtracting is done only for certain bathymetric depths, from the deep ocean to a specified 

depth. Testing and analysis of various threshold depths has determined optimum settings 

for each SLOSH basin. Shallower than this value, the surge model is left alone.  

MF-2.9  Describe if and how any flood parameters change or evolve during an individual 

ĉĥĳĳú ĥēĉþ ôŤôĥþ ɤþȼĊȼȽ æņōłĳĬĳīēôæĥ ōēúþȽ łþĿłþņþĬōæōēĳĬ ĳĉ bæĬĬēĬĊʁņ łĳŒĊĐĬþņņ 

varying with flood depth).  

During an individual coastal flood life cycle, several parameters driving storm surge would 

change. Firstly, the central pressure varies at each time step, usually increasing as the 

storm approaches inland. Secondly, Rmax also changes as a function of cent ral pressure 

deficit and latitude (Vickery & Wadhera, 2008) . Thirdly, the storm heading direction and 

centroid location also change as the storm moves from ocean to land. Fourthly, the wind 

friction coefficients also vary at each time step since they are a function of Rmax, Vmax, 
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and the location parameter (ocean/land). Lastly, the tidal  amplitude also varies by location 

and time step, as described in Disclosure MF -2.8 . 

For inland flood, flow and precipitation increase to a peak, which is used to determine what 

the maximum return period of the hazard is for the individual pluvial or fluvial area of 

analysis.  

MF-2.10  For coastal modeling, describe any wave assumptions, calculations or proxies and 

their impact on flood elevations.  

Wave in the Impact Forecasting Florida Flood Model  - Storm Surge  is addresse d in 

vulnerability functions  and is assumed to be a function of the inundation depth. Detailed 

descriptions can be found in Disclosure VF -1.7. 

MF-2.11 Provide the source, resolution, datum, and accuracy of the topography and 

bathymetry throughout the flood model domain.  

Impact Forecasting Florida Flood Model  ɴ Storm Surge  

A SLOSH basin consists of a grid definition, as well as various geographic features such as 

height/depth, trees, barriers, etc. used to control route, and impede the flow of water as the 

hurricane impacts the area (Conver, et al., 2008) . These basins are currently updated at the 

rate of 3 -6 basins per year. The updates are driven by several factors such as: changes to 

bathymetry or topography due to a landfalling hurricane, availability of new data, changes 

to coastline, and addition of flood protection structures like levees (NOAA, 2023c) . The 

basin grid is set up to give fine resolution in the primary area of interest, and coarse 

resolution in the boundary region.  

The vertical datum employed in the SLOSH basins is NAVD88 and the horizontal datum is 

NAD83. The basins are defined using topographic and bathymetric data that are averaged 

across each grid cell.  

 The USGS National Elevation Dataset (NED) is the primary source of elevation data (values 

above 0ft) for the SLOSH basins. NED data are available nationally in the US at resolutions 

of 1/9 arc -second (three -meter), 1/3 arc -second (ten -meter) and 1 arc -second (30 -meter).  

The relative vertical accuracy of this dataset is 0.81 m  (Gesch, et al., 2014) . The 1 arc-

second and 1/3 arcsecond data are compared for each basin, and when the differences are 

negligible, the 1 arc -second dataset is used to reduce the basin size. The NED is replaced 

when higher resolution, better quality datasets are found (Conver, et al., 2008) . For 

elevations less than 0ft, the National Geophysical Data Center (NGDC) bathymetric data 

provides a comprehensive relief dataset at a resolution of 3 arc -second. The dataset 

extends well into the oceans, serving bathymetric data needs well. Some of the  other 

sources of data include Tsunami datasets, LiDAR datasets (high resolution topographic 

data especially for shoreline areas), National Land Cover Dataset (NLCD) (for the basin 

trees layer that informs the model of increased friction at the momentum po ints), the 

National Geographic Digital Raster Graphics (DRGs) (shows contours, roads, rivers, etc)  

(Conver, et al., 2008) . 

  

The modeled water heights from SLOSH are mapped  to IF grid with 0.0025 -degree 

resolution (equivalent to about 250 m). The 250 m resolution was determined based on the 

smallest SLOSH basin grid for majority of the basins. The IF grid system is defined on a 

Cartesian coordinate system over the following r egion: from Longitude -162E degrees to 
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Longitude -64E degrees, and from Latitude 17N degrees to Latitude 50N degrees. This 

predefined grid methodology allows for easy data retrieval.  

Impact Forecasting Florida Flood Model  ɴ Inland Flood  

To use the best possible terrain information to represent the flow of water over floodplains  

in Florida , as there is not 100% coverage by LiDAR, Fathom have developed a new state of 

the art DEM for our flood maps, FABDEM+ v1.1.1.  ( Forest And Buildings removed 

Copernicus DEM ). This is a merged version of FABDEM v1.1.0  (Hawker, et al., 2022; Hawker 

& Neal, 2021)  with high quality LiDAR datasets.  

Each dataset was re -gridded to a 1 arcsecond horizontal grid and converted to the EGM08 

vertical datum. Blending was applied at edges of LiDAR data and FABDEM to prevent 

discontinuities.  

FABDEM 

FABDEM (Forests and Buildings removed Copernicus Digital Elevation Model ) (Hawker, et 

al., 2022)  is a digital terrain model based on the Copernicus GLO -30 digital elevation model 

(AIRBUS, 2020, henceforth Copernicus DEM). Copernicus DEM is a state -of -the -art 

satellite derived terrain dataset which dramatically improves the representation of terrain 

compared to datasets based on the older Shuttle Radar Topography Mission (SRTM) 

dataset. FABDEM uses a machine learning model to remove artifacts due to buildings and 

forests and obtain a bare earth model suitable for large scale flood modeling.  

 To correct the Copernicus DEM, a machine learning algorithm, random forest regression, 

was chosen to determine the height anomaly due to buildings and vegetation. As different 

predictor variables are applicable to estimate the heights of buildings and for ests, different 

machine learning models were developed for each case. Forest predictor variables include 

forest heights and tree cover fraction, while building predictor variables include building 

footprints, population density, night lights, travel times to major cities, and gross domestic 

product per urban area. In addition to these predictor variables, image filters were applied 

to the Copernicus DEM and the forest heights dataset and used as predictor variables to 

supply information about the surroundin g terrain. A full list of predictor variables is given in 

Hawker et al. (Hawker, et al., 2022) . 
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Table 6: Predictor variables is given in Hawker et al. (Hawker, et al., 2022) . 

 

 

! ĢþŤ úēĉĉþłþĬōēæōĳł óþōŞþþĬ C!.59b æĬú ĳōĐþł Ċĥĳóæĥ 59bņ ēņ ōĐþ ʀĊłĳŒĬú ōłŒōĐʁ úæōæ Œņþú 

to train the machine learning models. High quality local DEMs from 12 countries around the 

world covering a wide range of climatic zones and urban areas were used. This enables the 

machine learning models to be applicable at a global scale.  

To produce FABDEM, the anomalies due to forests and buildings were estimated by the 

machine learning models and subtracted from the Copernicus DEM separately. Then, these 

corrected DEMs were merged, and final post -processing steps were applied to remove 

artifacts from the DEM. This is shown in schematic form in Figure 7.  
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Figure 7: FABDEM methodology. 1. Processing predictor data and training data (LiDAR DEMs). 2. 

Applying these to a machine learning model to correct forests and building artifacts. 3. Merging and 

post -processing elevations from machine learning model.  

FABDEM has been validated in (Hawker, et al., 2022)  and performs favorably against other 

global DEMs. Visual inspections also show a finer and clearer depiction of floodplains when 

ôĳīĿæłþúȽ ĉĳł þţæīĿĥþȽ ōĳ ōĐþ b9xM¥ 59b ɤŞĐēôĐ Şæņ Œņþú ēĬ CæōĐĳīʁņ ĿłþŝēĳŒņ Ċĥĳóæĥ 

flood maps).  
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Figure 8: Comparison of FABDEM with MERIT DEM, and a high -quality local LiDAR DEM. Upper 

panels show Rockhampton, Australia, and Lower panels show St Louis, USA.  

 

Figure 9: Histograms comparing FABDEM with COPDEM30 and MERIT DEM against reference data 

(reproduced from (Hawker, et al., 2022) ). 

LiDAR datasets  

LiDAR is an acronym for Light Detection And Ranging. It describes a method which 

measures the time between an instrument emitting a laser and it receiving the return signal 

after bouncing off surface objects, from which distance can be derived accurately. This 

remote sensing technique, commonly using airborne sensors, produces accurate three -

dimensional models of surface topography in a point cloud format. When converted to a 

gridded format, these provide a higher resolution and accuracy terrain dataset tha n the 

satellite -radar -óæņþú C!.59bȽ ŞēōĐ \ē5!x úæōæņþōņʁ Ĭæōēŝþ łþņĳĥŒōēĳĬ ôĳīīĳĬĥŤ łþņōēĬĊ 

between 0.25 -5m, compared to ~30m (one arcsecond) for FABDEM, and vertical accuracy 

being off on the order of centimeters rather than meters. Accordingly, where LiD AR 

datasets exist these have been blended into FABDEM using a distance weighted blending 

methodology described below.  

LiDAR Pre-processing  
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To allow integration into FABDEM , these datasets are converted to the horizontal projection 

EPSG:4326 and the vertical datum EGM08. As part of the vertical conversion, datasets are 

corrected for both differences in the underlying ellipsoid and the underlying geoid. Geoid 

correction follow s A-B+C with A referring to the dataset in question, B EGM08, and C to the 

datasetʁs local geoid. Ellipsoid correction was applied by finding the difference between the 

local geoids ellipsoid and EGM08s ellipsoid and applyi ng this to the local geoid. Datasets 

were resampled from their native resolution to 1 arcsecond.  

Blending methodology  

To combine LiDAR data with FABDEM, a blending algorithm using a distance -based  

weighting has been utilized . This is applied pixel -wise and blends across 10 pixels and 

applies distance weighting. For example, assuming LiDAR is being blended with FABDEM, a 

pixel that is two cells away from the edge of the LiDAR data will be assigned a LiDAR 

weighting of 2/10 and  a FABDEM weighting of 8/10. These weighted values are combined 

to create the final elevation, producing a smooth blend.  

In some areas there will be multiple overlapping datasets of varying quality and date of 

origin. To ensure that the best quality datasets are given precedence in FABDEM+ , we use 

a hierarchical ordering system. Here data quality is given priority, with LiDAR rated above 

FABDEM. Where data type is the same , date of origin is the deciding factor, with more 

recent datasets being given precedence.  

MF-2.12  Describe the grid geometry used in the coastal flood model.  

The US Atlantic and Gulf of Mexico coasts are divided into 28 regions or basins. Out of 

these, 14 are in Florida. The basins are centered upon particularly susceptible features like 

inlets, large coastal centers of populations, low -lying topography, and po rts. Each of the 

basins contains information on topography/bathymetry and terrain descriptions (heights 

referenced to the vertical datum, NAVD88) for each of the cells in the basin grid. A basin 

can be a polar, elliptical, or hyperbolic grid and is centere d on the area of interest. The 

spatial coverage for each SLOSH basin varies from an area the size of a few counties to a 

few states. The grid is set up to give fine resolution in the primary area of interest, and 

coarse resolution in the deep -water or boun dary region. The resolution of individual grid 

cells within each basin ranges from tens to hundreds of meters to a kilometer or more 

(Conver, et al., 2008) . One example is the Florida Bay Basin (eke2) - Figure 10. This basin is 

an elliptical grid and covers the South Florida region including the Florida Keys. The 

resolution varies from 300 m near Marko Island on the west boundary, to 700 m on the east 

boundary near Miami to 2700 m on the ocean boundary on the sout h. The grid spacing near 

Key West is 1700 m. Table 7 shows the details of the Florida basins.  
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Figure 10: Geometry of the Florida Bay (eke2) SLOSH basin . 

Table 7: SLOSH Basins for the Florida Region . 

Basin Name Domain 

Description  

Dimension  Highest 

Resolution in FL 

(m) 

Time step (s)  

epn3  Pensacola Bay  200 x 330  300  3 

hpa2  Panama City  105 x 118 300  8 

ap3  Apalachicola Bay  141 x 225  300  10 

esv4  Savannah / 

Hilton Head  

152 x 200  1400  15 

cd2  Cedar Key  157 x 169  500  20  

ejx3  Jacksonville  333 x 381  50  8 

etp3  Tampa Bay  188 x 215  200  8 

co2  Cape Canaveral  69 x 89  500  8 

pb3  Palm Beach  71 x 173 1200  8 

efm2  Fort Myers  111 x 100 50  15 

eok3  Lake 

Okeechobee  

129 x 136  600  45  

eke2  Florida Bay  170 x 200  300  6 

hmi3  Biscayne Bay  125 x 190  200  4 

hms8  New Orleans  655 x 852  400  6 
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MF-2.13  Describe if and how flood model parameters are based on or depend on National 

Flood Insurance Program (NFIP) Flood Insurance Rate Maps (FIRM) or other Flood 

Insurance Study (FIS) data.  

The Impact Forecasting Florida Flood Model  hazard parameters are not based on or 

dependent on NFIP FIRM or other FIS data. The vulnerability functions are distinguished 

between pre -FIRM effective year and post -FIRM effective year. The vulnerability tiers are 

designed based on FEMA zones.   
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MF-3 Wind and Pressure Fields for Storm Surge  

A. Modeling of wind and pressure fields shall be employed to drive storm surge models due to 

tropical cyclones.  

The storm surge portion of the Impact Forecasting Florida Flood Model  employed the modeling of 

wind and pressure fields to drive storm surge due to tropical cyclones. Detailed descriptions of the 

wind and pressure field models and the choice of parameter forms can be found in Disclosure MF -

3.1. 

B. The wind and pressure fields shall be based on current scientific and technical literature or 

developed using scientifically defensible methods.  

The SLOSH wind and pressure fields are based on scientifically defensible methods described in 

(Myers, et al., 1961)  & (Jelesnianski, et al., 1992) .  

C. Physically -based simulation of atmosphere -ocean interactions resulting in storm surge 

shall be conducted over a sufficiently large domain that storm surge height has converged.  

The storm surge portion of the Impact Forecasting Florida Flood Model  is based on SLOSH model. 

The SLOSH modeling domain covers the entire U.S. Atlantic and Gulf of Mexico coastlines to ensure 

storm surge height convergence. In addition, coverage extends to Hawaii, Puerto Rico, Virgin 

Islands, and the Bahamas. SLOSH basins a re being updated at an average rate of 3 -6 basins per 

year governed by the Interagency Coordinating Committee on Hurricanes (ICCOH), a tri -agency 

supported by the U.S. Army Corps of Engi neers (USACE), Federal Emergency Management Agency 

(FEMA), and the National Oceanic and Atmospheric Administration (NOAA). Updates include higher 

grid size resolution to improve surge representation, increasing area covered by hypothetical tracks 

for impro ved accuracy, and the latest topography or bathymetric data for better representation of 

barriers, gaps, passes, and other local features (NOAA, 2023c) . 

D. The features of modeled wind and pressure fields shall be consistent with those of 

historical storms affecting Florida.  

The modeled wind and pressure fields are consistent with those of historical storms affecting 

Florida. Descriptions of the wind and pressure fields can be found in Disclosure MF -3.1 and MF-3.3 . 

Disclosures  

MF-3.1 Describe the modeling of the wind and pressure fields for tropical cyclones. State 

and justify the choice of the parametric forms and the parameter values.  

The initial location of the tropical cyclone along with its genesis date and time, initial 

forward speed, heading angle, and central pressure are modeled by random draws from 

historical genesis data using the HURDAT2 database (Vickery, et al., 2000; 2009c) . If 

central pressure data is not available, a regression equation is used to estimate a central 

pressure value from maximum sustained wind speed and latitude. The Markov Chain 

approach is used to model the entire track of each tropical cyclone (limited to  a maximum 

number of time steps) on a 6 -hour time step from initiation to dissipation.  

Rmax is modeled as a random variable which follows a lognormal distribution. The mean of 

the variable is described as a function of central pressure deficit and latitude (Vickery & 

Wadhera, 2008) . The variation relative to the mean is determined from historical data 

through regression analysis. The historical data is obtained from the HURDAT2 Re -analysis 

Project (e.g ., (Landsea, et al., 2004a; Landsea, et al., 2004b; Landsea, et al., 2008; 
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Landsea, et al., 2012; Landsea, et al., 2014; Hagen & Landsea, 2012; Delgado, et al., 

2018) ), NOAA Technical Report NWS 38 (Ho, et al., 1987) , and the Extended Best Track 

Dataset (Demuth, et al., 2006) . 

Central pressure is modeled in the form of relative intensity (Darling, 1991)  using a multiple 

linear regression model. For each time step, the central pressure in a given 5x5 -degree cell 

is modeled as a function of the relative intensities from the previous three time steps and 

the current and previous sea surface temperatures (Vickery, et al., 2000; Rayner, et al., 

2003) . A random error term which follows a normal distribution is used to model the 

residuals that result from the regression. Relative intensity values are taken between 0 and 

1 to constrain the minimum central pressures a storm can physically reach under certain 

environmental conditions.  

SLOSH uses a parametric wind field model based on the balance of forces along and normal 

to the surface wind trajectory (Myers, et al., 1961; Jelesnianski, et al., 1992) ; 

ὺ                              (1) 

ÃÏÓ‰ Ὢὺ ÃÏÓ‰ ὺ ÓÉÎ‰ Ὧὺ            (2)  

where ὴὶ is the pressure field; ‰ὶ is the inflow angle field across circular isobars towards 

the storm center; Ὧ and Ὧ are the wind friction coefficients in the tangential direction and 

radial direction, respectively; Ὢ is the Coriolis parameter; ” is density of air; and ὺὶ is the 

wind speed field described as follows:  

ὺὶ ὺ                             (3)  

where ὺ  is the maximum 1 -minute sustained wind speed within the field. The 

aforementioned friction coefficients, Ὧ and Ὧ, are estimated using the following empirical 

equation:  

Ὧ ρȢρυὯ ‌
Ȣ

                         (4)  

where ‌ is the location parameter ( ‌ ρ for ocean winds, ‌ τ ςςὙϳ  for lake winds).  

To solve these equations, an iteration procedure is used. ὺ  is approximated (using a 

table look -up procedure from pre -computations) and Eqs. (1) ~ (2) are then solved for ὴὶ 

and ‰ὶ. The discrepancy between computed and required pressure is then obviated by 

changing ὺ  until the pressure discrepancy is less than a preassigned value.  

MF-3.2  Provide the historical data used to estimate parameters and to develop stochastic 

storm sets.  

The tropical cyclone event set is developed using the following datasets:  

ï Base Hurricane Storm Set from the official HURDAT2 database (Landsea & Franklin, 

2013)  

ï Hadley Centre Sea Ice and Sea Surface Temperature Dataset (HadISST) (Rayner, et al., 

2003)  
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MF-3.3  Provide a tangential (y -axis) versus radial (x -axis) plot of the average or default 

wind and pressure fields for tropical cyclones used in the flood model, and justify 

the choice of the wind and pressure fields used. Provide such plots for non -tropi cal 

cyclones, if non -tropical cyclones are modeled explicitly. If the wind and pressure 

fields represent a modification from the currently accepted flood model, plot the 

previous and modified wind and pressure fields on the same figure using 

consistent axe s. Describe variations between the previous and modified wind and 

pressure fields with references to historical tropical cyclones.  

|\i|J Œņþņ æ ņŤīīþōłēô ŞēĬú ĉēþĥú æóĳŒō ōĐþ ņōĳłīʁņ ôþĬōþł ŞēōĐ īæţēīŒī ŞēĬú µīæţ æō 

distance Rmax from the center  (Myers, et al., 1961; Schloemer & Section, 1954; 

Jelesnianski, 1966; Jelesnianski, et al., 1973) . The SLOSH wind speed profile for a 

stationary storm is described in Eq. (3). Figure 11 below shows a non -dimensional wind field 

profile of a stationary storm.  

 

Figure 11: Non-dimensional wind field profile.  

In SLOSH, the pressure field is assumed to be symmetrical with respect to the geometric 

center; the general relation for pressure is given in Eq. (4)  (Myers, et al., 1961; Schloemer & 

Section, 1954) :  

Ὡ                               (9) 

where r is the distance from hurricane center; Rmax is the radius of the maximum wind; ὴ 

is the central pressure; and ὴ  is the ambient air pressure surrounding the storm.  

The radial pressure field profile is shown in Figure 12. 
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Figure 12: The non-dimensional pressure field profile.  

The SLOSH wind model was not designed to accurately forecast surface winds, but to form 

a vector field of driving forces to generate storm surge. It was developed by the National 

Weather Service (NWS) of the National Oceanic and Atmospheric Administration (NOAA) in 

the early 1980s to delineate evacuation zones with high computational efficiency. It is still 

the operational storm surge model of the National Hurricane Center (NHC). Over the years, 

it was selected as a benchmark model for the evaluation of man y other storm surge models 

because it is the only model in the United States that has been verified extensively against 

field observations for overland flooding along the East and Gulf coasts (  (Mayo & Lin, 2019; 

Zhang, et al., 2008)  investigated the potential to improve surge modeling accuracy through 

modification of the wind field representation. The surface background wind field, the 

parametric wind profile, and the maximum wind speed were modified based on empirical, 

physical, and  observational data. The study found that the modifications to the surface 

background wind field and the parametric wind profile have minor impacts; however, the 

effect of the modification to maximum wind speed is significant ɵit increases the variance in 

the SLOSH model estimates of maximum storm surges but improves its accuracy overall. 

Thus, comparing to having a more accurate wind field model, the study recommended to 

use more accurate input parameters (e.g., observed Rmax) to increase surge modeling 

accuracy.  

Non-tropical cyclone induced storm surges are not modeled. This is the first submission of 

the Impact Forecasting Florida Flood Model , so there is no comparison to be made to a prior 

version.  

MF-3.4  If wind and pressure fields are modeled above the surface and translated to the 

surface to drive storm surge, then describe this translation; e.g., via planetary 

boundary layer models or empirical surface wind reduction factors and inflow 

angles. Di scuss the associated uncertainties.  

SLOSH models surface wind and pressure fields, thus no translation is needed.  
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MF-3.5  If applicable, describe how the inverse barometer effect is modeled.  

When low pressure systems move over a region, it creates a reduction in the vertical force 

acting on a column of water beneath the sea surface, causing the sea level to rise. High 

pressure systems, on the other hand, push down on the ocean, creating a drop  in sea level. 

This is called the inverse barometer effect, as the higher the pressure, the lower the sea 

level, and vice versa. One can expect around 1 cm of water rise for each millibar of pressure 

drop in deep water (Anthes, 1982) . The inverse barometer effect usually contributes from 10 

to 15 percent of the magnitude of the storm surge (World Meteorological Organization, 

2011). SLOSH accounts for this by including a hydrostatic height from pressure field 

(inverse barometric height  from atmospheric pressure), Ὤ, term in the momentum 

equations (Jelesnianski, et al., 1992)  æņ ņĐĳŞĬ óþĥĳŞȼ MĬ úþþĿ ŞæōþłņȽ ōĐþ ņōĳłīʁņ 

hydrostatic height is set at the height points of boundary squares.  

 ὫὈ Ὤ ὄ ὄ  Ὢὃ ὠ  ὃ Ὗ  ὅὼ  ὅώ                   (5) 

 ὫὈ Ὤ ὄ ὄ  Ὢὃ Ὗ  ὃ ὠ  ὅώ  ὅὼ                   (6) 

where U, V are the components of transport, g is the gravitational constant, D is the depth 

ĳĉ ŁŒēþņôþĬō Şæōþł łþĥæōēŝþ ōĳ æ ôĳīīĳĬ úæōŒīȽ !łȽ ɀȼ /ē æłþ ōĐþ óĳōōĳī ņōłþņņ ōþłīņȽ Đ ēņ 

the height of water above datum, Ὤ is the hydrostatic water height, f is the Coriolis 

parameter, and x  ̱and y  ̱are components of surface stress.  

MF-3.6  Describe how storm translation is accounted for when computing surface wind and 

pressure fields.  

SLOSH wind model computes surface wind and pressure fields for a stationary, circularly -

symmetric storm (Jelesnianski, et al., 1992) . The asymmetric wind and pressure field due to 

storm translation is not accounted for in the SLOSH wind model.  

MF-3.7  Describe how storm surge due to non -tropical cyclones is accounted for in the 

flood model. If it is not accounted for, explain why.  

Storm surge due to non -tropical cyclones is not accounted for in the model due to its low 

frequency and intensity in Florida  (Shin, et al., 2022) . No reliable claims data is available to 

calibrate or validate a model of non -tropical cyclone induced storm surge.  

MF-3.8  Describe and justify the averaging time of the windspeeds used to drive the storm 

surge model.  

SLOSH takes 6 -hourly wind track points as inputs and then interpolates to hourly track 

points, which are then used to calculate the maximum 1 -minute averaged wind speed at 10 

meters of height. The 1 -minute maximum sustained windspeeds are sufficient to dri ve the 

storm surge model (Jelesnianski, et al., 1992; Mayo & Lin, 2019) . 

MF-3.9  For methods in which storm surge is produced by physically -based simulation of 

atmosphere -ocean interactions and where the methodology has not been 

documented in the scientific and technical literature, describe the process for 

verifying convergence  of storm surge height as a function of domain size. State the 

convergence criteria.  

The size and resolution of the SLOSH basins are pre -determined. The SLOSH basins are 

being updated at an average rate of 3 -6 basins per year. Priority for SLOSH basin updates 

are governed by the Interagency Coordinating Committee on Hurricanes (ICCOH). ICC OH is 

a tri -agency supported by the U.S. Army Corps of Engineers (USACE), Federal Emergency 
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Management Agency (FEMA), and the National Oceanic and Atmospheric Administration 

(NOAA). The basin updates include higher grid size resolution to improve surge 

representation, increasing area covered by hypothetical tracks for improved accuracy, and 

the l atest topography or bathymetric data for better representation of barriers, gaps, 

passes, and other local features  (NOAA, 2023c) . During the basin development stages of 

SLOSH, results from preliminary experimental runs with past hurricanes are compared to all 

available observation surge data (Jelesnianski, et al., 1992) . In areas of disagreement, the 

basin data was checked and amended if necessary. Thus, although the importance of large 

domains in correctly capturing regional processes and improving model solutions has been 

shown in literature (Blain, et al., 1994) , no tests were performed by IF to verify  the 

convergence of storm surge height as a function of domain size.   
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MF-4 Flood Characteristics (Outputs)  

A. Flood extent and elevation or depth generated by the flood model shall be consistent with 

observed historical floods affecting Florida.  

The flood extent, elevation , and depth generated by the flood model are validated with observed 

historical flood events affect ing Florida. The comparison of flood extent and elevation/depth with 

observation data and FEMA return period maps can be found in Disclosure MF -4.1 and Forms HHF-

1~HHF-5. 

B. Methods for deriving flood extent and elevation or depth shall be scientifically defensible 

and technically sound.  

The flood extent and elevation or depth are modeled using methods proposed in scientific and 

technical literature. The complete list of references is provided in Disclosure GF -1.6.  

C. Methods for modeling or approximating wave conditions in coastal flooding shall be 

scientifically defensible and technically sound.  

Wave in the storm surge portion of the Impact Forecasting Florida Flood Model  is addressed in 

vulnerability functions and is assumed to be a function of the inundation depth. Detailed 

descriptions can be found in Disclosure VF -1.7. 

D. Modeled flood characteristics shall be sufficient for the calculation of flood damage.  

Modeled flood elevations or depths and flood extent are sufficient for the calculation of flood 

damage.  

Disclosures  

MF-4.1 Demonstrate that the coastal flood model component incorporates flood 

parameters necessary for simulating storm -tide -related flood damage in Florida. 

Provide justification for validation using any historical events not specified in Form 

HHF-1, Historical Event Flood Extent and  Elevation or Depth Validation Maps.  

The storm surge portion of the Impact Forecasting Florida Flood Model  incorporates flood 

modeling parameters necessary for simulating storm surge related flood damage in Florida. 

The historical event footprints modeled by the storm surge portion of the Impact 

Forecasting Florida Flood Model  were validated against ADCIRC footprints and observation 

data obtained from the United States Geological Survey (USGS), the National Oceanic and 

Atmospheric Administration (NOAA), the Federal Emergency Management Agency (FEMA), 

and the World 's Storm Surge Data Center (SURGEDAT). Examples of the validation 

comparison using historical events not specified in Form HHF -1 are shown below.  
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Figure 13: Storm surge Footprint compared with high water mark observation data for hurricane 

Opal (1995) .  
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Figure 14: Scatter plot comparison of IF modeled storm surge footprint and high water mark 

observation data for Hurricane Opal (1995).  (horizontal datum: NAD83, vertical datum: NAVD88)  
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Figure 15: Storm surge Footprint compared with high water mark observation data for hurricane 

Charley (2004) .  



Meteorological  Flood Standards  

 

Impact Forecasting Florida Flood Model (FCHLPM) v3.0  

Aon 99  October 24 , 202 4 4:40  PM 

 

 

Figure 16: Scatter plot comparison of IF modeled storm surge footprint and high water mark 

observation data for Hurricane Charley (2004).  (horizontal datum: NAD83, vertical datum: NAVD88)  

 

Figure 17: Storm surge Footprint compared with high water mark observation data for Hurricane 

Dorian (2019). There are many pixels, all with the same maximum value, located very close to each 
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other. These pixels have been grouped into three clusters, as shown in the figure, represented by 

the triangles.   

 

 

Figure 18: Scatter plot comparison of IF modeled storm surge footprint and high water mark 

observation data  for Hurricane Dorian (2019). (horizontal datum: NAD83, vertical datum: NAVD88)  
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Figure 19: Storm surge Footprint compared with high water mark observation data for Hurricane 

Sally (20 20 ).  
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Figure 20 : Scatter plot comparison of IF modeled storm surge footprint and high water mark 

observation data  for Hurricane Sally (2020 ). (horizontal datum: NAD83, vertical datum: NAVD88)  

MF-4.2  For coastal flooding, describe how the presence, size, and transformation of waves 

are modeled or approximated.  

The presence, size and transformation of waves are not considered in the current version of 

SLOSH. The wave effects are accounted for in the vulnerability functions. Detailed 

descriptions can be found in Disclosure VF-1.7. 

MF-4.3  For coastal modeling, describe if and how the flood model accounts for flood 

velocity, flood duration, flood -induced erosion, floodborne debris, salinity, and 

contaminated floodwaters.  

The storm surge portion of the Impact Forecasting Florida Flood Model  does not account for 

flood duration, flood -induced erosion, floodborne debris, salinity, and contaminated flood 

waters. The flood velocity is considered in developing the vulnerability functions. The 

difference between the saltwater density and freshwater density a re also considered in 

vulnerability function development.  Detailed descriptions can be found in Disclosure VF-1.8. 

MF-4.4  For coastal flood waters, describe the factors that affect inland propagation and 

how they are modeled.  

Factors affecting inland propagation of the storm surge includes the ground elevation, trees 

and other barriers. All these geographic features used to control, route and impede the flow 

of water are considered in SLOSH basins.  

Each SLOSH basin is divided into multiple grid cells. The grid is set up to give fine 

resolution in the primary area of interest, and coarse resolution in the boundary region. The 

SLOSH model requires an elevation value to be assigned to each grid cell. Th ese elevation 

values determine at what storm surge height the cell will flood (Conver, et al., 2008) . 

Momentum points are located at the vertices of the grid cell. The value of the momentum 

point is the maximum elevation of the four surrounding grid cells. Momentum points are 

used by the SLOSH model to determine the flow of water across the surface and the y are 

based solely on the value of the grid cell elevation, or the barrier points if they exist.  

Flows and Cuts are needed in the SLOSH model to determine the movement of storm surge 

over land and water. There are two types of flow created by developers, 1 -D flow and 1 -D 

flow with banks. 1 -D flow indicates that the flow of water, when the cell is wet,  is across the 

entire cell. 1 -D flow with banks indicates that the flow moves through a channel in the cell. A 

river which only covers fifty percent of a cell is a good example of 1 -D flow with banks. Cuts 

are locations along a channel where the width of t he flow with banks changes. These are 

entered into the database as the fraction (in tenths) of the cell width (Conver, et al., 2008) . 

Barriers are required when the average elevation of a cell does not represent a significant 

peak found within the cell. Examples include levees and barrier islands. Levees are 

manmade, narrow, linear structures that maintain an elevation significantly high er than that 

of the surrounding area. Because levees are usually narrow in comparison to a grid cell, 

they are frequently not reflected in the cell average. A barrier must be added to alert the 

SLOSH model that water will not go through the cell until it o vertops the barrier height. 

Barrier islands behave similarly as they frequently have dunes with a peak higher than the 

cell average. Barriers are added at the vertex of the basin grid cells in the same location as 

the momentum point and will replace the mo mentum point value (Conver, et al., 2008) . 
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Tree values inform the model of increased friction at the momentum points. Friction is 

important because it decreases wind speed and slows water flow.  

SLOSH models the propagation of storm surge through wetting and drying of grid cells. 

Surge is computed at the center of each grid -square, and transport on each momentum 

point. The surge may travel from wet to dry cells. A two -dimensional flow will exist at a 

momentum point if at least one of the four surrounding grid cells is wetted and higher than 

the highest bed depth of the four surrounding grid cells (Jelesnianski, et al., 1992) . 

MF-4.5  Describe if and how inland flood affects the inland propagation of coastal flood. 

Describe if and how coastal flood propagation affects inland flood.  

The Impact Forecasting Florida Flood Model  models coastal flood and inland flood 

separately, so the inland flood does not affect the inland propagation of coastal flood, and 

vice versa.  

MF-4.6  Describe if and how the coincidence and interaction of inland and coastal flooding 

is modeled.  

The interaction of tropical cyclone induced inland and coastal flooding is accounted for in 

the financial component of the Impact Forecasting Florida Flood Model . The tropical 

cyclone induced coastal and inland flooding are modeled from the same tropical cyclone 

track. If a location is flooded by both inland and coastal flood, the losses are calculated 

separately, and the maximum loss will be used. The non -tropical cyclone induced coastal 

flooding is not modeled due to its low frequency and loss.  
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MF-4.7  Provide a flowchart illustrating how the characteristics of each flood model 

component are utilized in other components of the flood model.  



Meteorological  Flood Standards  

 

Impact Forecasting Florida Flood Model (FCHLPM) v3.0  

Aon 105 October 24 , 202 4 4:40  PM 

 

 



Meteorological  Flood Standards  

 

Impact Forecasting Florida Flood Model (FCHLPM) v3.0  

Aon 106 October 24 , 202 4 4:40  PM 

 

Figure 21: Flow chart illustrating the Impact Forecasting Florida Flood Model  ɴ Storm Surge 

components.  

 

 

Figure 22 : Flow chart illustrating the Impact Forecasting Florida Flood Model  ɴ Inland Flood  

components.  

MF-4.8  Describe and justify the appropriateness of the databases and methods used for 

the calibration and validation of flood extent and elevation or depth.  

Impact Forecasting Florida Flood Model  ɴ Storm Surge  

The historical storm surge extent and elevation or depth modeled by the  storm surge 

portion of the Impact Forecasting Florida Flood Model were validated against ADCIRC 
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footprints and observation data obtained from the United States Geological Survey (USGS), 

the National Oceanic and Atmospheric Administration (NOAA), the Federal Emergency 

Management Agency (FEMA), the World ʁs Storm Surge Data Center (SURGEDAT) and 

published literatures. The comparison of flood extent and elevation/depth with observation 

data and FEMA return period maps can be found in Disclosure MF -4.1, Disclosure MF -5.3  

and Forms HHF-1~HHF-5.  

The modeled  historical storm surge extent is mainly validated using the ADCIRC footprint 

(Coastal Emergency Risk Assessment , 2023). The ADCIRC model is a high -resolution two -

dimensional, time -dependent hydrodynamic circulation model (Luettich and Westerink, 

2004; Westerink et al., 2008). It functions as a highly developed computer program for 

solving equations for a moving flu id on a rotating earth. The ADCIRC modelling system has 

been used for long -term planning and design, evaluation of surge mitigation s ystems, and 

operational forecasting ( Vijayan et al., 2021; Massey et al. , 2022).  

The modeled  historical storm surge elevation or depth is validated against observed peak 

storm surge height records or high water marks (HWM) data obtained from various sources 

like United States Geological Survey (USGS), National Oceanic and Atmospheric 

Administrati on (NOAA), World 's Storm Surge Data Center (SURGEDAT), Federal 

Emergency Management Agency (FEMA) studies and other published literatures and 

reports. During and following large storm events, the USGS specialist collects streamflow 

and additiona l data (including storm tide, wave height, HWM, etc.) to aid in documenting 

and validating the major storm events. The NOAA Storm Event Database contain records of 

the occurrence of storms and their associated significant meteorological features, such as 

inundation locations and depths. SURGEDAT is a global storm surge data center which 

maintains surge maps and peak surge height data for major historical storm surges. For 

older storms, limited records or observation data is available, so the modeled  footpri nt is 

validated against reports from FEMA, NOAA, US Army Corps of Engineers and other 

literatures.  

For stochastic events, the modeled  return period surge maps are validated against NFIP 

extents. Detailed comparison maps are shown in Form HHF-3. The modeled  stochastic 

storm surge elevation exceedance probabilities at several NOAA tidal station locations were 

compared with the observed frequencies (NOAA, 2023a) . The validation of the return 

period storm surge elevation at several NOAA tidal stations are shown in Disclosure MF -5.3 . 

Impact Forecasting Florida Flood Model  ɴ Inland Flood  

The inland model framework has been developed over the many years, with both the 

modelling methodologies and model outputs being extensively validated against observed 

data in the US (e.g. (Wing, et al., 2017; Wing, et al., 2018; Bates, et al., 2021) ). 

Most recently, the flood hazard data simulated using the modelling framework presented 

here have been validated across the US, with the models shown to perform well in 

comparison to FEMA flood maps and also flood maps from the IOWA flood centre (Bates et 

al. 2021).  

The comparisons in this paper were of flood extents with the main performance metric 

being the Critical Success Index (CSI). The CSI represents the proportion of cells correctly 

modeled as flooded and is calculated as:  

CSI = True Positive / (True Positive + False Positive + False Negative)  

Scores range from 0, meaning no match between modeled and benchmark data, to 1, 

perfect match between modeled and benchmark data.  
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In comparisons to the FEMA 1% annual probability flood maps and the high quality, 

engineering -grade model based IOWA flood centre 5 year and 100 year flood maps, the 

model produced Critical Success Index scores of between 0.69 and 0.87 which represents 

good agreement given the underlying uncertainties in both modeled and benchmark data.  

Comparing against both high and low frequency events demonstrates that the model 

performs well for both small and large flood events, whilst the US -wide analysis shows that 

the model is able to perform well across a range of climatological and hydrological  

conditions.  

MF-4.9  Describe any variations in the treatment of the flood model flood extent and 

elevation or depth for stochastic versus historical floods, and justify this variation.  

For historical events, when gauge data is available, it is used to determine the return period 

of flow for the fluvial catchment that the gauge falls within.  There is no additional variation 

in the treatment of flood hazard between events in the stochastic and historical catalog . 

MF-4.10  Describe the effects of storm size, bathymetry, and windspeed on storm surge 

height and its variation along the coast for the coastal flood model.  

The impact of bathymetry on the storm surge is captured in the SLOSH model by having 

basins that represent the local bathymetry at a sufficient resolution to capture all the 

necessary natural and manmade features. Storm surge will be higher when a hurrican e 

makes landfall on a concave coastline (curved inward, such as the Apalachee Bay in 

Florida) as opposed to a convex coastline (curved outward, such as the Miami Beach area 

on the east coast of Florida). Places with bays are especially vulnerable because t he mound 

of water can be funneled into a small area. In terms of the slope of the continental shelves, 

higher storm surge occurs on wide and gently sloping continental shelves, while lower 

storm surge occurs on narrow and steeply sloping shelves. Areas along the Gulf Coast, 

including the west coast of Florida, are vulnerable to storm surge because the ocean floor 

gradually deepens offshore. Conversely, areas such as the east coast of Florida have a 

steeper shelf, reducing the amount of storm surge (NOAA, 2023b) . 

Stronger winds will produce a higher surge since more water will be pushed toward the 

shore by the force of winds moving cyclonically around the storm.  

The radius of maximum winds, Rmax, is an important parameter that describes the size of a 

hurricane and the footprint extent of the storm surge. The winds in a larger storm will push 

water from a larger area of the ocean to affect a larger region on land. The strong winds in a 

larger storm usually tend to affect an area longer than smaller storms (NOAA, 2023b) . 

 

Lower central pressure will produce a higher surge. The central pressure deficit (i.e. the 

difference in atmospheric pressure between the storm center and the environment) will pile 

up the water and lead to pressure -driven surge  (NOAA, 2023b) .  

To test the influence of Cp  (central pressure)  and Rmax on modeled storm surge height, the 

effect of some hypothetical storm tracks on the Florida Bay (eke2) basin were modeled  

using SLOSH. The track of Hurricane Irma (2017) was used as the default track. The Rmax 

and central pressure difference ( ȺP) in the default track were increased and decreased by 

25% and 50%, while keeping other factors constant. These simulations are named Rmax

±X and ȺP±X (Table 8) where the X in the subscript indicates the percentage change, and 

the sign (±) indicates an increase or decrease. For example, ΓRmax+25 Δ and ΓȺP-50Δ 

indicate simulations where the Rmax was increased by 25%, and ȺP was decreased by 
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50% respectively. ΓDefΔ indicates the default track simulation without any parameter 

change.  

 

Figure 23 : Surface map of maximum modeled  water levels (m, relative to NAVD88).  

In Figure 23 , the gray area  indicate s Florida and the ellipsoidal area represents the SLOSH 

basin. The rows correspond to: (top two) simulations where Rmax was varied by 25 and 

50%; (center) The default run with no change in storm parameters; and (bottom two) 

simulations where ȺP was changed by 25% and 50%. The white circle in the ΓDefΔ 
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figure (center row) indicates the location where the maximum water level values are shown 

in Table 8 and the black line shows the storm track.  

Table 8: Peak water levels (m, relative to NAVD88) at the location shown in Figure 22 . 

Changing Rmax  Changing ȺP 

Simulation  Peak Storm Tide (m, 

NAVD88)  

Simulation  Peak Storm Tide (m, 

NAVD88)  

Rmax-50  3.23  ȺP -50  2.86  

Rmax-25  4.27  ȺP -25  3.84  

Def 4.72  Def 4.72  

Rmax+25  4.79  ȺP +25  5.52  

Rmax+50  4.92  ȺP +50  6.16 

Comparisons of modeled storm surge ( Figure 20 ) show that the peak surge increases as the 

storm size (Rmax) increases, indicating that the storm size effectively increases the 

distance over which the wind acts. At a location along the coast close to the storm peak 

(the white dot in Figure 23 ), the peak water level decreases from 4.72 m to 3.23 m with a 

50% decrease in Rmax, and increases from 4.72 m to 4.92 m with a 50% increase in 

Rmax. A similar trend is observed with a change in ȺP as well. The surge increases with an 

increase in the central pressure difference  (ȺP), but the percentage change is much higher. 

At the same location, the maximum water level increased to 6.16 m with a 50% increase in 

ȺP (about 30% change) and decreased from 4.72 m to 2.86 m with a 50% decrease in Ⱥ

P (about 40% change). These findings are in line with the case study results in Irish et al. 

2008.  

MF-4.11 Describe the effects of windspeed, depth, fetch, and wind duration on locally 

generated wave heights or wave proxies for the coastal flood model.  

The storm surge portion of the Impact Forecasting Florida Flood Model  addresses wave 

heights in developing the vulnerability functions. The breaking wave height is assumed to 

be a function of the inundation depth and the additional forces due to waves are accounted 

for when developing building vulnerability functions. The mo deled storm surge inundation 

depth depends on windspeed, fetch and wind duration, thus the wave heights can be 

considered as implicitly affected by these variables. Detailed descriptions  can be found in 

Disclosure VF-1.7. 

MF-4.12  Describe if and how model flood characteristics are based on or depend on NFIP 

FIRM or other FIS data.  

The vulnerability functions of the Impact Forecasting Florida Flood Model  are distinguished 

between pre -FIRM effective year and post -FIRM effective year. The vulnerability tiers are 

designed based on FEMA zones. The default first floor height for different types of buildings 

at each 30m resolution grid is determined based on FE MA zone, FIRM effective year and 

Community Rating System (CRS) score. No other FIS data is used.  
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MF-4.13  Provide a completed Form HHF -2, Coastal Flood Characteristics by Annual 

Exceedance Probability. Provide a link to the location of the form [ Form HHF-2: 

Coastal Flood Characteristics by Annual Exceedance Probability ].  

MF-4.14  Provide a completed Form HHF -3, Coastal Flood Characteristics by Annual 

Exceedance Probabilities (Trade Secret Item), if not considered as Trade Secret. 

Provide a link to the location of the form [ Form HHF-3: Coastal Flood 

Characteristics by Annual Exceedance Probabilities (Trade Secret Item) ].   
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MF-5 Flood Probability Distributions  

A. Flood probability, its geographic variation, and the associated flood extent and elevation or 

depth shall be scientifically defensible and shall be consistent with flooding observed for 

Florida.  

The flood probability, geographic variation and modeled flood extent and elevation or depth are 

validated using observations from historical events. The rationale of the probability distributions for 

flood modeling parameters is described in Disclosure MF -5.2 . The validation of flood extent and 

elevation or depth can be found in Disclosure MF -4.1 and Forms HHF-1~HHF-5. 

B. Flood probability distributions for storm tide affected areas shall include tropical, and if 

modeled, non -tropical events.  

Flood probability distributions for coastal areas include tropical cyclone induced events. The non -

tropical cyclone induced storm surge events are not considered in the storm surge portion of the 

Impact Forecasting Florida Flood Model  due to its low frequency and low impact. Detailed response 

can be found in Disclosure MF -3.7 .   

C. Probability distributions for coastal wave conditions, if modeled, shall arise from the same 

events as the storm tide modeling.  

The coastal wave conditions are implicitly modeled in vulnerability functions. Detailed descriptions 

can be found in Disclosure VF -1.7. 

D. Any additional probability distributions of flood parameters and modeled characteristics 

shall be consistent with historical floods for Florida resulting from coastal and inland 

flooding.  

The probability distributions of all flood parameters and characteristics are consistent with historical 

flood events affecting Florida. The rationale of the probability distributions for flood modeling 

parameters can be found in Disclosure MF -5.2 . 

Disclosures  

MF-5.1 Describe how non -tropical and tropical event coastal storm tide flood probability 

distributions are combined, if applicable. Provide an example demonstrating the 

process.  

Non-tropical cyclone induced storm surge is not modeled in the  storm surge portion of the 

Impact Forecasting Florida Flood Model . 

MF-5.2  Provide the rationale for each of the probability distributions used for relevant flood 

parameters and characteristics.  

Impact Forecasting Florida Flood Model  ɴ Storm Surge   

The rationale for each of the probability distributions used for relevant coastal flood 

parameters and characteristics are:  

Storm Formation Count and Genesis Parameters  

The Markov Chain approach is used to model the entire track of each tropical cyclone 

(limited to a maximum number of time steps) on a 6 -hour time step from initiation to 
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dissipation. The number of tropical cyclones generated each year is modeled using a 

negative binomial distribution (Vickery, et al., 2000) . The genesis location of the tropical 

cyclone along with its genesis date and time, initial forward speed, heading angle, and 

central pressure are modeled by random draws from historical genesis data (Vickery, et al., 

2000; 2009c) . If central pressure data is not available, a regression equation is used to 

estimate a central pressure value from maximum sustained wind speed and latitude. The 

tropical cyclone parameters at subsequent time steps are determined using regression 

models.  

Translational/Forward Speed and Heading Angle/Direction  

The tropical cyclone translational speed and heading angle at every 6 -hour time step are 

modeled as separate regression models, using the forward speed, heading direction, 

latitude, and longitude from up to two previous time steps as predictors. The regres sion 

coefficients are derived for different 5x5 -degree cells across the North Atlantic Ocean  

(Vickery et al., 2000, 2009c) . The regression model with the corresponding set of 

coefficients is used when a storm moves into a given cell. The residuals from the regression 

are modeled as a normal distribution in each cell to address the randomness of storm 

movement.  

Central Pressure  

Central pressure is modeled in the form of relative intensity (Darling, 1991)  using a multiple 

linear regression model. For each time step, the central pressure in a given 5x5 -degree cell 

is modeled as a function of the relative intensities from the previous three time steps, the 

current sea surface temperature, and the previous se a surface temperature  (Vickery, et al., 

2000; 2009a; Rayner, et al., 2003) . A random error term which follows a normal distribution 

is used to model the residuals that result from the regression. Relative intensity values are 

taken between 0 and 1 to constrain the minimum central pressures a storm can physically 

reach under cert ain environmental conditions.  

Radius of Maximum Winds  

Radius of maximum winds is an important parameter that describes the size of a tropical 

cyclone. It is modeled as a random variable which follows a lognormal distribution. The 

mean of the variable is described as a function of central pressure deficit and latitude  

(Vickery & Wadhera, 2008) . The variation relative to the mean is determined from historical 

data through regression analysis. The historical data is obtained from the HURDAT2 Re -

analysis Project (e.g., ., (Landsea, et al., 2004a; Landsea, et al., 2004b; Landsea, et al., 

2008; Landsea, et al., 2012; Landsea, et al., 2014; Hagen & Landsea, 2012; Delgado, et al., 

2018) ), NOAA Technical Report NWS 38 (Ho, et al., 1987) , and the Extended Best Track 

Dataset (Demuth, et al., 2006)  

Impact Forecasting Florida Flood Model  ɴ Inland flood  

For TC-induced inland flood, no distribution is used on the top of what is mentioned above, 

as only rainfall rates are calculated on the top of hurricane tracks.  

Within the non -TC synthetic event set model the number of events per year across the 

region and the probability of a given site being the conditional site are conditioned upon the 

historical training data following previous literature (see (Quinn, et al., 2019; Wing, et al., 

2020) ) and are non -parametric. Furthermore, the reanalysis training data is converted into 
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semi-empirical marginal distributions , which provide the exceedance probability of a given 

magnitude event at each site. They are semi -empirical in that they are constructed by fitting 

a Generalised Pareto distribution to data above a specified threshold (calculated at each 

site), while an empi rical distribution is fitted below. For calculation of the tail dependence 

between sites, the model utilizes a further conversion, transforming all the data from their 

semi-empirical distributions to a common Laplace distribution. This is a continuous 

distribution that is commonly used in similar applications as it enables a simplification of 

pairwise tail dependence model fitting and inferences, particularly in weakly associated 

variables (Keef et al 2013a) . These transformations, and the utilised distributions are 

commonplace within the literature. See work by (Heffernan & Tawn, 2004; Keef, et al., 

2013)  for early model introduction and approach justification, as well as more recent 

literature including  (Quinn, et al., 2019; Wing, et al., 2020; Southworth, 2022; Diederen & 

Liu, 2020) , and (Li, et al., 2023)  for similar applications to that utilized in this submission. 

The marginal threshold above which to fit the generalized pareto model is derived following 

the approaches of (Varty, et al., 2021) .  

For the hydraulic hazard modeling, the Generalized Extreme Value (GEV) and Generalized 

Pareto distributions are used as part of the Regionalized Flood Frequency Analysis (RFFA) 

that is used to calculate extreme streamflow. Discharge estimates using these d istributions 

have been validated against independently derived flood frequency curves contained in the 

USGS StreamStats data and compared against an earlier version of the RFFA published by 

(Wing, et al., 2017)  (v1) that used a smaller pool of gauges than the 6,902 USGS river 

gauges used here (v2).  StreamStats data were obtained for 1095 USGS gauging stations 

and contain discharge frequencies computed in accordance with Bulletin 17C guidelines 

(England et al., 2019). Figure 24  displays the results of this validation, presenting the errors 

from the v1 and v2 RFFA approaches against USGS defined discharge estimates. Overall, 

we see substantial improvement in model skill, particularly for higher frequency events, for 

the newer RFF A. For example, the 5 years flow magnitude is computed with 25% error on 

average compared with 54% in v1. 80% of sites match the 5 years USGS flow within 50%, 

compared to only 46% of sites in v1. Improvements in model skill, particularly at low return 

peri ods, are unsurprising given the updated index flood approach that utilizes local gauge 

data where possible. Model skill at high return periods is also improved, with absolute errors 

in 100 years flow quantification reducing from 75% to 47% and biases broug ht down from 

72% to 29%. Given that errors in return period flows estimated from river gauges can 

themselves be considerable, particularly where the gauge time series is significantly shorter 

than the target return period  (Benson, 1958) , the RFFA performance against the 

StreamStats benchmark can be considered reasonable.  
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Figure 24 : Validation of RFFA methods applied by Wing et al. (2017), v1, and the updated version, 

v2, used in this study. The figure displays the errors in estimated discharge, computed using 

benchmark data from USGS StreamStats data, for the 1 in 5 (a), 10 (b), 50 (c), 100 (d), 200 (e), and 

500 years (f) events. RFFA, Regionalized Flood Frequency Analyses; USGS, United States 

Geological Survey.  

MF-5.3  Demonstrate that simulated flood elevation or depth frequencies are consistent 

with historical frequencies.  

Impact Forecasting Florida Flood Model  ɴ Storm Surge  

The simulated coastal flood elevation frequencies are consistent with historical observed 

frequencies. The modeled storm surge elevation exceedance probabilities at a location on 

land closest to several NOAA tidal station locations were compared with the observed 
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frequencies, as is shown in Figure 25  below. NOAA provided the annual exceedance 

probability curve with 95% confidence intervals for varies stations along Florida coastline 

(NOAA, 2023a) . All stations have at least 30 years of data. The comparison in Figure 25  

shows that in general, the modeled flood elevation frequencies are in line with the historical 

frequencies. The simulated water elevation tends to be a bit lower (less than 0.5m lower) 

than the measurements for low return period but such small water elevation is unlikely to 

cause damage on land.  

  

Figure 25 : Comparison of simulated flood elevation at different frequencies (orange line and 

markers) with historic frequencies from NOAA (blue line and markers). The upper and low bounds of 

the 95 percent confidence interval of the measured flood elevation frequenc ies are also included 

with dashed blue lines and markers. The comparison was conducted for Vaca Key (top), Cedar Key 

(middle) and Clearwater Beach (bottom).  
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Impact Forecasting Florida Flood Model  ɴ Inland Flood  

The simulated inland flood elevation frequencies are consistent with historical observed 

frequencies as shown in  Table 9. 

Table 9: Annual rates of unique event impacts across Florida. Bracket values represent Wald 

confidence bounds obtained from a bootstrapping analysis of the historical data TCɴ Tropical 

Cyclone, NTC ɴ non -Tropical cyclone . 

Metric (at 10 year threshold)  Synthetic  Historic  

Number of impacts annually (process 

agnostic)  

2.7  3 [2.4, 3.6]  

Number of impacts annually (TC)  0.9  1 [0.6, 1.3]  

Number of impacts annually (NTC)  1.8 2 [1.6, 2.5]  

 

The hazard layers have been validated at different frequencies. For example (Bates, et al., 

2021)  compared the model framework underpinning the Florida flood hazard model across 

the US and (as shown in Table 10 of (Bates, et al., 2021)  and summarized  in the table below) 

found that the model performed well in comparison to national (FEMA) flood maps, as well 

as regional flood maps (IOWA) at both higher (5  year) and lower (100  year) frequency 

events.  

Table 10: Summary of validation Test Performance Metrics reported in (Bates, et al., 2021) . 

Metric  Hit rate (HR)  False alarm ratio 

(FAR) 

Critical success 

index (CSI)  

Error bias (EB)   

Iowa Flood 

Center 5 years  

0.77  0.15 0.69  0.38   

Iowa Flood 

Center 100 years  

0.93  0.07  0.87  0.49   

FEMA 100 years  0.85  0.09  0.78  0.38   

FEMA 100 years, 

coastal only  

0.92  0.12 0.82  0.62   

 

In terms of the synthetic event set  modelling, the simulated frequencies are forced to be 

correct. The model is forced to sample from hazard layers at the correct frequencies. 

Further details regarding the non-TC synthetic event set  model and the merged event set 

are given in  Standard  SF-1.
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HYDROLOGICAL AND HYDRAULIC FLOOD 

STANDARDS 

HHF-1 Flood Parameters (Inputs)  

A. Treatment of land use and land cover (LULC) effects shall be consistent with current 

scientific and technical literature. Any LULC database used shall be consistent with the 

National Land Cover Database (NLCD) 2016 or later. Use of alternate datasets sh all be 

justified.  

The land use and land cover dataset is based on the National Land Cover Database (vintage 2019) 

and is used to serve as a base dataset for hydraulic roughness used in the flood hazard simulation. 

The details of the sources as well as the processing steps a Ĭú ŝæĥŒþņ ĳĉ bæĬĬēĬĊʁņ łĳŒĊĐĬþņņ æłþ 

described in depth in Disclosure HHF -1.9, Disclosure HHF -1.10, and when it comes to infiltration in 

the hydrological model, a Soil Survey Geographic Database  (SSURGO) dataset is described in 

Disclosure HF -1.11 and Disclosure MF -2.6 . Additional information can be found in Disclosure MF -1.6 

and Disclosure MF -2.1. No alternative datasets besides the aforementioned are used.  

B. Treatment of soil effects on inland flooding shall be consistent with current scientific and 

technical literature.  

The Disclosures HHF-1.9 and HF-1.11 describe the use of the SSURGO dataset, and the principles of 

soil water mechanisms in hydrological models are discussed in the section dedicated to the FUSE 

model in Disclosure HHF-1.14. 

C. Treatment of watersheds and hydrologic basins shall be consistent with current scientific 

and technical literature.  

For inland flood simulation, there are  multiple uses of watersheds and hydrological units. Datasets 

(mainly from NHD+) used in the process of hazard maps generation are described in Disclosures 

HHF-1.3, HHF-1.12, and HHF-1.13. On the topic of event set discretization, HUC10 units (NHD) are 

used for the pluvial event set (with further description available in  Disclosure  HHF-1.2). The 

discretization of fluvial hazard is unrelated to pre-defined  hydrological  units primarily because it is 

necessary to have overlaps in flood hazard maps (with further description available in Disclosure 

HHF-1.2). 

D. Treatment of hydraulic systems, including conveyance, storage, and hydraulic structures, 

shall be consistent with current scientific and technical literature.  

These systems are considered on only a limited basis in the direct application of flood hazard 

simulations. Largely, the use and application of flood protection structures is described in Standard 

HHF-3. To avoid limitations caused by the lack of state -wide data, a 1D sub grid channel network 

that is coupled to the 2D floodplain ensures a continuous channel network is modeled  throughout 

the domain, including in areas that have been highly modified.  This is described in depth in 

Disclosures HHF -1.13 and HHF-1.14. The impact of urban drainage systems are also considered, as 

described in Disclosure HHF -1.10.  
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Disclosures  

HHF-1.1 For inland flood analyses associated with riverine and lacustrine flooding,  

A. Describe how the rivers, lakes, and associated floodplains are segmented 

(or partitioned) in determining the parameters for flood frequency used in 

the flood model,  

Rivers are discretized into reaches such that tributaries are simulated in a separate 

simulation to the main river channels they join. Larger river channels are also split into 

smaller sections when they reach the maximum river length (approximately 100km)  or 

where there is a significant change in upstream catchment area (i.e. at the confluence of a 

large tributary). Boundary conditions (i.e. inflow hydrographs) are calculated at the start of 

each river section with smaller additional inflows added on a cel l-by-cell basis further 

downstream as upstream catchment area increases.  

Lakes for which the lacustrine modeling was done were isolated based on available gauge 

data and/or presence and absence of neighboring lakes with any observations. 

Subsequently, a frequency analysis was conducted on observed  annual  maxima for the 

lakes with a minimum of 10 years of recorded data. The recurrence interval was computed 

using a Weibull formula  (U.S. Interagency Advisory Committee on Water Data, 1982) . Each 

ĥæĢþʁņ æĬĬŒæĥ łþôŒłłþĬôþ ēĬōþłŝæĥ ŝþłņŒņ Şæōþł þĥþŝæōēĳĬ ôŒłŝþ Şæņ Ŀĥĳōōþú æĬú ĉēōōþú ŞēōĐ 

the optimal distribution. Using the chosen distribution, water elevation was calculated for 

ōĐþ īĳúþĥʁņ łþōŒłĬ Ŀþłēĳúņȼ 

B. Describe how the interaction between riverine and lacustrine components 

are represented in the flood model, and  

Lacustrine modeling was merged (replacing the ĳłēĊēĬæĥ ĉĥĳĳú Đæũæłúɥ ēĬōĳ CæōĐĳīʁņ ēĬĥæĬú 

hazard and simply assumes the same return period on the lake as well as in the hazard map. 

However, the return -period on the lake segment comes from the event set and depends on 

the hazard map segmentation and wh ich return period is assigned to each segment. Here, 

for larger lakes, the segment could be comprised entirely of the lake or, for smaller lakes, 

also part of the river network system (and thus excluded from la custrine simulation).   

C. If groundwater is accounted for in the flood model, describe how the 

interaction between groundwater and inland flooding is represented.  

Groundwater determines the state of the system (initial conditions in particular). For non -TC 

model  (based on the hydrological hindcast), the groundwater stores are constantly updated 

as part of the continuous simulation, so groundwater variations are accounted for. For the 

TC model , we use same set of initial conditions for all events, so all events experience the 

same groundwater contribution (i.e. groundwater variations are not represented).  

HHF-1.2 For inland flood analyses associated with surface water flooding, describe how the 

affected area is segmented (or partitioned) in determining the parameters for flood 

frequency used in the flood model.   

The modeling framework samples from existing hazard layers which correspond to specified 

return period forcing levels. For this reason, the absolute magnitudes in the merged event 
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set at the site locations are not relevant; rather , only the quantile they represent is relevant. 

Therefore, the merged event sets were then converted to empirical quantiles at each site. 

To remove bias between the event set magnitudes and the return period levels of the 

boundary conditions in the hazard l ayers, the empirical quantiles were calculated with 

respect to the event set data (rather than linking the event set magnitudes to the marginal 

distributions of the hazard layers). A simple rank -select met hod was used to assign the 

expected return period to each event magnitude at each event set site.   

Next, the point -based return periods needed to be interpolated over the entire Florida as 

well as the whole US region. Within the pluvial peril, this is done by discretizing the US into 

unique catchment units within which an assumption is made that every cell is experiencing 

the same return period magnitude. The units used were those provided in the NHD HUC 10 

dataset (USGS, 2021) , an example of which is provided in Figure 26 . 

  
Figure 26 : Fluvial (left) and pluvial (right) discretization of the region.  

To extract the relevant hazard layers within each catchment, these return period estimates 

were intersected with the Fathom hazard layers on a catchment -by-catchment basis, 

iteratively stitching together a full flood depth map. Figure 27  provides a schematic 

þţæīĿĥþ ĳĉ ōĐēņ ʀôĳĳĢēþ-ôŒōōþłʁ æĿĿłĳæôĐ ēĬ æ ņēĬĊĥþ ôæōôĐīþĬōȼ  

Unlike in the pluvial catchment discretization, the fluvial catchments can overlap. This is 

important, particularly at confluences where a given pixel may be part of a flood due to an 

extreme event occurring on more than one river. If we were to use static  catchment units, 

whichever gauge was linked to the catchment the pixel was found within would be the only 

source of flooding at that site, which, in reality, is not the case. Instead, the river network is 

discretized into catchment units that correspond t o a flood extent linked to two selected 

flood return period simulations (100yr and 1000yr) by a given input boundary condition. 

Each of these units are assigned a link gauge (where synthetic event magnitudes are 

produced), and then when constructing the ev þĬō ĉĳĳōĿłēĬōȽ ōĐþ łþĥþŝæĬō Đæũæłú ĥæŤþłņʁ 

depths within the polygon unit are taken. In this way the full extent of a flood on each river 

reach can be examined during an event, unrestricted by (often arbitrary) catchment 

boundaries. The maximum depth of an y overlapping catchment units is retained as the 

fluvial flood depth for a given event. An example is provided in Figure 28 . 

Once the fluvial and pluvial flood depths have been extracted across all catchments, for a 

given event, the final event depth at a location is given as the maximum of the two  sub-
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perils. The evaluation of these hazard depths against asset exposures in the region is 

conducted within the Impact Forecasting ELEMENTS  platform.  

 

Figure 27 : An example demonstrating the process of extracting flood maps for a catchment unit.  

Figure 27  shows an example demonstrating the process of extracting flood maps for a 

catchment unit where no overlapping is allowed for a given flood event. The graph in (b) 

shows that the annual exceedance probability of the simulated Q occurring at the outlet of 

the catchment in (a) is 1 in 150 years. The 150 -year Fathom depth grid, already simulated,  is 

then extracted for the catchment in (c), while AEPs  (Aggregate Exceedance Proabability)  of 

all other catchments are computed too. The final flood inundation map is shown in (d), 

where this extraction process has been repeated for all river basins in the domain for both 

fluvial and pluvial sub -perils. In this project, static units are used fo r pluvial events, while 

overlapping units (see below) are used for fluvial events.  
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Figure 28 : An example of the overlapping fluvial catchments in three river  reaches , with RP100 

masks shown in orange and green . 

Figure 28  shows an example of the overlapping fluvial catchments in three river  reaches, 

with the RP100 masks shown in orange and green, respectively. These masks will be used 

to sample from the underlying hazard layers when these reaches are impacted during an 

event. Note the overlapping of the catchments at the confluence, enabling  a more realistic 

representation of flooding of pixels in the region, which can be inundated by an extreme 

event on either reach.  

HHF-1.3 Describe any assumptions or calculations used in the inland flood model relating to 

initial and boundary conditions (e.g., groundwater levels, lake levels, river flows 

and discharge locations, tides, river confluences, soil moisture).  

At single locations with sufficiently lengthy time series of observed annual flow maxima, 

return period flood flows can be estimated using extreme value distributions. However, 

gauged flow data is available only for a small number of rivers globally. Furth ermore, the 

number of years of data at a given gauge is generally too small for robust estimates of 

extreme floods (100 -year return period or more). In order to estimate flood flows in 

ungauged regions, Fathom uses a Regional Flood Frequency Analysis (RFFA ) approach 

(Smith, et al., 2015) . The implementation adopted was first described in (Sampson, et al., 

2015) . This approach pools gauged annual maxima from hydrologically similar regions 

together, deriving an index flood, used to scale data in the same pool. Flood frequency 

analysis is subsequently applied to the scaled pooled data to obtain growth curves. 

Application of the growth curve to  the index flood of a given location yields estimated flood 

quantiles.  The index flood is globally derived by calculating the index flood at all gauges 
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with sufficient data, then using a log ɴ log multiple linear regression to relate the index flood 

to catchment  descriptors which are available globally. The index flood can thus be 

estimated anywhere, and the pooled regional growth curves can be applied, allowing 

derivation of flood return periods anywhere. Pooling of gauges increases the number of 

data points tha t can be used to estimate extreme return periods.  

While this approach worked surprisingly well over the US (refer to the validation study of 

(Wing, et al., 2017) , it ignores obvious sources of high -quality local data that could lead to 

valuable improvement. To further improve this method, we upgraded the algorithm to use a 

much larger set of annual maxima data from 6,902 USGS river gauges. To best utilize the 

far denser USGS gauge network, gauges were carefully partitioned in space to estimate the 

index flood. This partitioning was undertaken using a hierarchical approach whereby the 

model moves from smaller scale catchments to larger catchment zones until a set of  pooled 

gauge requirements are satisfied. These requirements were based on upstream catchment 

area, defining whether gauges with both small and large upstream areas were present in the 

pooling group. Once the catchment zone has enough gauges, representativ e of the 

required range of catchment areas, the gauges were pooled together into a single group. 

Therefore, only gauges from the same river or hydrological zone were used in the 

estimation of the index flood for a particular site. However, for the estimati on of the growth 

curves, gauges were pooled together across all catchment zones to increase the sample 

size. 

For the TC fluvial simulations, initial conditions for FUSE (e.g. soil moisture) and mizuRoute 

(river levels) were retrieved from the FUSE -mizuRoute hindcast driven by MSWEP (Beck, et 

al., 2019)  and MSWX (Beck, et al., 2022)  over 1980 to 2020. Model states from a few days 

before hurricane Katrina made landfall were considered to be indicative of pre -TC 

conditions and were used for all events. The main advantages of extracting initial conditions 

from a continuous distributed F USE-mizuRoute historical simulation (instead of e.g. 

randomly generating them) are that the fields are spatially coherent, physically constrained, 

and that the FUSE and mizuRoute states are in sync.  For Non -TC events, model states for 

FUSE and mizuRoute ar e updated every day as part of the 1980 -2020 hydrological hindcast 

(continuous simulation driven by reanalysis), i.e., we do not use pre -Katrina conditions for 

these events. Instead, initial model states depend on the atmospheric conditions over the 

period  preceding each event. The footprint for each event is then determined by a 

dynamical simulation based on these initial conditions (the hindcast).  

As discussed in Disclosure HHF 1.1.C, soil moisture was not considered in the hydraulic 

modeling, except for the infiltration calculations for which soils were assumed to be dry, as 

discussed in further detail in Disclosure HHF 1.11. 

HHF-1.4 Document the sensitivity of the flood model results to assumptions for values of 

initial and boundary conditions, including soil moisture, lake level, and tide height if 

relevant.   

(Newman, et al., 2021)  developed a stochastic framework relying on FUSE to explore the 

relative importance of key hydrological modeling decisions (initial conditions, model 

parameters, model structure and precipitation event forcing) when simulating extreme 

flooding events in t wo US catchments (a semi -arid catchment in Oklahoma and a snow 

dominated one in Idaho, which is less relevant for modeling in Florida). They generated 

millions of flood events and decomposed the variance of flood magnitudes for different 

return periods. Th ey found that for the most extreme events, rainfall intensity is the 

dominant driver, and that initial conditions (including soil moisture) only play a secondary 
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role. For the more frequent events, the initial conditions play the dominant role. Their study 

is relevant here because, like our framework, it uses FUSE, but the hydroclimatic conditions 

of the two study catchments are quite different from that of Florida. Studies like Newman et 

al. (2021) that are based on a large number of stochastic simulations are typically limited to 

a few sites because of their computational cost. This applies to the study by Zhu et al. 

(2018), which focuses on the Turkey River in th e Midwestern US. Importantly, while they 

demonstrate the importance of antecedent soil moisture, they also show that the 

importance diminishes as event magnitude increases . 

Similar conclusions were drawn by Wasko and Nathan (2019) who showed that antecedent 

soil moisture plays a more important role in modest flooding events whereas precipitation is 

the most important driver affecting flooding associated with extreme precipita tion episodes. 

They used long flow records in Australia and identified a recurrence interval dependent 

tipping point beyond which the trends in catchment rainfall outweigh those of soil moisture 

trends and dominate the flood response. They report that for regions where soil moisture 

has decreased, this tipping point occurs at an average recurrence interval of ten years or 

more. Additional evidence is provided by Brunner et al. (2020) using a large ensemble of 

extreme rainfall events over Bavaria, Germany. F or the majority of the catchments, they 

ēúþĬōēĉēþú æ ʀłþōŒłĬ ēĬōþłŝæĥ ōĐłþņĐĳĥúʁ ēĬ ōĐþ łþĥæōēĳĬņĐēĿ óþōŞþþĬ ĿłþôēĿēōæōēĳĬ æĬú ĉĥĳĳú 

increases: at return intervals above this threshold, further increases in extreme precipitation 

frequency and magnitude cle arly yield increased flood magnitudes; below the threshold, 

flood magnitude is modulated by land surface processes, including those involving soil 

moisture.  

In the context of TC modeling, an implication is that flow simulations at the edges of the TC 

footprint would benefit most from using a range of initial conditions, while simulations at 

locations close to the TC/TS track are likely to be less sensitive.  

In the hydraulic flood model, the impact of tide height is not modelled. Instead the 

downstream boundary of the fluvial hydraulic models at the coast are set to a fixed water 

height equal to the bank height of the channel to assume a full channel at the co ast. This is 

to ensure that fluvial flood hazard is separated from the impacts of any coastal flooding 

which are modelled separately.   

Likewise, the impact of lake levels were also not explicitly modelled by the hydraulic models 

and were instead modelled separately (as discussed in Disclosure HHF -1.1). 

No assumptions on fluctuation of water levels in lakes and sea are considered, FUSE -

mizuRoute does not account for lake level and tide height.  

The analyses of several important storm surge model input parameters are explained in 

detail in Disclosures HHF-4.1 and SF-2.2 . 

HHF-1.5 Describe the source and representation of topography in the flood model. Describe 

the horizontal resolution and the vertical accuracy of the topographic 

representation. Identify the horizontal and vertical datum of the topographic 

information. Desc ribe any modelling organization modifications to the topographic 

representation. Describe the sensitivity of simulated floods to uncertainties in the 

topographic representation.   

This item is mainly covered in Disclosure MF -2.11; the topography is primarily composed of 

LiDAR with FABDEM (Hawker, et al., 2022)  filling in  any gaps. The horizontal resolution of 

the topography is 1 arc second (approximately 30 m). The vertical accuracy of LiDAR is 

typically in the order of 0.25 m, though there is greater uncertainty in the small number of 
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locations underpinned by FABDEM. The horizontal datum is WGS84, and the vertical datum 

is EGM08.  

Following the compiling of the DTM as described in Disclosure MF -2.11, no further 

modifications to the topography were made. The flood model will be sensitive to significant 

uncertainties in the DTM. Research by (Savage, et al., 2016)  shows that localized water 

depths can be sensitive to DTM uncertainties, however the model tends to be most 

sensitive to DTM uncertainty during the drying phase of the flood, with the sensitivity of the 

model to DTM uncertainty being negligible in compari son to uncertainties in boundary 

conditions and model friction parameters. Furthermore, given that the vast majority of 

Florida is covered with LiDAR, particularly areas with significant exposure, uncertainty in 

the topography here will be small and theref ore the sensitivity of the model to realistic 

uncertainties here will also be small.  

The topography representation used for surge modeling (embedded in the SLOSH model) is 

described in detail in Disclosure MF -2.11. 

HHF-1.6 Provide the grid resolution or other area partitioning used to model the inland flood 

extent and depth and how the hydrological and hydraulic characteristics are 

determined on these scales.   

The flood inundation model is simulated at 1 arc second (approximately 30 m) resolution. 

The properties of the river channel (i.e. riverbed and bank elevation and width) are 

determined at a 3 arc second (approximately 90 m) resolution, with these propertie s 

interpolated to 1 arc second between the center points of these cells.  

The hydrological model FUSE is run on a 0.25° grid (~25km at the equator) and mizuRoute 

is run on the MERIT -Hydro network (median reach length of ~7km). Both models are set up 

to simulate all river reaches upstream and downstream of the TC rainfall footpri nt.  

For the inland event set, the final model event footprints are generated through the 

sampling from pre -computed hazard layer catalogs. To do this in an efficient manner, the 

region is discretized into pluvial and fluvial catchments, and within each, the ev ent 

maximum return period is defined. This return period is used to select the most appropriate 

hazard layer (flood depths) to sample. Further details are provided in  Disclosure  HHF-1.2. 

 

HHF-1.7 Describe any assumptions or calculations used in the inland flood model relating to 

flood -induced erosion or topographic changes.  

No assumptions or calculations were made in relation to flood induced erosion or 

topographic changes.  

HHF-1.8 Provide citations to all data sources used to develop and support the land -use 

evaluation methodology, including publicly developed or peer -reviewed 

information.   

This is answered in Disclosure MF -2.1 and partially replicated here.  

The National Land Cover Dataset (2019) (Dewitz, 2021)  is applied to the model to define the 

ņĿæōēæĥĥŤ ŝæłŤēĬĊ bæĬĬēĬĊʁņ łĳŒĊĐĬþņņ ôĳþĉĉēôēþĬō æĬú ōĐþ ŒłóæĬēũæōēĳĬ ōĐæō ēņ æĿĿĥēþú ōĳ 

estimate urban drainage, as described in Disclosure MF -2.1. These coefficients are based 

on values developed by (Arcement, et al., 1989)  or (Chow, 1959) . This is then modified in 

cells that contain buildings as defined by the Microsoft building footprints dataset 

(Microsoft, 2018) . 
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For the storm surge model, the National Land Cover Dataset (Dewitz, 2021)  is necessary for 

the Trees layer in SLOSH basins. The input for this layer is downloaded from the National 

Land Cover Dataset website which is hosted by the Multi -Resolution Land Characteristics 

Consortium (MRLC). Based on field observations, basin develo pers have found the NLCD to 

be accurate and use it to determine land cover classifications for SLOSH basins (Conver, et 

al., 2008) . 

HHF-1.9 Provide the collection and publication dates of the LULC and soil data used in the 

flood model and justify the applicability and timeliness of the data for Florida.  

The LULC dataset used by the model is the 2019 version of the National Land Cover 

Dataset (Dewitz, 2021) . This was the latest version of the dataset available at the time of 

modeling. The soil data applied in the model is the Soil Survey Geographic Database 

(SSURGO) (Soil Survey Staff, 2021) . A digitized version of the data was downloaded when 

we started building the flood model in 2018.  

We have compared our SSURGO dataset to the latest version that has most recently been 

released (2023) and any differences are relatively small and primarily confined to the 

wildlife management areas in Southern Florida rather than the areas where there is the most 

financial risk. Furthermore, the way in which this data is used by the model means that the 

introduction of a newer dataset would not sign ificantly change the model outputs. This is 

because although the soil dataset is used to determine infiltration rates which are modeled 

as a reduction in rainfall intensity within the pluvial model, the dominant driver to changes in 

the precipitation data is the urban drainage allowances that are defined instead by the 

newer NLCD dataset, as land cover has a greater control on this than soil type.  

HHF-1.10 Describe the methodology used to convert LULC information into a spatial 

distribution of hydrological parameters, including roughness coefficients, 

throughout the flood model domain.  

This is described in Disclosures MF -2.1 and MF-2.6  but is repeated here for completeness.  

bæĬĬēĬĊʁņ łĳŒĊĐĬþņņ ôĳþĉĉēôēþĬō - The hydrodynamic model requires an estimate of the 

bæĬĬēĬĊʁņ łĳŒĊĐĬþņņ ôĳþĉĉēôēþĬō æņ Ŀþł ōĐþ ŒĬúþłĥŤēĬĊ īæņņ ôĳĬņþłŝæōēĳĬ þŁŒæōēĳĬņ 

presented by (Bates, et al., 2010) . This term controls the friction exerted on water flowing 

ĳŝþł ōĐþ þæłōĐʁņ ņŒłĉæôþȼ ¶þ æĿĿĥŤ æ ņĿæōēæĥĥŤ ŝæłŤēĬĊ bæĬĬēĬĊʁņ ĉłēôōēĳĬ ôĳþĉĉēôēþĬō ōĐæō 

changes based on land cover as defined by the NLCD (2019) ( see Table 11). These 

coefficients are based on values published at (Arcement, et al., 1989)  or (Chow, 1959)  and 

references therein. This is then modified in cells that contain buildings as defined by the 

Microsoft building footprints dataset, as shown in Table 12). We do this so that areas within 

ŒłóæĬ łþĊēĳĬņ ōĐæō úĳ Ĭĳō ôĳĬōæēĬ óŒēĥúēĬĊņ ôæĬ Đæŝþ ĥĳŞþł bæĬĬēĬĊʁņ łĳŒĊĐĬþņņ 

coefficients than those containing buildings. In areas of no data, we apply a uniform friction 

coefficient of 0.06, and within the sub -grid channels we apply a uniform friction coefficient 

of 0.04.  For the mizuRoute routing model providing the fluvial boundary conditions, a 

ManniĬĊʁņ ĉłēôōēĳĬ ôĳþĉĉēôēþĬō ĳĉ ǆȼǆǇ Şæņ Œņþú æôłĳņņ ōĐþ ŞĐĳĥþ łēŝþł ĬþōŞĳłĢȼ ! ņþĬņēōēŝēōŤ 

test was run with a value of 0.03 across the whole river network, the differences in model 

performance were found to be minor (see Disclosure SF-2.3 ). 

Table 11: |ŒīīæłŤ ĳĉ ņĿæōēæĥĥŤ ŝæłŤēĬĊ bæĬĬēĬĊʁņ ĉłēôōēĳĬ ôĳþĉĉēôēþĬōņȼ  

NLCD land use code  Definition  Manning's roughness 

coefficient  

11 Open Water   0.04   
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NLCD land use code  Definition  Manning's roughness 

coefficient  

12 Perennial Ice/Snow   0.04   

21 Developed, Open Space   0.04   

22  Developed, Low Intensity   0.04   

23  Developed, Medium Intensity   0.03   

24  Developed, High Intensity   0.03   

31 Barren Land (Rock/Sand/Clay)  0.025   

41 Deciduous Forest   0.1  

42  Evergreen Forest   0.1  

43  Mixed Forest   0.1  

52  Shrub/Scrub   0.1  

71 Grassland/Herbaceous   0.035   

81 Pasture/Hay   0.03   

82  Cultivated Crops   0.035   

90  Woody Wetlands   0.1  

95  Emergent Herbaceous Wetlands   0.07   

127 Unclassified   0.06   

 

 

Table 12: |ĿæōēæĥĥŤ ŝæłŤēĬĊ bæĬĬēĬĊʁņ ĉłēôōēĳĬ ôĳþĉĉēôēþĬōņ ēĬ ōĐþ ĿłþņþĬôþ ĳĉ óŒēĥúēĬĊņȼ 

Building Coverage  Manning's roughness coefficient  

>20% -50%  0.06  

50% -80%  0.09  

80%+  0.12 

Urban drainage standards  - We use the National Land Cover Dataset (NLCD, 2019) (Dewitz, 

2021)  to determine the degree to which areas are built up and classify regions into rural and 

urban (see Table 13). We then assign a 10 -year drainage standard to urban locations. The 

rainfall associated with that standard of protection is then subtracted from the baseline 

rainfall intensity for the scenario modeled for those locations. These approaches result in a 

spatially variable rainfall grid, reflective of the underlying soil type and assessments of 

urban drainage standards.  

 Table 13: NLCD classification and subsequent drainage defense standard  

NLCD Classification  Fathom Classification  Drainage Defense Standard  

21 - Developed, Open Space  

22 - Developed, Low Intensity   

23 - Developed, Medium Intensity   

Urban  1-in-10 year RP 
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24 - Developed High Intensity   

Other  Rural  Soil infiltration only  

For the storm surge model, the National Land Cover Dataset (Dewitz, 2021)  is necessary for 

the Trees layer in SLOSH basins. The tree height values are added at the corner points of 

the SLOSH basin grids to inform the model of increased friction. Friction is important 

because it decreases wind speed and slows water flow  (Conver, et al., 2008) .  

HHF-1.11 Describe the methods used to account for soil infiltration and percolation rates and 

soil moisture conditions in the inland flood model, if applicable. Provide citations to 

all data sources used to develop and support the soil infiltration and per colation 

rates and soil moisture conditions methodology, including publicly developed or 

peer -reviewed information. Justify the selection of antecedent soil conditions.  

Infiltration is calculated based on a modified Horton equation (Morin & Benyamini, 1977)  

and varies depending on soil type as defined by the Soil Survey Geographic Database 

(SSURGO) (Soil Survey Staff, 2021)  . 

Initial infiltration rates were defined based on values published within (Hillel, 2013)  and vary 

based on soil type. These initial rates represent dry initial soil conditions; however, these 

rates decrease to a final steady -state evaporation/infiltration date, again with values taken 

from (Hillel, 1982)  and infiltration calculated using the modified Horton equation in  (Morin & 

Benyamini, 1977) . 

In the FUSE implementation of VIC (Liang, et al., 1994)  used here, soil moisture in the upper 

soil layer is determined by computing the balance between precipitation minus evaporation, 

surface runoff, and percolation of water from upper to lower soil layer; see (Clark, et al., 

2008) . The balance is computed for each time step of the hindcast, which is used to 

generate the initial conditions, and is then computed for each time step of the TC  runs.  

HHF-1.12 Describe the methods used to develop watershed and hydrologic basin boundaries, 

and the hydrologic connectivity in the flood model, or any assumptions used in lieu 

of representing watersheds and hydrologic basins in the flood model.  

The hydrological connectivity of the river channels is defined by the NHD+ accumulation 

network (Buto, 2020)  from which catchment masks are defined. River channels are 

modeled within the hydraulic model as sub -grid channels. Rivers with an upstream 

catchment area greater than 193.051 sq mi (500 sq km)  (as defined by the NHD+ 

accumulation network) are modeled within the fluvial model, whilst rivers smaller than this 

are represented by the pluvial model.  

The catchment masks are defined based on NHD+, but mizuRoute uses the MERIT -Hydro 

river (Yamazaki, et al., 2019)  network. Hence, locations on the NHD+ network where 

boundary conditions are needed are mapped onto the MERIT -Hydro river network, and this 

determines where mizuRoute flow time series are extracted.  
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HHF-1.13 Describe the methods used to develop the hydraulic network (e.g., riverine, 

lacustrine) in the flood model, the treatment of hydraulic structures (e.g., bridges, 

culverts) within the hydraulic network, and any assumptions used in lieu of the 

physi cal representation of hydraulic structures in the flood model.  

As described in Disclosure HHF -1.12, the river network modeled within the hydraulic model 

is defined from NHD+ and as described in Disclosure HHF-3.1; areas protected by the levees 

contained with the National Levee Database (NLD) are post processed onto the flood 

hazard maps. This is achieved by removing flooding from defended areas for return periods 

ŒĿ ōĳ ōĐþ łþņĿþôōēŝþ ĥþŝþþʁņ ņōæĬúæłú ĳĉ ĿłĳōþôōēĳĬȼ Cĳł þţæīĿĥþȽ ēĉ æĬ æłþæ ēņ úþĉþĬúþú ŒĿ 

to and including a flood with a 100 year ret urn internal, then flood hazard layers for more 

frequent floods (i.e. return intervals of 100 years or less) will show no flooding within the 

defended area . No hydraulic structures other than the levees are considered . The use of 

sub-grid channels within t he hydraulic models (see Disclosure HHF -1.14 for full details) 

ensures that the hydraulic network remains connected in the presence of bridges, culverts, 

and other structures as the channels are modeled within a 1D sub -grid channel network that 

is coupled to the 2D floodplain.  

The lacustrine modeling is a static simulation done on top of the inland  modeling. Here, 

after the extent generation, every modeled lake outlet was investigated, and generated 

flood hazard was adjusted (clipped out) according to its outlet type (natural outflow) or 

outlet structure as well as the link to fluvial flood hazard d ownstream of the modeled water 

body.  

For the storm surge portion of the model, various geographic features such as continental 

shelf, inland terrain, inland water bodies (e.g. rivers, lakes, bays, estuaries), trees, and 

barriers are considered in the SLOSH basins  (Jelesnianski, et al., 1992; Conver, et al., 

2008) . Two hurricane levees in Florida were added to the SLOSH basin files as barriers 

using location and height data from the National Levee Database. Levees will be 

overtopped if modeled surge height exceeds the levee height.  

HHF-1.14 Characterize the hydrologic and hydraulic mathematical models used, and the 

corresponding sources and citations.  

IF Flood model ɴ Inland Flood  

LISFLOOD-FP model description  

CæōĐĳīʁņ ĐŤúłæŒĥēô īĳúþĥēĬĊ ĉłæīþŞĳłĢ ēņ æĬ ēīĿĥþīþĬōæōēĳĬ ĳĉ ōĐþ \M|C\ii5-FP 

numerical scheme (Bates, et al., 2010) , a novel simplification of the shallow water equations 

which yields an algorithm for which the minimum stable time step scales linearly with 

decreasing grid size, making it computationally more efficient than previous diffusive wave 

formulations, e.g. (Hunter, et al., 2005)  which scale quadratically. Combined with 

improvements in implementation and optimization through parallelization on central and 

graphical processing units, this has provided dramatic reductions in model runtimes, vital 

for applications across continental scales (Neal, et al., 2018) .  

(Bates, et al., 2010)  provide a validation of the model accuracy through a series of idealized 

test cases in which flows are contrasted with analytical solutions and an existing diffuse 

wave model. They report that depth errors were typically within that of higher resolution 

terrain data in simple beach test cases, increasing in complex test cases involving wetting 

and drying, noting however that results were near identical to model benchmark solutions 
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yet achieved at a fraction of the computational cost. Similar results were found by (de 

Almeida & Bates, 2013)  during a validation study of the inertial model implementation over 

a wider range of idealized test cases, contrasting model flows with those from analytical 

solutions and full shallow water models. Here they also reported that the inertial model 

performe d very well within subcritical flow conditions, which are typically found in floodplain 

and lowland river flows of practical interest, while requiring a fraction of the computational 

runtime.   

An important limitation of many 2D approaches over large domains is the inability to 

represent rivers whose widths are considerably smaller than the grid size. (Neal, et al., 

2012) This issue is addressed within the LISFLOOD -FP model through the implementation of 

æ ʀņŒó-Ċłēúʁ ņĳĥŝþłȽ ēĬ ŞĐēôĐ ôĐæĬĬþĥ ôĐæłæôōþłēņōēôņ æĬú ĉĥĳŞņ æłþ łþĿłþņþĬōþú ŒņēĬĊ æ Ǉ5 

model while floodplain flows occurring when conveyance capacities are exceeded are  

propagated using the 2D inertial model solver of (Bates, et al., 2010) . In summary, the 2D 

base model LISFLOOD -FP uses an explicit forward difference scheme on a staggered grid 

(Figure 29 ). The model comprises two equations that handle the continuity of mass in each 

cell and continuity of momentum between cells. Although arranged in two dimensions, the 

momentum equation implemented across each face of each grid cell is in fact a one -

dimens ional calculation such that the fluxes through each cell face are decoupled from 

each other. For each cell, the continuity equation over a time step t̋  is:   

Ὤȟ
Ў Ὤȟ Ўὸ

 Ⱦ
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Ў
 ȟ Ⱦ
Ў   ȟ Ⱦ

Ў

ȟ
     (10) 

Where Q is the flow between cells  (m3s-1), h is the water depth at the center of each cell  (m), 

A is the water surface/cell area  (m2), and subscripts i and j are cell spatial indices in x and y 

directions, respectively. Because flows in the x and y directions are calculated using the 

same approach, the method of description below presents only the calculation of flow in the 

x direction, dropping references to x and y directions from the notation. The momentum 

equation to calculate flow Q between two cells is described by the following equation:  
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ὗ Ⱦ
Ў Ⱦ ЎȢ Ⱦ

Ў    
Ⱦ
Ўὼ       (11) 

Where ῳx is the cell width  (m), g is the acceleration due to gravity  (ms-2), q t (m2s-1) is the 

flow from the previous time step Q t (m3s-1) divided by ce ll width ῳx (m), S is the water 

surface slope between cells  (unitless) , n is Manning's roughness coefficient  (sm1/3), and hflow  

is the depth between cells through which water can flow  (m). 

 

 

Figure 29 : Conceptual diagram of (a) LISFLOOD -FP base model, (b) sub -grid channels model and 

(c) sub -grid section.  

Introducing a sub -grid channel to the base model is relatively simple because each cell face 

can be treated as a one -dimensional model and therefore be implemented as a series of 

separate flow calculations with a shared water surface height but with differ ent widths and 

bed elevations representing the floodplain and channel, respectively. Two variables are 

added to the base model to represent the channel, namely bed elevation zc  and channel 

width w. The channel and flow calculations can then be solved indep endently before being 

combined to obtain the cell face discharge that is needed by the continuity equation.  For a 

complete solver schematic and full calculation chain see  (Neal, et al., 2012; Bates, et al., 

2010)  in which this  model implementation was validated over an 800 km reach of the River 

Niger in Mali by comparing four different model structures: 1D only (no floodplain), 2D only 

(no channels), coupled 1D/2D (main channels with floodplain), and a 2D sub -grid model 

(main c hannels, smaller sub -grid floodplain channels, and floodplain). The study determined 

that inclusion of both the channel network and floodplain was essential, and that inclusion 
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of the smaller sub -grid channels on the floodplain yielded significantly increased simulation 

accuracy in terms of water level, wave propagation speed, and inundation extent.  

The application of a hydraulic solver at high resolution across the complete land surface of 

our planet does require the solver to be stable across all conceivable slope profiles 

including, for example, large topographic discontinuities such as cliff faces . While the 

inertial formulation of the shallow water equations is appropriate for simulating the types of 

gradually varying water surface that typify low gradient areas such as flood plains, it may be 

invalid in areas of very steep terrain where supercrit ical flow may be expected.  Under such 

conditions, the solver limits flow depth to the critical depth (i.e. the Froude number is not 

allowed to exceed 1) to ensure that simulated flow does not exceed critical flow and 

become supercritical. This means that in areas of very steep terra in, modeled water 

velocities may be reduced and depths increased, but the model will remain stable and mass 

conservative.  

This hybrid model enables all river channels to be explicitly modeled except for rivers with 

upstream accumulations < 193.051 sq mi (500 sq km) , since these types of reaches are 

often too small to be accurately predicted and are commonly well represented by the pluvial 

flood drivers. The pluvial model involves gridded rainfall intensities of given duration and 

probability inputting water directly  onto the 2D grid with, importantly, 1D sub -grid channels 

retained so that rivers can still convey flood waters f or smaller channels with catchment 

areas > 19.03 sq mi ( 50 sq km) (there are large uncertainties with estimating the bathymetry 

of river channels with a smaller upstream  area than this).  

FUSE and mizuRoute model description  

To produce flow simulations, the hydrological model FUSE (Clark, et al., 2008)  was 

combined with the routing model mizuRoute (Mizukami, et al., 2016; 2021) . FUSE was used 

to simulate runoff over a 0.25° grid, and its simulations were run through mizuRoute to 

convert runoff into flow and to account for all (upstream) grid cells contributing to flow 

along the MERIT -Hydro river network (median length around 7km ). A key strength of FUSE 

and mizuRoute is their high computation efficiency, which is essential to dynamically 

simulate the large number of synthetic events this project is based on over a domain 

covering a large fraction of the CONUS  (Contiguous United S tates) . 

FUSE is a modular framework for hydrological modelling. It is based on four conceptual 

models (VIC, PRMS, SACRAMENTO and TOPMODEL). The components (e.g., evaporation 

or baseflow generation) of these four models were taken apart and, through the FUSE 

framew ork, can be recombined to create new models and understand differences between 

models. Here the FUSE implementation of the VIC model, see e.g., (Newman, et al., 2021)  

was used. The original FUSE version documented in (Clark, et al., 2008)  operates as a 

lumped model but the version used here is distributed, i.e., it operates on a regular grid and 

each grid cell contains an instance of the model. Furthermore, the FUSE version used here 

leverages the snow module developed by (Henn, et al., 2015) . Elevation heterogeneity 

within each grid cell and its influence on precipitation and temperature are captured using 

elevation bands computed using MERIT DEM.   

mizuRoute is used as routing model, i.e. to post -processes runoff outputs from FUSE to 

produce spatially distributed streamflow at various spatial scales from headwater basins to 

continental -wide river systems. mizuRoute is a vector -based model and here it  uses the 

MERIT-Hydro river network (Yamazaki, et al., 2019) . It offers two main options for river 

channel routing:  a kinematic wave tracking routing procedure and an impulse response 

function ɴ unit -hydrograph (IRF -UH) routing procedure. The former was used here. 
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Streamflow estimates at the boundary locations used by LISFLOOD were extracted from 

the output of mizuRoute.  

¥ĳ ĿłĳúŒôþ ŞĐæō ēņ łþĉþłłþú ōĳ Đþłþ æņ ɾĐŤúłĳĥĳĊēôæĥ ĐēĬúôæņōɿ ōĐþ b|¶9uǈȼǎ (Beck, et al., 

2019)  precipitation and MSWX1.0 (Beck, et al., 2022)  temperature products were obtained. 

Both MSWEP and MSWX are based on the ERA5 (Hersbach, 2023)  reanalysis, which they 

refine by merging it with rain gauge observations and satellite rainfall data and by applying 

bias-correction based on records from meteorological and flow stations. Daily rainfall 

accumulation and temperature data for approximately 40 years (1980 -2020) was extracted 

and aggregated over each grid cell of a 0.25° grid covering the CONUS and used to force 

FUSE-mizuRoute.  

Non-TC Synthetic Event Set:  

The non -TC synthetic event set is fundamentally centered on a derivative of the 

multivariate extreme value model first introduced by (Heffernan & Tawn, 2004)  which aims 

to characterize tail dependence between a series of datasets, then use those 

characteristics to inform the creation of synthetic event footprints. The model, first, derives 

marginal distributions at a series of selected data sites through the f itting of semi -empirical 

distributions (Generalized Pareto fitted above a specified threshold) and then converting 

these to a common Laplace margin. Once on Laplace margins, tail dependence models are 

fitted between each data site in a pairwise fashion, re sulting in a matrix of regression 

parameters and a corresponding matrix of residuals. Sampling from these pairwise 

regression models, and associated residuals, can then be used to provide event predictions 

across all sites under the condition that the cond itional site is experiencing a threshold 

exceeding event. The fundamental equation behind the model is given as:  

ὣȡὣ ‌ὣ ὣὤ װὣװὪέὶװ  ό      (12)װ

Where ὣ is a vector of marginal distributions excluding ὣ, װό is the threshold above which 

dependence is modeled , ‌ and ὦ are vectors describing the strength of the dependence and 

how the dependence changes, respectively, and ὤ  is a vector of d-1 residuals.  

This modelling framework has been used in numerous similar studies across many different 

environmental perils, see for instance: (Keef, et al., 2013; Quinn, et al., 2019; Wing, et al., 

2020; Southworth, 2022) , and (Li, et al., 2023)  for similar applications to that utilized in this 

submission. This model draws inputs from the hydrological model (described above) and the 

precipitation reanalysis provided by MWSEP.   

Storm Surge  

 

To compute surge heights, SLOSH uses the following equations of motion to balance the 

surface forces, including surface friction:  

 ὫὈ Ὤ ὄ ὄ  Ὢὃ ὠ  ὃ Ὗ  ὅὼ  ὅώ (5) 

 ὫὈ Ὤ ὄ ὄ  Ὢὃ Ὗ  ὃ ὠ  ὅώ  ὅὼ (6) 

where U and V are the components of transport, g is the gravitational constant, D is the 

depth of quiescent water relative to a common datum, Ar, Ci are the bottom stress terms, h 

is the height of water above datum, h 0 is the hydrostatic water height, f is the Coriolis 

parameter, and x  ̱and y  ̱are components of surface stress.  
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SLOSH models the propagation of storm surge through wetting and drying of grid cells. 

Surge is computed at the center of each grid -square, and transport is computed on each 

momentum point. A two -dimensional flow will exist at a momentum point if at least o ne of 

the four surrounding grid cells is wetted and higher than the highest bed depth of the four 

surrounding grid cells (Jelesnianski, et al., 1992) . 

Factors affecting inland propagation of the storm surge include the ground elevation, trees, 

levees, and other barriers. All these geographic features used to control, route, and impede 

the flow of water are considered in SLOSH basins.  

Each SLOSH basin is divided into multiple grid cells. The grid is set up to give fine 

resolution in the primary area of interest, and coarse resolution in the boundary region. The 

SLOSH model requires an elevation value to be assigned to each grid cell. Th ese elevation 

values determine at what storm surge height the cell will flood  (Conver, et al., 2008) . 

Momentum points are located at the vertices of the grid cell. The value of the momentum 

point is the maximum elevation of the four surrounding grid cells. Momentum points are 

used by the SLOSH model to determine the flow of water across the surface, and th ey are 

based solely on the value of the grid cell elevation, or the barrier points if they exist.  

Flows and Cuts are needed in the SLOSH model to determine the movement of storm surge 

over land and water. There are two types of flow created by developers, 1 -D flow and 1 -D 

flow with banks. 1 -D flow indicates that the flow of water, when the cell is wet,  is across the 

entire cell. 1 -D flow with banks indicates that the flow moves through a channel in the cell. A 

river which only covers fifty percent of a cell is a good example of 1 -D flow with banks. Cuts 

are locations along a channel where the width of t he flow with banks changes. These are 

entered into the database as the fraction (in tenths) of the cell width (Conver, et al., 2008) . 

Barriers are required when the average elevation of a cell does not represent a significant 

peak found within the cell. Examples include levees and barrier islands. Levees are 

manmade, narrow, linear structures that maintain an elevation significantly high er than that 

of the surrounding area. Because levees are usually narrow in comparison to a grid cell, 

they are frequently not reflected in the cell average. A barrier must be added to alert the 

SLOSH model that water will not go through the cell until it o vertops the barrier height. 

Barrier islands behave similarly as they frequently have dunes with a peak higher than the 

cell average. Barriers are added at the vertex of the basin grid cells in the same location as 

the momentum point and will replace the mo mentum point value (Conver, et al., 2008)  

Tree values inform the model of increased friction at the momentum points. Friction is 

important because it decreases wind speed and slows water flow.  

HHF-1.15 Describe if and how flood model parameters are based on or depend on NFIP FIRM 

or other FIS data.  

For parametrization of hydrological and hydraulic models, no FIRM or local FIS studies were 

used, but several benchmark studies were done and published comparing results with 

FEMA zones; see (Wing, et al., 2017; 2018) , and (Bates, et al., 2021) . 
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HHF-2 Flood Characteristics (Outputs)  

A. Flood extent and elevation or depth generated by the flood model shall be consistent with 

observed historical floods affecting Florida.  

 

As there is limited observation data for depth -based flood extents, the evaluation of modeled flood  

elevations,  depths , and extents  against historical depths was based mainly on specific control points 

where such data was available, including the events listed in Form HHF-1. The modeled and 

observed extent, water level , and discharge were  compared for several historical examples, listed in 

Form HHF-1 A and C and in Disclosure HHF-2.3 . The required map outputs are available in Form 

HHF-1, HHF-3, and HHF-5. 

B. Methods for deriving flood extent and depth shall be scientifically defensible and 

technically sound.  

For inland flood as well as for storm -surge, except for lacustrine simulation, the use of 2 -

dimensional hydrodynamic modeling is done with both approaches using the widely spread and 

highly peer -reviewed models SLOSH and LISFLOOD -FP as well as the corresponding workflow. 2 -

dimensional hydrodynamic modeling is the most advanced technique used even on a single -site 

scale in engineering practice and shifts the overall modeling uncertainties to input characteristics / 

boundary conditions superseding the uncerta inties in the hydrodynamic simulation. Models are 

extensively described in the Disclosure HHF-1.14. 

C. Modeled  flood characteristics shall be sufficient for the calculation of flood damage.  

A flood depth (expressed in centimet ers above the earth surface) is the only hazard intensity that is 

subsequently linked with a damage function to calculate damage. This corresponds with the  

common practice used in country -wide probabilistic damage modeling as is described in (Mitchell -

Wallace, et al., 2017; Meyer, et al., 2009) . 

Disclosures  

HHF-2.1 Provide comparisons of the modeled  and historical flood extents and elevations or 

depths for the storm events listed in Form HHF -1, Historical Event Flood Extent and 

Elevation or Depth Validation Maps. For any storms where sufficient data are not 

available, the modelling organization may s ubstitute an alternate historical storm of 

their choosing. Describe how each substituted storm provides similar coastal and 

inland flooding characteristics to the storm being replaced.  

Please refer to Form HHF-1 for the modeled vs observed comparison hazard maps and other 

related matrices.  

The Unnamed Panhandle Storm (2013 ) was replaced by Hurricane Hermine (2016)  because 

of the similarities in impacted and recorded rainfall intensities and due to the lack of 

available observations of extent and intensity for the 2013 event.  

Tropical Storm Fay  (2008)  was replaced by Hurricane Ian  (2022)  due to the similarity in 

track and rainfall footprint between the storms and the lack of observed flood hazard data 

for Fay.  

Hurricane Eta (2020) replaces the East Florida Storm (2009) due to similarities in areas 

impacted and recorded rainfall intensities and due to the lack of available observations of 

extent and intensity for the 2009 event.  
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HHF-2.2  Demonstrate that the inland flood model component incorporates flood parameters 

necessary for simulating inland flood damage and accommodates the varied 

geographic, geologic, hydrologic, hydraulic, and LULC conditions in Florida. 

Provide justification for validation using any historical events not specified in Form 

HHF-1, Historical E vent Flood Extent and Elevation or Depth Validation Maps.  

The mathematical models used are described in detail in Disclosure HHF-1.14; the used 

input data, input parameters, and input boundary conditions are described in multiple 

sections of Standard MF-1, in Standard MF-2, and in the following HHF Disclosures : HHF-

1.3, HHF-1.5, HHF-1.9 and HHF-1.10. All models used are widely used tools based on a solid 

scientific background, are largely peer -reviewed, and the input data used do meet the 

source and vintage requirements.  ułēĳł ōĳ ōĐþ ņŒóīēņņēĳĬȽ JŒłłēôæĬþ MæĬʁņ ĐŤúłĳĥĳĊēô 

validation was ongoing, but due to computational limitations it was unable to be included at 

the time of both the initial submission and the resubmission for deficiency corrections. As 

such, the hydrologi c validation for Ian is limited to water surface elevation and extent 

validation that was included in Form HHF-1 in Figure 109, Figure 110, Figure 125, and Figure 

126. 

IF modeled all the events named in  Form HHF-1, though after an extensive search of local, 

state, and federal databases we were unable to find high quality validation data for the 

following events:  

1. Hurricane Jeanne  (2004)  

2.  Tropical Storm Fay  (2008)  

3.  Unnamed Storm in East Florida (May 2009)  

4.  Unnamed Storm in Panhandle (July 2013)  

The following replacement storms were selected based on similarity in track and 

precipitation footprint/amount to the removed storms.  

1. Hurricane Frances  (2004) replaces Hurricane Jeanne (2004)  

2.  Hurricane I an (2022) replaces Tropical Storm Fay (2008)  

3.  Hurricane Eta (2020) replaces the East Florida Storm (2009)  

4.  Hurricane Hermine ( 2016) replaces the Panhandle storm (20 13) 

The full list then is:  

1. Hurricane Andrew ( Aug 1992)  

2.  Hurricane Frances ( Sep 2004)  

3.  Hurricane Ivan ( Sep 2004)  

4.  Hurricane Wilma ( Oct 2005)  

5.  Hurricane Hermine (Sep 2016)  

6.  Hurricane Matthew ( Oct 2016)  

7.  Hurricane Irma ( Sep 2017)  

8.  Hurricane Michael ( Oct 2018)  

9.  Hurricane Eta ( Nov 2020)  

10. Hurricane Ian ( Sep 2022)  
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HHF-2.3  For each of the storm events in Form HHF -1, Historical Event Flood Extent and 

Elevation or Depth Validation Maps, resulting in inland flooding, provide a 

comparison of the modeled  flood flow to recorded flow data from selected USGS or 

FWMD gauging stations. Provide the rationale for gauging station selections.  

We worked with flow data from USGS gauges that were originally selected to perform 

þţōłþīþ ŝæĥŒþ æĬæĥŤņþņ æĬú ōłæēĬ CæōĐĳīʁņ xþĊēĳĬæĥ Cĥĳĳú CłþŁŒþĬôŤ !ĬæĥŤņēņ (Smith, et 

al., 2015)  model. These stations meet the following requirements:  

1. At least 20 years of flow record  

2.  At least 19.03 sq mi ( 50 sq km) upstream area  

3.  Annual maximum flow (MAF) data free of outliers ɴ determined by 

calculating z -score and log z -score of gauge MAFs and filtering out 

outliers (z -score >3)  

4.  Realistic MAF data in arid regions ɴ determined by calculating mean MAF 

over catchment area and filtering out overly dry gauges.  

5.  Gauge coordinates and upstream area consistent with river network used 

for fluvial modeling ɴ gauges too far from the network or with upstream 

area too different from that of the network were excluded.  

 

In addition to these five requirements, all the gauges used here must be in the state of 

Florida. This resulted in 291 gauges being selected for the evaluation of the hydrological 

simulations. For all these gauges, we extracted flow simulations from the  FUSE-mizuRoute 

hindcast driven by MSWEP (Beck, et al., 2019)  and MSWX  (Beck, et al., 2022)  for each 

historical TC listed in Disclosure HHF-2.2 , except for Ian. We did not evaluate the runs for 

Ian because the hindcast finished in 2020 and hence Ian is not covered by the hindcast. 

This leads to a total of 9 TCs for which hydrological sim ulations  were evaluated using a 

combination of maps showing the event spatial pattern and hydrographs illustrating the 

temporal dynamic of the event ( Figure 30  to Figure 38 ). 
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Figure 30 : Evaluation of the flow simulation for tropical cyclone  Frances  (2004) : A) Observed peak 

flow, the total number of gauges with available data is indicated in the title, gauges with no data are 

indicated by a cross, the TC track is shown in purple; B) Simulated peak flow at all 291 gauges, the 

TC track is shown in purple; C) and D) example hydrographs, observed and simulated flow.  Gauge 

locations are marked with a square  (for the location in example C), and a triangle  (for the location in 

example D).  
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Figure 31: Evaluation of the flow simulation for cyclone  Eta (2020) : A) Observed peak flow, the total 

number of gauges with available data is indicated in the title, gauges with no data are indicated by a 

cross, the TC track is shown in purple; B) Simulated peak flow at all 291 gauges, the TC track is 

shown in purple; C) and D) example hydrographs, observed and simulated flow.  Gauge locations are 

marked with a square  (for the location in example C), and a triangle  (for the location in example D).  
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Figure 32 : Evaluation of the flow simulation for cyclone  Andrew (1992): A) Observed peak flow, the 

total number of gauges with available data is indicated in the title, gauges with no data are 

indicated by a cross, the TC track is shown in purple; B) Simulated peak flow at all 291 gauges, the 

TC track is shown in purple; C) an d D) example hydrographs, observed and simulated flow.  Gauge 

locations are marked with a square  (for the location in example C), and a triangle  (for the location in 

example D).  
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Figure 33 : Evaluation of the flow simulation for cyclone Michael (2018): A) Observed peak flow, the 

total number of gauges with available data is indicated in the title, gauges with no data are 

indicated by a cross, the TC track is shown in purple; B) Simulated peak flow at all 291 gauges, the 

TC track is shown in purple; C) an d D) example hydrographs, observed and simulated flow.  Gauge 

locations are marked with a square  (for the location in example C), and a triangle  (for the location in 

example D).  
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Figure 34 : Evaluation of the flow simulation for cyclone Wilma (2005): A) Observed peak flow, the 

total number of gauges with available data is indicated in the title, gauges with no data are 

indicated by a cross, the TC track is shown in purple; B) Simulated peak flow at all 291 gauges, the 

TC track is shown in purple; C) an d D) example hydrographs, observed and simulated flow.  Gauge 

locations are marked with a square  (for the location in example C), and a triangle  (for the location in 

example D).  
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Figure 35 : Evaluation of the flow simulation for cyclone Matthew (2016): A) Observed peak flow, the 

total number of gauges with available data is indicated in the title, gauges with no data are 

indicated by a cross, the TC track is shown in purple; B) Simulated peak flow at all 291 gauges, the 

TC track is shown in purple; C) and D) example hydrographs, observed and simulated flow.  Gauge 

locations are marked with a square  (for the location in example C), and a triangle  (for the location in 

example D).  
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Figure 36 : Evaluation of the flow simulation for cyclone Irma (2017): A) Observed peak flow, the 

total number of gauges with available data is indicated in the title, gauges with no data are 

indicated by a cross, the TC track is shown in purple; B) Simulated peak flow at all 291 gauges, the 

TC track is shown in purple; C) an d D) example hydrographs, observed and simulated flow.  Gauge 

locations are marked with a square  (for the location in example C), and a triangle  (for the location in 

example D).  
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Figure 37 : Evaluation of the flow simulation for cyclone Hermine (2016): A) Observed peak flow, the 

total number of gauges with available data is indicated in the title, gauges with no data are 

indicated by a cross, the TC track is shown in purple; B) Simulated peak flow at all 291 gauges, the 

TC track is shown in purple; C) and D) example hydrographs, observed and simulated f low.  Gauge 

locations are marked with a square  (for the location in example C), and a triangle  (for the location in 

example D).  
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Figure 38 : Evaluation of the flow simulation for cyclone Ivan (2004): A) Observed peak flow, the 

total number of gauges with available data is indicated in the title, gauges with no data are 

indicated by a cross, the TC track is shown in purple; B) Simulated peak flow at all 291 gauges, the 

TC track is shown in purple; C) an d D) example hydrographs, observed and simulated flow.  Gauge 

locations are marked with a square  (for the location in example C), and a triangle  (for the location in 

example D).  
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In addition to evaluating the hydrological simulations for individual TC events, we evaluated 

them across the events. We asked if the model can correctly rank the 9 events and used the 

Spearman rank correlation coefficient to quantify this. For each gauge, we extracted the 

observed and simulated peak flow for all events for which observations are available. Then 

we computed the rank correlation coefficient for each gauge. A perfect match between the 

observed and simulated ranks leads to a correlation of 1. Figure 39  shows that high 

correlations are achieved across Florida, with a median correlation across all gauges of 

0.79. This illustrates the ability of the hydrological model to differentiate between events 

and correctly capture a wide range of peak flows across a  wide range of river sizes.  

 

 

Figure 39 : Spearman rank correlation computed for each gauge across all 9 tropical cyclones and 

shown as A) a map and B) a histogram.  
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HHF-2.4  Identify all hydrological and hydraulic variables that affect the flood extent, 

elevation, depth, and other flood characteristics. Provide the units of these 

variables.  

 

All sub -perils (storm surge, fluvial and pluvial components of inland floods, excluding the 

lacustrine) are  solved using 2 -úēīþĬņēĳĬæĥ ĐŤúłĳúŤĬæīēô īĳúþĥēĬĊ ŒņēĬĊ |ōȼ µþĬæĬōʁņ 

equation. The following variables are included in the calculation of inland flood:  

ï Discharge [m 3.s-1] for inland flood (fluvial simulation),  

ï Rainfall [mmhr -1] for pluvial inland flood simulation  

ï Topography [m] and slope [%], however in the numerical solvers of partial differential 

equations it is taken from the computational mesh placed on the DTM cells.  

ï Hydraulic roughness ɴ æ bæĬĬēĬĊʁņ ɾĬɿ ɨņȼī-1/3 ] is taken and adjusted from the original 

ôĳīóēĬæōēĳĬ ĳĉ /ĐþũēɋbæĬĬēĬĊʁņ þŁŒæōēĳĬ ōĳ Ǉ- and 2 -dimensional application.  

The variables for the storm surge portion of the model are listed below with detailed 

description available in  Disclosure MF -2.1. 

ï Topography [m]  

ï Central Pressure [mb]  

ï Radius of Maximum Winds [km]  

ï Storm Track (Latitude and Longitude at 6hr interval) [degree]  

ï Surface drag coefficient [ft 2.s-2]  

ï Vertical Eddy Viscosity Coefficient [ft2.s -1] 

ï Bottom Slip Coefficient [ft.s -1] 

ï Wind Friction Coefficients ks, kn [mph -1/2 ] 

HHF-2.5  For inland flood modeling, describe if and how the flood model accounts for flood 

velocity, flood duration, flood -induced erosion, foodborne debris, and 

contaminated floodwaters.  

The hydraulic model (LISFLOOD -FP) simulates depth, flow velocity (in x - and y - directions), 

and flood duration dynamically, but only flood depth is used as hazard intensity when 

evaluating flood loss. No flood -induced erosion or flood -borne debris are incl uded in the 

actual hydrodynamic calculation, nor are they included later in the loss calculation process.  

HHF-2.6  Describe the effect of any assumptions or calculations relating to initial and 

boundary conditions on the flood characteristics.  

The final flood hazard maps were developed with parameters and initial boundary 

conditions based on the best current practice, expert judgement, and  several peer -reviewed 

publications (Sampson, et al., 2015; Smith, et al., 2015; Wing, et al., 2017; 2018) . The 

sensitivity is partially tested, with results shown in Disclosure HHF-4.1.  

The initial conditions of the hydraulic model are limited to applying a within -channel 

baseflow to the sub -grid channels that is less than any of the modeled  peak flows 

simulated, meaning it does not impact on the modeled  flood extents. Further information on 

the methodologies applied to calculate the boundary conditions are provided in Disclosures 

MF-2.6  and MF-5.2  
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HHF-2.7  Describe and justify the appropriateness of the databases and methods used for 

the calibration and validation of flood extent and elevation or depth.  

 

In the inland flood model; the calibration and validation of inland flood hazard was initially 

performed by Fathom with methodology and results available in (Wing, et al., 2017; 2018) . 

Further validation of flood extents was performed by the Aon Impact Forecasting team 

using the following datasets and methods:  

 

ï NFIP FIRM ɴ for RPs of 1 in 100 (zones V, VE, A, AE, A1 -30, AH, AO, AR, IN) and 1 in 500 

(Zones: B, X500)  

o Flood extent agreement between the most recently available NFIP maps and the 

corresponding Fathom return period maps were compared using the methods set 

forth by (Millones, 2011) . This comparison provides no indication of flood hazard 

depth. Larger deviations were identified on areas with older date of NFIP version, 

often with limited contribution of pluvial hazard.  

ï Local FIS study , mainly to determine and check the flood protection measures but also  

flood hazard in close proximity to the particular measure.  

o The same limitations as above apply for FIS reports . 

ï The ICEYE dataset (and other satellite derived flood hazard map) was used to validate 

the historical flood footprint of Hurricane Ian, as it was a storm with important inundation 

observed during the model development process.  

o The ICEYE product provides flood depth information after the captured inundation 

extent is subtracted from a DTM, but several limitations of this product were 

observed. In some areas the flood extent was insufficiently captured (likely caused 

by the satellite ēīæĊþłŤ óþēĬĊ ōæĢþĬ ĥĳĬĊ óþĉĳłþ ĳł æĉōþł ōĐþ ĉĥĳĳúʁņ ĿþæĢɥȼ ¶Đēĥþ ōĐēņ 

limitation dealt with insufficient flood capture, there were also observations of 

different areas where inundation appeared even though it was obvious that no 

flooding had occurred (USGS data appearance), likely caused by incorrect satellite 

extent interpretation due to high soil moisture.  

ï In the Inland flood model, validation of historical flood extent and elevation/depth 

involves utilizing high -water mark data and gauge water levels from reliable sources like 

the United States Geological Survey (USGS), the National Oceanic and Atmospheric 

Administration (NOAA), and the Federal Emergency Management Agency (FEMA ). It is 

essential to recognize certain limitations, such as the limited availability of inland flood 

observations for all historical events and potential inaccuracies associated with older 

observation data. Despite these challenges, the comparisons of flood extent and 

elevation/depth with observation data and FEMA return period maps are detailed in 

Forms HHF-1 to HHF-5. These constraints emphasize the necessity of interpreting the 

īĳúþĥʁņ æôôŒłæôŤ ôĳĬņēúþłēĬĊ óĳōĐ úæōæ æŝæēĥæóēĥēōŤ æĬú ĿĳōþĬōēæĥ úēņôłþĿæĬôēþņ łþĥæōþú 

to the age of the observation data.  

 

In the storm surge model, the historical storm surge extent and modeled elevation or depth 

were validated against ADCIRC footprints and observation data obtained from the United 

States Geological Survey (USGS), the National Oceanic and Atmospheric Administration 

ɤci!!ɥȽ ōĐþ Cþúþłæĥ 9īþłĊþĬôŤ bæĬæĊþīþĬō !ĊþĬôŤ ɤC9b!ɥȽ ōĐþ ¶ĳłĥúʁņ |ōĳłī |ŒłĊþ 

Data Center (SURGEDAT), and published literatures. The comparison of flood extent an d 
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elevation/depth with observation data and FEMA return period maps can be found in 

Disclosure MF -4.1, Disclosure MF -5.3 , and Forms HHF-1~HHF-5.  

The modeled historical storm surge extent is mainly validated using the ADCIRC footprint 

(Coastal Emergency Risks Assessment , 2023). The ADCIRC model is a high -resolution 

two -dimensional, time -dependent hydrodynamic circulation model (Luettich & Westerink, 

2004; Westerink, et al., 2008) . It functions as a highly developed computer program for 

solving equations for a moving fluid on a rotating earth. The ADCIRC modeling system has 

been used for long -term planning and design, evaluation of surge mitigation systems, and 

operational forecasti ng (Vijayan, et al., 2021; Massey, et al., 2022) . 

The modeled historical storm surge elevation or depth is validated against observed peak 

storm surge height records or high -water marks (HWM) data obtained from various sources 

like the United States Geological Survey (USGS), the National Oceanic and Atmos pheric 

!úīēĬēņōłæōēĳĬ ɤci!!ɥȽ ¶ĳłĥúʁņ |ōĳłī |ŒłĊþ 5æōæ /þĬōþł ɤ|ªxD95!¥ɥȽ Cþúþłæĥ 9īþłĊþĬôŤ 

Management Agency (FEMA) studies, and other published literatures and reports. During 

and following large storm events, the USGS specialist collects streamflow and additional 

data (including storm tide, wave height, HWM, etc.) to aid in documenting and validating the 

major storm events. The NOAA Storm Event Database contains records of the occurrence 

of storms and their associated significant meteorological features,  such as inundation 

locations and depths. SURGEDAT is a global storm surge data center  that maintains surge 

maps and peak surge height data for major historical storm surges. For older storms, limited 

records or observation data is available, so the modele d footprint is validated against 

reports from FEMA, NOAA, the US Army Corps of Engineers, and other literatures.  

For stochastic events, the modeled return period surge maps are validated against NFIP 

extents. Detailed comparison maps are shown in Form HHF-3. The modeled stochastic 

storm surge elevation exceedance probabilities at several NOAA tidal station locations were 

compared with the observed frequencies (NOAA; Tides & Currents, 2023a) . The validation 

of the return period storm surge elevation at several NOAA tidal stations are shown in 

Disclosure MF -5.3.  

HHF-2.8  Describe any variations in the treatment of the flood model flood extent and 

elevation or depth for stochastic versus historical floods and justify this variation.  

There is no difference in the treatment of flood extent or elevation between historical and 

stochastic events for the IF US Flood Model. This concerns both stochastic (TC and non -

TC) models and sub -perils: fluvial, pluvial, and surge. The only practical di fference might be 

in using observed data in historical event processing as they are expected to be of higher 

quality than the hydrological model outputs; however, the hydrological and hydraulic 

connectivity and workflow discussed in Disclosures HHF-1.2, HHF-1.12, and HHF-1.13 

remains exactly the same as in stochastic events generation.  

HHF-2.9  Identify whether flood characteristics are based on or depend on NFIP FIRM or 

other FIS data.  

Similarly, as in the Disclosure HHF-1.15, no flood characteristics based on or dependent on 

NFIP FIRM or FIS data were natively used. Several benchmark studies were done and 

published comparing results with FEMA zones, see (Wing, et al., 2017; 2018) . 
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HHF-2.10  Provide a completed Form HHF -1, Historical Event Flood Extent and Elevation or 

Depth Validation Maps. Provide a link to the location of the form [ Form HHF-1: 

Historical Coastal and Inland Event Flood Extent and Elevation or Depth Validation 

Maps].  

The Form HHF -1, Historical Coastal and Inland Event Flood Extent and Elevation or Depth 

Validation Map (items A ɴ H) is completed and presented in its respective section under a 

hyperlink above.  

HHF-2.11 Provide a completed Form HHF -4, Inland Flood Characteristics by Annual 

Exceedance Probability. Provide a link to the location of the form [ Form HHF-4: 

Inland Flood Characteristics by Annual Exceedance Probability ].  

The Form HHF -4,  Inland Flood Characteristics by Annual Exceedance Probability (items A ɴ 

C) are completed and presented in its respective section under a hyperlink above.  

HHF-2.12  Provide a completed Form HHF -5, Inland Flood Characteristics by Annual 

Exceedance Probabilities (Trade Secret Item), if not considered as Trade Secret. 

Provide a link to the location of the form [ Form HHF-5: Inland Flood Characteristics 

by Annual Exceedance Probabilities (Trade Secret Item) ].  

The data for the Trade -Secret Items of HHF -5,  Inland Flood Characteristics by Annual 

Exceedance Probabilities (items A and B) is completed and presented in its respective 

section under a hyperlink above.  
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HHF-3 Modeling of Major Flood Control Measures  

A. ¥Đþ ĉĥĳĳú īĳúþĥʁņ ōłþæōīþĬō ĳĉ īæğĳł ĉĥĳĳú ôĳĬōłĳĥ īþæņŒłþņ æĬú ōĐþēł ĿþłĉĳłīæĬôþ ņĐæĥĥ 

be consistent with available information and current state -of-the-science.  

.þņēúþņ ōĐþ úæōæņþō æŝæēĥæóĥþ ēĬ ōĐþ ª|!/9ʁņ cæōēĳĬæĥ \þŝþþ 5æōæóæņþȽ which is applied to the 

hydraulic model output , the availability of any other consolidated datasets across Florida is not 

known. Some information can be obtained from county or commune level, but its use is limited due 

to the fact that many measures have a much wider purposes than flood protection, an d extraction of 

such information for the flood loss model used is not simple. Rigorous efforts were taken to process 

this information in the  key exposed areas as described in Disclosure HHF-3.5 . Additionally, in the 

fluvial component of the model, the effect of many of such measures is bypassed by the sub -grid 

model implemented in the LISFLOOD -FP model.  

B. The modeling organization shall have a documented procedure for reviewing and updating 

information about major flood control measures and if justified, shall update the flood 

model flood control databases.  

As the new implementation of new or existing flood protection measures is a common task, the 

model can be updated in  several simple steps described below; however, the exact process depends 

on the flood protection type, which can be:  

· Technical flood protection  measures (flood walls and levees)  

· Flood volume mitigation measures ( retention measures: reservoirs, polders  ) 

 

The HazardCase table (table(s) in model database holding the hazard information) update requires 

knowledge of a protected polygon and its standard of protection (the hydrological return period the 

measure is expected to withstand). This is converted to mod el cell IDs (FineCellIDs), whose records 

are subsequently updated.  

For the Flood Volume mitigation measures, the reduction of discharge return period needs to be 

identified along with segments that are affected by such change. The return periods on those 

segments are subsequently adjusted in the EventDefinition (table(s) in model database holding the 

event set information).  

C. Treatment of the potential failure of major flood control measures shall be based upon 

current scientific and technical literature, empirical studies, or engineering analyses.  

As described in more detail in Disclosure HHF-3.4, the model does not simulate flood protection 

failure; rather, it only simulates its overtopping in case the event set return period is exceeded  for 

inland flood model or water level exceed levee height for storm surge model, and, in such a case, 

the originally modeled flood hazard is assumed.  
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Disclosures  

HHF-3.1 List the major flood control measures incorporated in the flood model and the 

sources of all data employed.   

Storm Surge  

The National Levee Database (NLD) is used to incorporate hurricane levees in the SLOSH 

basins. There are two hurricane levees in Florida, and the levee heights are added to the 

SLOSH basin files to serve as one type of barrier. The barrier is used to alert  the SLOSH 

model that water will not go through the cell until it overtops the barrier height. The two 

levee systems in Florida are:  

The Fort Pickens Seawall in Escambia County is located at the western end of Santa Rosa 

Island in Pensacola Beach, with a maximum height of 9 feet (NAVD88), a total length of 

1.28 miles, and a leveed area of 0.12 square miles.   

The L -31 East levee system in Miami -Dade County along the Biscayne Bay coastline, with a 

maximum height of 9.50 feet (NAVD88), a total length of 18.85 miles, and a leveed area of 

54.56 square miles.  

 

Figure 40 : Location of the two levee systems in Florida: (left) Fort Pickens Seawall; and (right) L -31 

East levee system.  
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Inland Flood  

For the inland flood portion of the model, the core of the flood protection information comes 

from the National Levee Database (NLD) managed by the US Army Corps of Engineers  

https://levees.sec.usace.army.mil/  (US Army Corps of Engineers, 2007)  with a 2020 

vintage. From here the location of protected land is taken, along with the SoP  (Standard of 

Proection)  of designed structures.  

Apart from the NLD, an intensive internal survey on the county level, and on a more detailed 

level for major cities in Florida, was conducted to isolate various flood protections that the 

NLD may exclude. To incorporate these additional flood protections, relatively high 

exposure regions surrounding major waterbodies, as derived from the NHD database  (Buto, 

2020) , were scrutinized across the state of Florida. The assessment involved the utilization 

of LiDAR -based high -resolution Digital Elevation Models (DEM) along with satellite imagery 

to look for elevated defensive structures.  

In instances where defensive structures exhibited visibility within the elevation dataset and 

optical imagery yet remained absent from the National Levee Database, a manual 

intervention was undertaken to introduce the requisite defenses in alignment with t he 

prevailing elevation patterns. The Standard of Protection for flood defense structures was 

estimated by referencing nearby or similar local -scale defenses and based on engineering 

standard practices, providing an informed estimation aligned with the per ceived flood risks 

in their respective areas.  

HHF-3.2  Describe the methodology to account for major flood control measures in the flood 

model and indicate if these measures can be set (either to on or off) in the flood 

model.  

For the storm surge portion of the model, the flood control measures are modeled as 

barriers in the SLOSH basin. Barrier heights are added at the vertex of the SLOSH basin 

grid cells to alert the SLOSH model that water will not go through the cell until it  overtops 

the barrier height. Since barrier heights are pre -determined and included in the SLOSH 

basin files, it is not possible to toggle them on or off.  

For inland flood, the defended areas within a fluvial or pluvial hydrographic zone are 

assigned a standard of protection associated with a given return period based on available 

data from federal, state, and local studies.  When the return period of flow within a 

hydrographic zone for a given event is below the return period of the standard of 

protection, no loss will be calculated.  When the return period of flow within a hydrographic 

zone for a given event exceeds the return period of the standard of protec tion, it is 

assumed that the defenses will fail , and the loss will be calculated for exposures within the 

flooded cells. Because these calculations are done before loss model run time, it is not 

possible to toggle flood defenses on or off.  

For pluvial simulation, the effect of man -made drainage system can be assumed as flood 

protection; these parameters are reflected in the rainfall infiltration rates and are shown in 

Disclosure HHF-1.10 in Table 13.  

  

https://levees.sec.usace.army.mil/
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HHF-3.3  Describe if and how major flood control measures that require human intervention 

are incorporated into the flood model.  

The storm surge portion of the model simulates levee overtopping through adding barrier 

heights in the SLOSH basin files. However, the flood control measures that require human 

interventions (e.g., placing sandbags, controlling flow, or shutting down dams)  are not 

considered.   

The inland flood portion of the model assumes failure of structural flood barriers and storm 

water drainage systems when they are overtopped, but it does not consider human 

intervention into the strengthening (i.e. sandbagging) unless it propagates into re gional 

frequency analysis used to derive discharge or rainfall used in the hydraulic simulation, nor 

the strategic failure (i.e. intentional levee breaching) of flood defense infrastructure.  

HHF-3.4  Describe and justify the methodology used to account for the potential failure or 

alteration of major flood control measures in the flood model and if the level of 

failure can be adjusted in the flood model.  

In the flood protection data set, each polygon is assigned a standard of protection (SoP) 

which equals the hydrological return period (in years) to which it is designed to withstand 

flooding.  

For any stochastic or historical event, the hydrological return period is assigned to that 

particular hazard unit, the SoP is compared the RP if the  

Ὑὖ Ὗ Ὓέὖ Ὀ Ὗ π                         (13) 

Ὑὖ Ὗ Ὓέὖ Ὀ Ὗ Ὀ Ὗ                          (14) 

Where Ὑὖ Ὗ  is a hydrological return period [years] provided for each Unit Ὗ  [-]; Ὓέὖ 

standard of protection [years], Ὀ Ὗ  is the inundation depth [centimeters] before or after 

the SoP was applied. The examples results are shown in Disclosure HHF 3.5 . 

HHF-3.5  Provide an example of the flood extent and elevation or depth showing the potential 

impact of a major flood control measure failure.  

Figure 41 comprises of multiple map panels portraying examples of some levee systems in 

Florida. Each panel consists of three maps, with the first map providing a satellite imagery 

overview of the respective levee. The second map displays the same levee with a defe nded 

flood map having a return period one below the corresponding overtop threshold. In 

contrast, the third map reveals the impact of flooding without the levee, illustrated by an 

undefended flood map. This sequence offers a perspective on the impact of va rious levee 

failures on the fluvial  flood rasters. Same cases but shown in different parts of Florida are 

shown in  Figure 41, Figure 42  and Figure 43 . 
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Figure 41: S-67 Tieback Levee: Levee over satellite imagery(left), levee with defended 350 -year 

flood map (center) &  levee with undefended 350 -year flood map(right)  

 

Figure 42 : Abruckle Creek Levee: Levee over satellite imagery(left), levee with defended 40 -year 

flood map (center) & levee with undefended 40 -year flood map(right)  

 

Figure 43 : S-84 Tieback North Levee: Levee over satellite imagery(left), levee with defended 750 -

year flood map (center) & levee with undefended 750 -year flood map(right)  

Figure 44  also comprises of three figures showing the L -31 East levee system in the storm 

surge model (left), the surge inundation footprint without levee failure (middle) and the 

surge footprint with levee overtopping (right).  
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Figure 44 : S-84 L -31 East Levee: Levee over satellite imagery(left), surge footprint without levee 

failure (center) & surge footprint with levee failure (right).  
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HHF-4 Logical Relationships Among Flood 

Parameters and Characteristics  

A. At a specific location, water surface elevation shall increase with increasing terrain 

roughness at that location, all other factors held constant.  

As shown in Figure 47 , all locations demonstrate an increased peak water surface elevation with 

increased terrain roughness. This is expected due to the model solver resolving a form of the 

shallow water equations, which takes roughness as a parameter, so with everything else remaining 

constant roughness will increase water surface elevation. At the start of some simulations, water 

surface elevation is reduced since flow at the assessment location is reduced at the start of 

simulations due to the increased roughness upstream in creasing the time to peak of the flow 

reaching the assessment point.  

B. Rate of discharge shall increase with increase in steepness in the topography, all other 

factors held constant.  

As shown in Figure 48 , all locations demonstrate an increased peak discharge (in some cases on the 

falling limb a lower discharge is seen; this is due to the full hydrograph passing through the 

location). This is expected due to the model solver resolving a form of the shallow  water equations, 

which evaluates water surface slope between cells, so with everything else remaining constant an 

increased topographic slope, and hence water surface slope, will increase the rate of discharge.  

C. Rate of discharge shall increase with increase in imperviousness of LULC, all other factors 

held constant.  

As shown in Figure 49 , increased imperviousness is shown to increase the peak discharge rate. This 

is expected since increasing imperviousness reduces infiltration. This is represented by a 

comparative increase in rainfall rate modeled (as by default the rainfall input account s for 

infiltration). This causes additional run -off, which in channel is seen as a clear increase in discharge.  

D. Inland flood extent and depth associated with riverine and lacustrine flooding shall increase 

with increasing discharge, all other factors held constant.  

As shown in Figure 50 , Figure 51, Figure 52 , Figure 53  and Figure 54  without changing other 

parameters, increasing discharge will increase water surface elevation and inundation extents, as to 

resolve the equations used within the solver without changing other input parameters, to balance 

additional flow, either flooding must be deeper or a larger extent (which provides a shallower water 

surface slope).  

E. The coincidence of storm tide and inland flooding shall not decrease the flood extent and 

depth, all other factors held constant.  

The inland and coastal flooding is calculated within separate models and therefore are not impacted 

by each other.  
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Disclosures  

HHF-4.1 Provide a sample graph of water surface elevation and discharge versus time 

associated with inland flooding for modelling -organization -defined locations within 

each region in Florida identified in Figure 1. Discuss how the flood characteristics 

exhibit logical relationships.  

Table 14 below shows the parameters of locations selected for sensitivity simulations 

selected in such a way as to provide reference behavior for required checks of using the 

hydraulic model (LISFLOOD -FP). 

The range of parameters listed, and some additional discussion is provided at the end of 

Disclosure  HHF-4.2.  

Table 14: Information for selected assessment locations  

Location  Region County  Watercourse  Location  

(lat, lon)  

#1 Panhandle  Santa Rosa  Blackwater River  30.624, -

87.035  

#2  North Florida  Clay Black Creek  30.080, -

81.761 

#3  Southwest 

Florida  

Hillsborough  Alafia River  27.857, -

82.269  

#4  East Florida  St. Lucie  Tributary of North Fork Saint 

Lucie River 

27.402, -

80.352  

#5  Southeast Florida  Miami -Dade Little River Canal  25.853, -

80.197  

Locations listed in Table 14 were selected to be suitable to perform the analysis requested 

and to represent large variety of conditions in Florida. In some cases, they also represent 

the areas that are challenging for hydraulic simulation, but they should serve well as basis 

for add itional discussion. Figure 45  shows their location in Florida, individually, they are 

shown in detail in Figure 46 .  
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Figure 45 : Location of points selected for HHF -4 
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