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Februay 29, 2020

Chair, Florida Commission on Hurricane Loss Projection Methodology
c/o Donna Sirmons

Florida State Board of Administration

1801 Hermitage Boulevard, Suite 100

Tallahassee, FL 32308

Dear Commission Chairman:

| am submitting version 1.0 of Florida Public Flood Loss Model for review by the Commission.
Enclosed are 8 bound copies of our submission documenERREM model has been reviewed

by professionals having credentials and/or experience in the areasemfrolegy, hydrology,

coastal surge, engineering, statistics and computer science; for compliance with the Standards, as
documented by the expert certification forms-G83, G7. The actuarial forms and review will be
submitted later.

Sincerely,

Shahid Hanid, Ph.D., CFA

Professor of Financeand

Director, Laboratory for Insurance, Economic and Financial Research, Extreme Event Institute
RB 233, Department of Finance, College of Business

Florida International University

Miami, FL 33199

tel: 305 348 727 fax: 305 348 4245
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Statement of Compliance and Trade Secret Disclosure
ltems

The Florida Public Floodloss Modell.0 is intended to comply with each Standard of the 2017
Report of Activities released by the Florida Commission tdumrricane Loss Projection
Methodology. The required disclosures, forms, and analysis are contained herein.

The source code for the loss model will be available for review by the Professional Team.
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Table ofContents
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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 Florida Public Flood Loss Model estimates loss costs and probabteuraloss levels from
storm and rain fall events for insured residential properties.

B. The modeling organization shall maintain a documented process to assure
continual agreement and correct correspondence of databases, data files, and
computer source code to slides, technical papers, and modeling organization
documents.

The FFFLM members follow the process specified in the flowchart of Figure 1 in order to assure
continual agreement and correct correspondence of databases, data files, and computedsource co
to slides, technical papers, andFM documents.
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C. All software and data (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 and data used to validate the flood model, project modeled floatbkissand flood
PML, and used to create forms required by the Commission in the Flood Standards Report of
Activities are located in centralized, modevel file area.

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

Within the constraints of given available flood loss data the difference between historical and
modeled flood losses are reasonable.

Disclosures

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. Specify which platform is the primary platform and verify how any
other platforms produce the same flood model output results or are otherwise
functionally equivalent as provided f o r in the AProcess for D
Acceptability of a Computer Simulation Flood LossModel 6 i n VI . Revi e
Commission, I. Review and Acceptance Criteria for Functionally Equivalent
Model Platforms.

The model name is Florida Public Flood Ld&sdel (FPFLM). The version identification is 1.0

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 meteorology 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.

Meteorology Component

Storm Track and Intensity
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The storm track model generates storm tracks and intensities on the basis of historical storm
conditions and motions. The initial seeds for the storms are derived from the HURDAT?2 database.
For historical landfalling storms in Florida andgteoring states, the initial positions, intensities,

and motions are taken from the track fix 36 hours prior to first landfall. For historical storms that
do not make landfall but come within 62 sm (100 km) of the coast, the initial conditions are taken
from the track fix 36 hours prior to the point at which the storm first comes within 62 sm of the
coast (threat zone) and has a central pressure below 1005 mb. Small, uniform random error terms
are added to the initial position, the storm motion changettandtorm intensity change. The

initial conditions derived from HURDAT?2 are recycled as necessary to generate thousands of years
of stochastic tracks. After the storm is initiated, the subsequent motion and intensity changes are
sampled from empiricallyetived probability distribution functions over the model domain. The
model domain and threat zone are showRigure?2.

=

- < L A A

Figure 2. Florida Public Hurricane Loss Model domain. Threat zone is delineated by red line.

The time evolution of the stochastic storm tracks and intensity are governed by the following
equations:

.. AT ©BY

Yw ] % @v
Yo &0 EHYo
Yn 0Yo

where ofty are the longitudand latitude of the stormgh— are the storm speed and heading (in
conventional mathematical sense)s central pressurey is the rate of change m andYois the

time step. The time step of the model is currently one hour.chhage in storm speed and
direction| & —are sampled at every dbur interval from a probability distribution function
(PDF). The intensity change after the initial 24 hours of track evolution is sampled every six hours
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to capture the more detailegiadution over the continental shelf (shallow water). From the 24

hour change in speed and heading angle, we determine the speed and heading angle at each one
hour time step by assuming the storm undergoes a constant acceleration that givdsotire 24
samped change in velocity. For changes in pressure, we first sample from a PDF of relative
intensity changes, 1 for the sixhour period and then determine the corresponding rate of pressure
changew. The relative intensity is a function of the climatotad sea surface temperatures and

the upper tropospheric 100 mb temperatures. The PDEseathanges] & # i depend on

spatial location, as well as the current storm motion and intensity. These PDFs are of the form

VOP® 67 G

wher a is eitherc, d, orr and are implemented as discrete bins that are represented by multi
dimensional matrices (array#)(l,m,i,j). The indicesi(j) are the storm location bins. The model
domain (100W to 70W, 15N to 40N) is divided into-d&gree box® The indexmrepresents the
bin interval thata falls into. That is, the range of all possible valuea afe divided into discrete
bins, the number of which depends on the variable, and the imdgpresents the particular kan

is in at the currenirne step. As witla, the range of all possible values of the changedre also
discretely binned. Given a set of indices,i(j), which represent the current storm location and
state, the quantiti(I,m,i,j) represents the probability that the changa,in ¢ will fall into the

I'th bin. WhenA is randomly sampled, one of the bins represented hyirtkdex, e.gl’, is chosen.
The change ddis then assigned the midpoint value of the bin associated wAthiniform random
error term equal to theidth of binl' is added tp ¢so that dnay assume any value within the
binl'.

The PDFs described above were generated by parsing the HURDAT?2 database and computing for
each track the storm motion and relative intensity changes at evegn@46hour interval,
respectively, and then binning them. Once the counts are tallied, they are then normalized to obtain
the distribution function. For intensity reports for which pressure is not available, a wind pressure
relation developed by Landsea et 2D@4) is used. In cases where there is no pressure report for

a track fix in the historical data but there are two pressure reports withirhau24eriod that
includes the track fix, the pressures are derived by linear interpolation. Otherwise theesessu
derived by using the wingdressure relation. Exttaopical systems, lows, waves, and depressions

are excluded. Intensity changes over land are also excluded from the PDFs. To ensure a sufficient
density of counts to represent the PDFs for eachlyng counts from nearest neighbor boxes,
ranging up to 2 to 5 grid units away (both nesthuth and eastiest direction), are aggregated.

Thus, the effective size of the boxes may range from 1.5 to 5.5 degrees but are generally a fixed
size for a particulavariable. The sizes of the bins were determined by finding a compromise
between large bin sizes, which ensure a robust number of counts in each bin to define the PDF,
and small bin sizes, which can better represent the detail of the distribution ofnstaion
characteristics. Detailed examinations of the distributions, as well as sensitivity tests, were done.
Bin sizes need not be of equal width, and a nonlinear mapping function is used to provide unequal
sized bins. For example, most storm motion teadse persistent, with small changes in direction

and speed. Thus, to capture this detail, the bins are morgrémeed at lower speed and direction
changes.
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For intensity change PDFs, boxes which are centered over shallow water (defined to ba less tha
656 ft deep are notaggregated with boxes over deeper waters. Deeper waters may have
significantly higher ocean heat content, which can lead to more rapid intensification [see, for
example, Shay et al. (2000); DeMaria et al. (2005); Wada and Usui [2007)

In Figure3 we showa sample of tracks generated by the stochastic track and intensity model.

Lt e e -,
i = N\
.
L

Figure 3. Examples of simulated hurricanetracks. Track colors ébrresond to storm intensity: red
I Cat 4, orangei Cat 3, yellowi Cat 2, light bluei Cat 1, dark bluei TS.

The pressure field for the model is based orHbkand B pressure profile (Holland, 1980). When
a storm is initiated, #aparameters for radius of maximum winds Biatland Bare computed and
appropriate error terms are added as described belowddllamd Bterm is modeled as follows:

6 PXTTCUTMY DEWTBI TN A@Qa 0718t 1T TYPTO O

where Lat is the current latitude (degrees) of the storm cerideiP is the central pressure
difference(mb), andRmaxis the radius of maximum winds (km). The random error term for the
Holland Bis modeled using a Gaussian distribution with a standard deviati@2&6.Figure4

shows a comparison between the Willoughby and Rahn (Z)f84)aset and the modeled results
(scaled to equal the 116 measured occurrences in the absataset). The modeled results with

the error term have a mean of about 1.38 and are consistent with the observed results. The figure
indicates excellent agreement between model and observations.
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Distribution of the B parameter
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Figure 4. Comparison between tle modeled and observed Willoughby and Rahn (2008) dataset.

We developed aRRmaxmodel using a landfalRmaxdatabase, which includes more than 100
measurements for storms up to 2012. We have opted to modahteat landfall rather than the

entire bagi for a variety of reasons. One is that the distribution of lan@fathxmay be different

than that over open water. An analysis of the lan&albxdatabase and the 198807 DeMaria
extended best track data shows that there appears to be a diffartrecdependence Bimaxon

central pressurePfnin) between the two datasets (Demuth et al., 2006). The landfall dataset
provides a larger set of independent measurements, more than 100 storms compared to about 31
storms affecting the Florida threat aregion in the best track data. Since landRathaxis most

relevant for loss cost estimation and has a larger independent sample size, we have chosen to model
the landfall dataset.

We modeled the distribution &maxusing a gamma distribution. Using theximum likelihood

estimation method, we found the estimated parameters for the gamma distr IE=4.76 and

— v8& pWith these estimated values, we show a plot of the observed and expected distribution
in Figure5. TheRmaxvalues are binned in 5 sm intervals, with xr&xis showing the end value

of the interval.
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Modeled vs Observed Rmax
Model based on Gamma Distribution
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Figure 5. Observed and expected distribution foRmax Thex-axis is the radius in statute miles,
and the y-axis is the frequency of occurrence.

An examination of th&maxdatabase shows that intense storms, essentially Category 5 storms,
have rather small radii. Thermodynamic considerations (Willoughby, 1998)salygest that
smaller radii are more likely for these storms. Thus, we model Categ@rglB>00 mb, where
DelP=1013PminandPminis the central pressure of the storm) storms using a gamma distribution,
but with a smaller value of triéparameter, whicields a smaller meaRmaxas well as smaller
variance. We have found that for Categoiyl {DelP<80 mb) storms there is essentially no
discernable dependence Rmaxon central pressure. This is further verified by looking at the
mean and variance &maxin each 10 mb interval. Thus, we model Catega®y dtorms with a

single set of parameters. For a gamma distribution, the mean is gikef doyd variance i&d?.

For Category 5 storms, we adjuksuch that the mean is equal to the mean of the threg@st

5 storms in the database: 1935 No Name, 1969 Camille, and 1992 Andrew. An intermediate zone
betweerDelP=80 mb andelP=90 mb is established where the mean of the distribution is linearly
interpolated between the Categoiylvalue and the Categoryalue. As thal value is reduced,

the variance is likewise reduced. Since there are insufficient observations to determine what the
variance should be for Category 5 storms, we rely on the assumption that variance is appropriately
described by the rescalégvia kd?.

For Category 5 and intermediate Categoiy 4torms, we use the property that the gamma
cumulative distribution function is a function é&€X/d). Thus, by rescalind, we can use the same
Gamma distribution with parameters described above, but just res@@lmay. The rescaled
Rmaxwill still have a gamma distribution but with different mean and variance.

The storms in the stochastic model will undergo central pressure changes during the storm life
cycle. When a storm is generated, an appropRataxis sampled for the storm. To ensure the
appropriate mean values Bimaxas pressure changes, tReaxis rescaled every time step as
necessary. As long as the storm Ba#P < 80 mb, there is in effect no rescaling. In the stochastic
storm generator, we limnthe range oRmaxfrom 4 sm to 120 sm.
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Storm landfall and decay over land are determined by comparing the storm I¢gat)evith a

0.6 sm resolution landea mask. This land mask is obtained from the U.S. Geological Survey
(USGS) land use cover datmd inland bodies of water have been reclassified as land to avoid
spurious landfalls. Landfall occurs every time the storm moves from an ocean point to a land point
as determined by this land mask. During landfall, the central pressure is modeldtrgyraddel
described in Vickery (2005) and is no longer sampled from the intensity change PDFs. The Vickery
(2005) model basically uses an exponentially decaying, in time, function of the central pressure
difference with the decay coefficients varying tBgion on the basis of historical data. The
pressure filling model also takes into account the speed and size of the storm. When the storm exits
to sea, the landllling model is turned off and sampling of the intensity change PDFs begins again.
A storm isdissipated when its central pressure exceeds 1011 mb.

Wind Field Model

The wind model is based on the slab boundary layer concept originally conceived by Ooyama
(1969) and implemented by Shapiro (1983). Similar models based on this concept have been
devdoped by Thompson and Cardone (1996), Vickery et al. (1995), and Vickery et al. (2000a).
The model is initialized by a boundary layer vortex in gradient balance. Gradient balance
represents a circular flow caused by balance of forces on the flow wheeelhyvdrd directed
pressure gradient force is balanced by outward directed Coriolis and centripetal accelerations. The
coordinate system translates with the hurricane vortex moving at vedo€itg vortex translation

is assumed to equal the geostrophawflassociated with the largeale pressure gradient. In
cylindrical coordinates that translate with the moving vortex, equations for a slab hurricane
boundary layer under a prescribed pressure gradient are

Jo60 0t orn ., 0 ¢ 6 | . o
OT_I ,l— Qu ‘l_ﬁ/oo T_‘I 0) 0 i_ ‘I_F)/oo Ou Tt T_o
700 ., 0T 0 . 0 ¢rT o , .. Y
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whereu andv are the respective radial and tangential wind components relative to the moving
storm;p is the sea level pressusehich varies with radius'); f is the Coriolis parameter, which
varies with latitudet is the azimuthal coordinat&;is the eddy diffusion coefficient; ark(c,u),

F(c,v) are frictional drag terms. All terms are assumed to be representative of means through the
boundary layer. The motion of the vortex is determined by the modeled storm track. The symmetric
pressure fieldo(r) is specified by the Holland (1980) pressurefife with the central pressure
specified according to the intensity modeling in concert with the storm track. The model for the
Holland Bpressure profile and the radius of maximum wind are described above. The wind field
is solved on a polar grid with@1 R/Rmaxresolution. The inpuRmaxis adjusted to remove a

bias caused by a tendency of the wind field solution to facaxone grid point radially outward

from the input value. After the stormelative wind components are derived, the storm traoslati
motion vector is added to obtain the earlative wind.
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Rain Model

The rain model provides estimates of the hourly rainfall accumulation due to tropical cyclones
using the Atlantic Oceanographic & Meteorological Laboratory Hurricane Research Divisio
(AOML/HRD) R-CLIPER rain algorithm for stochastic and historical storm events as input to the
SWMM inland flood model. The rain amounts are estimated for select rain gauge locations that
are used in the SWMM inland flood model. The rain model usesdha $tack files to determine

the location and intensity of the storms at hourly track intervals. TBRIRER algorithm requires

the peak wind of the storm and the distance to the target location to the center of storm at one hour
time intervals. The peakind is estimated using a wirgtessure relation since the track file only
includes central pressure (the track file is also input for the wind model). The distance from storm
center to target location is estimated using the Haversine formula. A briefptiescof the R
CLIPER follows.

The RCLIPER model is a statistical fit of observational rainfall climatologyCIRPER was
initially based on U.S. rain gauge data, but has been updated using global-tatsdiderRMM
microwave imager (TMI) data.

TRMM rainfall data from 1 January 1998 to December 2002 were used to develop the rainfall
climatology for RCLIPER. These data include 3979 storm events over the dtahee6 shows
a subset (storms prior to 31 December 2000) of the storm event locations.

60

40

Latitude (degrees)
=)

-150 —-100 -50 0 50 100 150
Longitude (degrees)

Figure 6. Tropical cyclones observed by TMI during the period 1 Jan 1998 to 31 Dec 2000. Each dot
represents one TRMM observation. (From Loffat et al, 2004).

The rainfall data were combined with operational best track data in order to link the rain data to
characteristics of the associated storm. Lonfat et al (2004) showed that the azimuthally averaged
rainfall of a storm depends strongly ¢ tdistance to storm center and the maximum intensity of

the stormFigure7 shows the TiWHbased rainfall climatology for different category of storms.
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Figure 7. TMI -based rainfall climatology. (Based on data from Lonfat et al, 2004).

Thus, the RCLIPER model uses a functional form which depends on the distance to storm center
and maximum intensity (wind speed) of the storm. The funt¢tasnthe following form:

Rir = fo + ':'rm — iy ]':-r-"ll'!"-{|11.'|x:I o RIH.‘I?’.

= Iy I-‘-W‘QI-:":_':F - RI11:I1 ]-'II‘F-F] r> EIH.‘I!‘L

whereR is rainfall rater is distance to storm centénaxis radius of maximum windg is rain

at storm centety is the rain at the radius of maximum winds, asig the rain gtent. The terms

to, tm andre are determined by a regression equation as a function of the storm maximum intensity
at a given instant of time based on the TMI climatology and best track data. The output is the mean
rain rate at the target location. Due ttee TMI measuring method, the rain rates are more
representative of-Bour averages.

Coastal Storm Surge Component

The State of Florida has the longest coastline in the nation and is the state most impacted by
hurricanes based on historical records. Moso f Fl oridabdés coast al ar ea
surge flooding because of low elevation. Several densely populated areas such as Miami, the
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Florida Keys, Cape Coral, Tampa Bay, and Pensacola are extremely vulnerable to storm surge
flooding because dgheir unique coastline configuratioRigure8). Therefore, in addition to wind
induced damage, it is essential to include the property damage caused by storm surge and storm
wave in estimating the property damage from a hurricane.
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Figure 8. The populated areas (red rectangles) along the Florida coast where severe storm surge

flooding could occur when a large and intense hurricane makes landfall. The coverage of Light

Detection And Ranging (LIDAR) data from theFlorida Department of Emergency Management
(FDEM) is also displayed.

The Coastal and Estuarine Storm Tide (CEST) medeted tacompute storm surge parameters,
which are the inputs of damage functions for estimating property loss from a hurricanghesing
wind field data generated by the wind model of Florida Public Hurricane Loss MeRIEL/)
(Figure9).
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Figure 9. Component diagramof FPFLM with the storm surge

Summary of CEST model

The National Hurricane Center (NHC) of National Weather Service (NWS) employs a numerical
storm surge model, Sea, Lake, and Overland Surges from Hurricanes (SLOSH) to conduct real
time storm surge forecasts during the hurricane season to provide cnficahation for
evacuation decision making in response to storms that threaten the US coastline. The CEST model
which improves the physics and algorithm of SLOSH will be used to compute storm surges for
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FHPLM (Zhang et al. 2013 The CEST model solves the continuity and full momentum equations
which are forced by winds, atmospheric pressuops and astronomical tides or a time series of
water levels at open boundaries. The deptbgrated 2D CEST model over orthogonal
curvilinear grids was used to examine the effect of the basin size on the computation of storm
surge.

Governing Equations

The 2D deptkintegrated continuity equation in any, andz coordinate system with theaxis
perpendicular to the still water level is:

E+ﬂ+ﬂ:o

(1)
Mt pX My
and the momentum equations alongttaady directions are:
2 o ~
PHU | pHUT  pHUV g£%+DPa§
Ht MX Ky X ¢ rg +
tyotl WHU HWHU
- r + r +A |JX2 A, Uyz (2)
2 ~
pHY | pHUV  pHv? g_ DP, &
Mt pX Ky W ¢ rg =
s z‘sy u HV WHV
p + —= +,A}1 Ah uyz (3)

where H is the water depth from the still water level to the bottei® the water surface elevation
reference to the still watdevel, U and V are depthintegrated velocities along theandy
directions f is the Coriolis parameteg,is the gravitational acceleratioBP, is air pressure drop,

r is the water densityA, is the horizontal eddy diffusivity. The bottom friction fordesand t
are given by a quadratic drag law:

te=rcureviy @
=reuzevy ©

whereCy is the coefficient based on the Chezy formilleMehaute 19767hang et al. 2012b

_ gnf
Cb - HY3 (6)
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whereni s t he Manningods coef fifcandtnadregivenbyhaessimgaur f a c €
formulation:

ti=rcJU,-UF+{,-vEQU,-u) D

t7=rCalU. - UF + (- VF (v -v) @

a

wherej ais the air density antd,, V, are the wind velocities at the -hd height above the still

water level along th& andy directions. Cs is the drag coefficient which is calculated using the
modified formula of Large and Poriii981) based on Powelltel. (2003.

€ 000114 Juz+v2elo O
C, :¥(o.49+ 0.0065/UZ +V2)10°  10<,UZ +V? ag;
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CEST Model Setup

The 2D CEST model is discretized on an orthogonal curvilinear grid based on the modgjfidd C

with velocity components on the four edges of a grid cell and the water depths at the center and
four edgeqZhang et al. 2003 The radiation open boundary condition was employed to allow
waves to propagate out of the model don{@ilumberg and Kantha 1983 In order to improve

the computational efficiency and stability of the model, a semlicit scheme is employed to
produce a discrete form of the control equati@@asulli and Chen 1992 The water pressure
gradient and bottom friction items are solved implicitly and the remaining terms are treated
explicitly. With varying cell sizes, the curvilinear grid is flexible in generating fine grid cells at
the coast and coarse ones at the gmman. The CEST model uses a razsanced algorithm

based on accumulated water volume to simulate the wettiyigg process and includes the land
cover effect into the overland flooding. The model can also run on conformal grids such as those
used bySLOSH without modification of the numerical algorithms. The inputs and outputs of the
CEST model are iNetwork Common Data Form

(NetCDF; http://www.unidata.ucar.edu/software/netcdfi) set of tools in Matlab have been
developed to convert input fileseated in ArcGIS (www.esri.com) into NetCDF files and to
convert output NetCDF files into ArcGIS shapefiles for displaying and analyzing simulated surges.

The CEST model was verified by comparing calculated surges from historical storms such as
HurricanesAndrew, Camille, Hugo, and Wilma with field observati¢Akang et al. 2012[Zhang

et al. 2008 The measured maximum high water mat&vations from hurricanes Andrew,
Camille, Hugo, and Wilma are about 5 m, 7 m, 6 m, and 5 m above NAVD88, respectively. The
root mean square differences (RMSD) between computed and observed high water levels for these
four hurricanes ar@.44 m, 0.58 m0.47 m, and 0.39 ymrespectively. The CEST model has also

been employed to perform preliminary réiahe forecasts of storm surges based on advisory tracks

for Hurricanes Isabel in 2003, Katrina in 2005, Hurricanes Irene in 2011, Hurricanes Isaac and
Sardy in 2012. The comparison of computed surges with tidal gauge records and high water mark
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measurements indicates that the model largely reproduced the inundation pattern generated by
these hurricanes.

Topographic and bathymetric Data and Calculation of Grid Cell Elevation

The bathymetric and topographic data are required for calculating the water depths and elevations
of the grid cells in a model basin. The topographic data used in this study mainly come from the
US Geological Survey (USGS), and thehyatetric data come from NOAAWater depths for

grid cells at the open ocean were calculated based on the ETOPOL1 global relief dataset from
NOAA, which has a resolution of 1 arc minute (~1.8 km). Water depths for grid cells in coastal
areas were interpokd from the U.S. coastal relief dataset from NOAA with a resolution of 3 arc
second (~90 mittp://www.ngdc.noaa.gov/mgg/gdas/gd_designagrid)affile USGS 90 m, 30

m, 10 m, and 3 m digital elevation models (DEM) were used to calculate the elevatimhoedlg

on the land (http://viewer.nationalmap.gov/viewer/) in terms of the sizes of grid cells. USGS
DEMs are periodically updated with new data from various federal, state, and local government
agencies. For examplagdvances in airborne Light Detemrti And Ranging (LiDAR) technology

in the past ten years have allowed for a rapid mapping of topology over a large area with a vertical
resolution of 0.15 m and horizontal resolution of one m@kang et al. 2019a The State of
Florida has completed LIiDAR data collection for coastal areas vulnerable to surge flooding at a
cost of $25 million Figure8). Most of highresolution topographic data have been incorporated
into the DEMs created by USGS.

In order to support the National Tsunami Hazard Mitigation Program, thigdnerstorm suwg
forecast, and tstudy the impacts of lorgerm sedevel rise on coastal ecosystems, NOAA has
developed the integrated models of coastal reliefs for various areas along the US Atlantic and Gulf
coasts in recent years (http://www.ngdc.noaa.gov/mgg/dasibe bathymetric and topographic

data were merged and adjusted to a consistent vertical datum (e.g. NAVD88) in an integrated
model of coastal relief, and important hydrological features such as main navigation channels are
maintained.

The elevathn of a CEST grid cell was calculated by averaging the pixel elevations of the digital
bathymetric and topographic elevation models which are falling within the grid cell. All the
topographic and bathymetric data were adjusted to NAVD 88 vertical datume weficulation.

The following procedure was used to calculate the grid cell elevation and handle the overlaps
between different bathymetric and topographic datasets.

(1) NOAA ETORO1 global relief dataset was used to calculate the cell elevations afidbel

grid. In the deep ocean area that is covered by EXIQBut not covered by the bathymetric and
topographic data with finer resolutions, a grid cell should include at least one data point from
ETOROL for elevation calculation. If not, a new reliftaset with a pixel size of half the ETOP

pixel size was generated by interpolating ETPusing the nearest neighbor method. The
interpolation was conducted continuously by reducing the pixel size half every time until each grid
cell in the deep ocearontains at least one data point from the interpolated relief dataset.

(2) NOAA coastal relief dataset was used to calculate the cell elevations and replace the elevations
from ETOROL in the continental shelf and coastal areas. If the cell size of d graies less than
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the pixel size of the coastal relief dataset. The new coastal relief dataset was generated for the
calculation of the grid cell elevation using the same procedure to interpolating theOETOP
dataset.

(3) USGS 90 m, 30 m, 10 m, and 3D&EMs were used to calculate the elevations of the model

grid cells on the land. The model grid cells on the land and on the ocean were separated using the
shoreline dataset extracted from the LIiDAR surveys or digitized from the aerial photographs. The
sdection of 90 m, 30 m, 10 m, and 3 m DEMs were determined by the cell size of a model grid.

A grid cell has to contain at least one data point from the DEM dataset used for the elevation
calculation.

(4) NOAA integrated models of coastal reliefs wesedito calculate and replace the depths of the
grid cells in the coastal water. If the USGS DEMSs on the land is older than the elevation data in
the integrated model of coastal relief, the elevations of the grid cell on the land were also calculated
and eplaced.

(5) The water depths and elevations of the grid cell were updated using the most recent data which
are often the LIiDAR surveys provided by local government agencies through the flood map
modernization program sponsored by the Federal Emergencgdédment Agency.

The highquality shoreline dataset including the boundaries of the coastal lagoons, inlets, and
barrier islands, and river streams is essential for separating the grid cells on the land and the ocean
and preserving the connectivity of tleeastal hydrological features. Fortunately, the digital
shorelines can be extracted from the LIDAR surveys for coastal areas vulnerable to storm surge
flooding in Florida. However, there are many topological errors such as dangles, intersections,
and sé-overlapsin the LIDAR shorelinesKigure10). These errors were corrected through the
manual editing in ArcGIS (www.esri.com) by setting up appro@riapological rules. The
corrected shoreline vector data were converted into the polygons by adding lines connecting start
and ending points and used to separate the land and ocean cells of a model grid.
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Figure 10. Topologicerrors in the shoreline dataset derived from the LIiDAR surveys for Franklin
County in Florida.

Cal cul ation of Manningés Coefficients Using Land

The CEST model uses the Chezy formilleMehaute 197&Zhang et al. 2012kwith a Manning's
roughness coefficient to calculate bottom str ¢
are computed by an empirical formula based on the water depth (H):

¢ 0.02 0<H<1(m)

nW:\:'O.OJJH +001 H21 (10)
or set up to be constantsg.,
n,=C (11)
where C ranges from 0.01 to O0.03. Manningods

estimated according to the 2006 national land cover dataset (NLCD) created by the U.S.
Geological Survey (USGSFryetal. 2011 A modi fi ed t ab [fieiente fabl®a nni n ¢
1) corresponding to different land cover categories proposed by Mattocks and ROdsvas

employed in this studySince the spatial resolution of NLGB 30 m which is usually smaller

than the cell size of a CEST ng foi adgrid callnwasa v er a g
calculated using

4 (na)+n,b

n, == NG T D (12)
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wherenii s t he Manningds coef fi cimedeltgridecellistee areaf a NL
of a NLCD pixel, N is the total number of NLCD pixels withinamodelesli, s t he Manni n
coefficient for the oceanic ar&ehat ae not covered by NLCD pixels.

NLCD Class Number NLCD Class Name Manning Coefficient
11 Open Water 0.020
12 Perennial Ice/Snow 0.010
21 Developed Open Space 0.020
22 Developed Low Intensity 0.050
23 Developed Medium Intensity 0.100
24 Developed High Intensity 0.130
31 Barren Land (Rock/Sand/Clay) 0.090
32 Unconsolidated Shore 0.040
41 Deciduous Forest 0.100
42 Evergreen Forest 0.110
43 Mixed Forest 0.100
51 Dwarf Scrub 0.040
52 Shrub/Scrub 0.050
71 Grassland/Herbaceous 0.034
72 Sedge/Herbaceous 0.030
73 Lichens 0.027
74 Moss 0.025
81 Pasture/Hay 0.033
82 Cultivated Crops 0.037
90 Woody Wetlands 0.140
91 Palustrine Forested Wetland 0.100
92 Palustrine Scrub/Shrub Wetland 0.048
93 Estuarine Forested Wetland 0.100
94 Estuarine Scrub/Shrub Wetland 0.048
95 Emergent Herbaceous Wetlands 0.045
96 Palustrine Emergent Wetland 0.045
(Persistent)
97 Estuarine Emergent Wetland 0.045
98 Palustrine Aquatic Bed 0.015
99 Estuarine Aquatic Bed 0.015

Table 1. Manningbs coefficients for various <ca

Wind field computation

Both parametric models and time series of wind fields (H*Wind) generated by the Hurricane
Research Division of NOAA based on field measurem@ntaiston et al. 199%owell et al.

1998 can be used to compute wind stresses. H*Wind provides snhapshots of the wind field every
2-6 hours, but the instantaneous wind field is needed for storm surge computation bye¢hatmod
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each time step. Thus, the wind fields between two adjacent H*Wind fields are generated using a
bilinear interpolation in space and a linear interpolation in time based on the center positions of
two H*Wind fields and the values of H*Wind fields. &fparametric wind model used by the
FPFLMwas employed to estimate the hurricane wind field when H*Wind data were not available.
To account for the terrain effect on the wind, two different drag coefficients are used to compute
the wind field on the term and extreme shallow waters and the wind field on the ocean, which
are referred to as lake wind and ocean wind, respectively. The effects of vegetation on the wind
field have also been accounted for in a way similar to the SLOSH ifisfie$nianski et al. 1992

The wind speed is adjusted using a coeffic@ntbased on the ratio of the surge water depth
(D=H+2) to the vegetation heighit():

b
U (13)

The effect of trees on the md speed decreases based on this equation as the water submerges the
vegetation gradually. In this study, the land areas covered by dense vegetation and development
were classified into the "Tree" category and assigned an average vegetation heighttbé8 m,
same as the one used by SLOSH for the Florida basins. When a storm surge flelydsylow
areas, it often forms a thin layer of water over land. An extinction coeffiCieistapplied to the

wind speed to reduce its effect on the thin layer of wdtdesnianski et al. 1992

D p<oand
03 u

CE 1 0.
fl D20.3m§,

(14)

Boundary Conditions

The ASommer fi el do(Blunhalg aad Kantiha 1B evaisduset iatothre open
boundaries for a variabfewhich can be either water level or velocity:

W.ev -0 s
i Vgl

where Eis the velocity which includes wave propagation and advection. The wateelevaiion

at the open @undary was generated using setidal constituents M2, S2, N2, K1, O1, K2, and
Q1. These constituents were obtained from
Coast 2001 database of tidal constituéhtskai et al. 2002

Four Set of Florida Basins

There are totally 4 sebf basins established for the storm surge simulation covering the whole
coastalrea of FloridaKigurell).
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1. 3 Apalachicola Bay basi®\P7,AP8,and AP9majorly covers the north and west Florida
coastal areawvith different grid resolutions

2. 3Tampa Bay basim;P2,TP3,and TP4¢covers the west Florida coastal aneéh different
grid resolutions

3. 3South Florida basirtHiMI4, HMI141, and HMI42 majorly covers the south Florida coastal
area and Keyswith different grid resolutions

4. 3Florida Atlantic basinEJX4,EJX5,and EJX6¢covers the whole east Florida coastal area
with different grid resolutions

Legend

[ ]Ps

HMI41

[Jewxs

Figure 11. Four Florida Basins that used by CEST Model

The overlap area of the above four set basins is rekatiaje, sometime even half of the basin

area. The reason is consideration between large domain size and fine resolution of the grid for the
interesting area. It is necessary and interesting to examine the storm surges on the overlap area of
different bagis with same storm tracks. As the CEST model is robust, stable, consistent, and
compatible, the computed surge at the same region with different basins should be similar and
comparable.

Apalachicola Bay basins including AP7, AP8, and AP9

The AP8 and AP9ra the neWy generated basins with the same seimdle domain as AP7, which

cover the all the north and west coastal area of Florida. The grid cell resolution for AP7, AP8, and
AP9 is about 100, 350, and 1400 meters respectively along the coastala@ea2). The
computational time for coarse resolution basin AP9 is onhLGrbnutes for a 4lays simulation,
whereas AP8 and AP7 consume aboutliOminutes and 2 hours to complete the same run,
respectively.
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FDomain'Description CESTBasin CEST Basin CEST Basin

Large Large Large
100 350 1400
772*710 387*356 99*91
548,120 137,772 9,009
30 20 30
120130 10-15 0.51

Table 2. Basin description and statistics forApalachicola Bay.

* The resolution of the model basin varies spatially. The resolution in the table represents the approximate
edge size of a grid cell at the coastal area.

** Computational time was derived by recording the simulation time using a single processor in a Dell PC
workstation with four 2.5 GHZ Intel Xeon prasers and 12GB of RAM.

Miami and Key basins including HMI4, HMI41, and HMI42

The HMI4, HMI41, and HMI42with the same circle domain cover the all the south coastal area
of Florida with a grid cell resolution about 1,000, 300, and 150 meters respectively along the
coastal arealfable3). The coarse resolution grid HMI4 only take3 Einutes to finish a-dlays
simulation, whereas HMI41 and HMI42 consume around 25 minutes laodr® to complete the
same run.

‘BasinName ~ HMI4  HMM4L  HMM42
_ CEST Basin CEST Basin CEST Basin
ISZENN Large Large Large
FResolution (m) 1 1000 300 150

IDimension N 185*395 332*480 442*1216

~ Total Number of Cells 73,075 159,360 513,152
‘TimeStep(s) 30 30 30
_ 5-7 20-25 110130

Table 3. Basin description for Miami and Key.

Tampa bay basins including TP2, TP3, and TP4

The TP2 TP3, and TP4vith the same sentircle domain cover the all the west coastal area of
Florida with grid cell resolution about 1,80€50, and 230 meters respectively along the coastal
area Tabled). The computational time for coarse resolution basin TP2 is only 1 minutes-for a 4
days simulation, whereas TP3 and TP4 consume about 10 minutes and 1 hour to complete the same
run.

Pbomain'Description ™ CEST Basin CEST Basin CEST Basin
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Large Large Large
1800 450 230
80*106 314*418 626*834
8,480 131,252 522,084
30 30 30

0.51 9-12 50-70

Table 4. Basin description and statistics for Tampa Bay.

Jacksonville basins including EJX4, EJX5, and EJX6

TheEJX4, EJX5, and EJXwith the same senaircle domain cover the all the eastern coastal area

of Florida with an area of 351,370 km2 and a grid cell resolution about 2500, 600, and 300 meters
respectively along theoastal arealfable5). The computational time for coarse resolution basin
EJX4 is only 32 minutes for a 4lays simulation, whereas EJX5 and EJX6 coms about 20
minutes and 2 hours to complete the same run.

Pbomain'Description ™™ CEST Basin CEST Basin CEST Basin

Large Large Large
2500 600 300
104*106 410*418 818*834
11,024 171,380 682,212
30 30 10

1-2 1520 120160

Table 5. Basin description and statistics for Jacksonville.

For each basin, all three updated grids with different grid size were verified and calibrated for
historical hurricanesThe comparison of time series of water level showed that the CEST model
can produce reasonable storm surge at selected NOAA tidalpaitbghe H*WIND wind field.
Considering the accuracy and computational time, the medium resolution grid AP8, TP3, HMI41,
and EJX5 are finally selected f6PFLM project. As the massive High Performance Computes
improve, the high resolution grids are going to employ into this project in the futures.

Wave Model

The wave model used is STWAVE, a US Army Corps of Engineers program for computing
nearshore wave transformation. The model solves the spectral wave action equations over a regular
grid, assuming steaelstate conditiong=rom the STWAVE Manual (Massey et,&011):

ASTWAVE (STeadystate spectral WAVE), a nearshore spectral wave model, was developed by
the U.S. Army Engineer Research and Development Center (ERDC), Coastal and Hydraulics
Laboratory (CHL) to accurately simulate nearshore wave propagationtransformation
including refraction, shoaling, breaking, and windve generation. Recently, CHL has further
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enhanced STWAVE to include both halane and fulplane capabilities within a single
executable; improved and streamlined file formats; and mbdearth System Modeling
Framework (ESMF) compliant, which allows for easier coupling to other models. STWAVE now
runs in serial mode as well as parallel in time or space on both personal computing (PC)-and high
performance computing (HPC) systemso.

Assunptions made in STWAVE are:

fil. Phaseaveraged. STWAVE is based on the assumption that relative phases of the spectral
components are random, and phase information is not tracked. In order to resolve detailed near
field reflection and diffraction pattermear coastal structures, a phassolving model should be
applied.

2. Mild bottom slope and negligible wave reflection. Waves reflected from the shoreline or from
steep bottom features are neglected.

3. Steadystate waves, currents, and winds. STWAVbisulated as a steadyate model, which
reduces computation time and is appropriate for wave conditions that vary more slowly than the
time it takes for waves to transit the domain. For wave generation, the-stasslassumption
means that the winds Y& remained steady sufficiently long for the waves to attain4etited

or full-developed conditions (waves are not limited by the duration of the winds).

4. Linear refraction and shoaling. STWAVE incorporates linear wave refraction, shoaling, and
propayation, and thus, does not represent wave asymmetry or other nonlinear wave features. Model
accuracy is reduced (e.g., underestimated wave heights) at large Ursell numbers.

5. Depthuniform current. The waveurrent interaction in the model is based ou@eant that is
constant throughout the water column; the modification of refraction and shoaling due to strong
vertical gradients is not represented. 0

6 . Linear radiation stress. Radiation stress

The present wdr does not use the full capabilities of STWAVE, but instead a subset to allow
computation of tens of thousands of scenarios over the entire coastline of Florida. The model is
run with directional capabilities, but only around the peak frequency. Commstatie only made

for a relatively short distance near the shoreline, and use parametric hindcast relations (Young and
Verhagen, 1996) to provide the wave height and period at the offshore bauralangarshore
locations, wave breaking uses Thornton and#5(1983) relations instead of the standard depth
limited cutoff. Other than this, there are no changes to the model.

Inland Flood Component

The inland flood modslhave addressed the freshwater flooding scersawdhin the state of
Florida. The speciéi objective of this study is to predict stormwater led overland flooding during
the rainfall events that will lead to flood loss at property locations. To compute the flood depths
for different rainfall events, inland flood modehave been developed usinthe US EPA
Stormwater Management Model (SWMM 5.1), whiclagocess based, sewtistributed rainfall

runoff model(Rossman2015. SWMM has been widely used in the study of hydrologic processes
for runoff estimation and flood predictigAbdul-Aziz andAl-Amin, 2016; Jiang et al., 2013)

brief description of the inlanflood model is given below:
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Model development for the inland basins
Basin delineation

The inland flood model for state of Florida has been discretized by six inland basins: Southeast
Coasts BasifSEC) Kissimmee River BasifKIS), Southwest Florida Basig8WF), St. Johns

River Basin(SJN) Suwannee River Bas{®WN), and Northwest Florida Bas{iNWF) (Figure

12). Extents of the six inland basins were developed using the watershed boundary datasets
(previously known as Hydrologic Unit Coded U.S. Geological Survey (USGS).

Incorporation of hydro-network

In order to develop the hydimmetwork (e.g.subbasins, drainage links and nodes) for the inland
basins by ArcGISArcHydro tool, DEMs of 10m resolutiorE(ror! Hyperlink reference not

valid.) have been used. At first, six inland basins were split into smaller subb@aivis §.
Summary of the generated hyelretwork for the six inland basihable6). Areas having igpater
imperviousness (i.e., commercial, industrial areas) have been discretized by smaller subcatchments
to provide inland flood model outputs at finer spatial resolutions. The stream networks (links and
junctions), generated by ArcGIi&cHydro tool werethen compared with the actual drainage
network, obtained from National Hydrography dataset (NHD) of USGS, and modified accordingly

if necessary.
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Figure 12. Extent of six inland basins
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Inland Basin Name No. of Basin Area No. of Drainage

No. of Drainage Links

Subbasins (kn?) Nodes
Southeast Coasts Bas 333 7156 438 440
(SEC)
Kissimmee River Basir 641 10267 641 649
(KIS)
Southwest Floride 703 28430 706 774
Basin (SWF)
St. Johns River 766 28189 782 794
Basin (SJN)
SuwanneeRiver Basin 337 18865 349 363
(SWN)
Northwest Florida 1055 29320 1066 1090
Basin (NWF)

Table 6. Summary of the generated hydrenetwork for the six inland basins

Incorporation of the hydro-meteorological information

Precipitation is the principdbrcing variable forthe rainfaltrunoff process. We used hourly
rainfall datain the six inland basin models. Rainfall data for available observed stéTialle 7)
were assigned to each subbasin by creating Theissen polygenscorporatedmatially averaged
monthly PET rates (mm/daycrossall 2km X 2 km USGS grid$alling within the respective
basns

Inland Basin Number of Rainfall Stations Source

SEC 71 South Florida Water Management District (SFWMD) &
National Climatic Data Center (NCDC)

KIS 39 South Florida Water Management District (SFWMD)

SWF 96 Southwest Florida Water Managemeéxstrict (SWFWMD)
and National Climatic Data Center (NCDC)

SJIN 17 National Climatic Data Center (NCDC)

SWN 22 National Climatic Data Center (NCDC)

NWF 30 National Climatic Data Center (NCDC) and Florida Climi
Center

Table 7. Rainfall Data Information for the Inland Basin.

Parameterization of subbasin properties

Subbasinproperties such as the slope and imperviousness are required to develop the SWMM
models for the inland basins. The percent slopes of the subbasins were extracted from the 10m
DEM, whereas théand use informationf the subbasins were obtained from Mwetional Land

Cover Database (NLCD) percent impervious raster datadéit©D 2006, and NLCD 201(Fry

et al., 2011; Homer et al., 2019)he characteristic width, overland roughness coefficients, and
depression storage depthere incorporated in the modeal accordance with the recommended
valuesmentionedin SWMM Reference Manual Volume |, HydrologiRossman and Huber,

2016)
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Parameterization of groundwater and infiltration process

Aquifers incorporated in a SWMM model address vertical movement of inéiteeating from the
subbasins that lie above them. These aquifers also account for the exahgiroysdwater with

the adjacent drainage system. SWMM only requires groundwater elevation information for the
initial time step and it dynamically updatedsaquent groundwater levels based on the provided
rainfall data. The groundwater informatiorer@ mainlyobtained from USGS and DBHYDRO
monitoring wells. Greempt method was chosen fogpresentingnfiltration of water into the

soil. The main parametefsr the GreerAmpt model were the initial moisture deficit of the soil,
the soil s hydraulic conductivity, and the
infiltration and aquifer parameters (porosity, wilting point, field capaatg), sal type data
obtained from thesoil survey geographic (SSURGO) database (USNIRCS, 2015) andhe
recommended/alues mentioned iIBWMM Reference Manual Volume I, Hydrologirossman

and Huber, 2016)ere used

Incorporation of drainage network into inland flood model

Drainage system in SWMM is representgda network of links (streams) connectgguinction

nodes. In natural system, nodes represent the confluence of surface channels, while the links

represent the streams (rivers or canals). The invevaw@s of nodes (elevation at channel
bottom) are obtained from 10m DEM. The geometry of the stream links has been introduced by
using the surveyed cross sectiolghen surveyed cross sectisrirom corresponding water
management districtwerenot availalbe, we used 10m DEM to incorporate representative cross
sections for streams.

Model simulation and performance evaluation

For calibration and validation of the inland flood models long term, continuous simulations were
performed. The modelsverecalibraed and validated with the daily mean observed streamflow
at mostmajor river reaches across the six inland basins. We used theSNtdiffe Efficiency
(NSE) (Nash and Sutcliffe, 197nd the ratio of the roeheansquareerror to the standard
deviationof observations (RSRhetricsto evaluate the model performance.

Model development for the isolated areas

The six inland basinsover the entire state of Florida, except for the keys, isolated islands (e.g.,
Miami Beach), and the greater Everglades. Sitnsequite difficult to develop the hydnoeetworks

for such keys and isolated areas, have developed separate SWMM mettaitheisolated areas
without considering hydraulic routing. To compute the freshwater flooding detbtésea isolated
landmassedive isolated area SWMM modetsmed ag&ast Coasts, Everglades, Keys, Southern
Gulf Coasts, and Northern Gulf Coasts have been deve(bppdel3). Thesemodels have been
discretized bya number of 300m X 300m bloclesich grid cell has been incorporated as a subbasin
in the SWMM model. We have parameterized the subcatchment properties, infilteatiomepers

for these subbasirisllowing the same approacthat we adopted fdhe inlandbasins. The spatial
resolution of rain gages foheisolated areas is 3km X 3km.

FPFLM V1.0 Feb. 29, 2020
47

S



'alm Coast

East Coasts
Northern Gulf Coasts /

Jelbourne

/ i Bay
it St Lucie

Southern Gulf Coasts

Nest Palm
Jeach

Boca Raton

Pompano Beach

Everglades
— > Keys

Figure 13. Extent of five isolated area models

Vulnerability Component

The engineering team of tHePFLM has several pegeviewed publications, which have been

either publishedRaradaranshoraka et al., 2017; Baradaranshoraka et al. @@t8)under review
(PaleaTorres et al., 2019; Pinelli et al., 2019). For the sake of clarity, and to provide aetompl
narrative describing the personal residential flood vulnerability model &RR&M, these papers

have been combined, abridged and presented below. The subsequent disclosure responses in the
VF standards will then refer as needed to this narrative.

Three main sections are presented below: development of vulnerability of residential structures to

coastal flood, development of vulnerability of residential structures to inland flood, and
development of manufactured housing to inland and coastal flood.

Vulnerability of site-built residential structures to Coastal Flood

FPFLM V1.0 Feb. 29, 2020
48



Introduction and Background

In general, fragility and vulnerability functions are either empirical models derived from post
disaster damage assessments and/or claims data, engitsshgiodels derived from structural
behavior principles, models based on expert opinion, or some combination of these three.
Statistical analysis of the observed performance of structures, from large observational datasets
are the basis of the empirical mosleThe development of engineerbgsed models requires an
understanding of the loads, structural response and resistance, load path, and environmental
uncertainties. Expetiased models rely on the consensus of opinions from a team of professionals
with subject expertise. These expert opinions are commonly informed by a combination of
personal observations, modeling and field data.

This report presents a semsmgineering approach, which adapts a procedure proposed in Barbato
et al. (2013) to translate gmical tsunami fragility functions from Suppasri et al. (2013) into
coastal flood fragility functions, based on engineering principles. Following Baradaranshoraka et
al. (2019), the coastal flood fragility functions are translated into coastal floodrafility
functions for different types of residential structures common in the state of Florida. Claims data
and experbased models are employed for validation.

The engineering team strategy was to adapt a large body of tsunami related building fragility
curves, especially the work developed by Suppasri et al. (2013), to coastal flood, and to adapt the
work of the US Army Corp of Engineers (USACE, 2006, 2015) for inland flood. The engineering
model output consists of building vulnerability curves thaimesde the mean building damage

ratio as a function of inundation height relative to ground level (Baradaranshoraka et al., 2017).
The building damage ratio is defined herein as the cost of repair of a damaged building divided by
the replacement value ofgtbuilding.

This report discusses the tsunami damage field dataset, the nonlinear translation of the tsunami
fragilities to coastal flooding (surge) fragilities via force equivalency analysis, the quantification

of the damage states, the conversion afstal flood fragilities to vulnerability functionand

results and validation for a single family slab on grade timber and masonry structure using an
independently derived model and claims data.

Tsunami Damage Dataset

The 2011 Great East Japan tsunaffécied hundreds of thousands of buildings, including
residential and commercial structures. Suppasri et al. (2013) used a dataset of more than 250,000
damaged buildings to develop empirical fragility functions related to the water inundation depth.
Thesefragility functions are stratified by structural characteristics such as construction material
and number of stories, resulting in one of the most comprehensive such studies ever conducted.

Suppasri et al. (2013) utilized information obtained by the Nfinisf Land, Infrastructure and
Transportation of Japan (MLIT) from pedisaster field surveys. The surveys information related

the assessment of different levels of damage per building to the tsunami inundation depths at the
structur eds alvasgraupdad m 0.5 m ihdements af tsunami inundation depths. The
MLIT classified the observed damage into six levels of severity, or physical Damage States (DS):
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(1) minor damage, (2) moderate damage, (3) major damage, (4) complete damage, (5) collapse
and (6) washed away. The MLIT classification of damage was based on observed physical damage
in different structural and nestructural components of the buildings, and damage ratiasualr

be assigned to each damage state(B&ails in the next sectipnThe buildings were classified
according to their number of stories and their structural material, such as reinforced concrete, steel,
timber and other materials. Based on the characteristic of the buildings and the damage states,
Suppasri et al. (2013)sed a least squares regression method and the lognormal cumulative
distribution function to derive fragility functions for each damage state for the different building
classes (BC). EquatidiNG-1 describes the shape of the tsunami fragility functiongtieg from
regression analysis, where the functibis the probability of a damage ratio DR meeting or
exceeding a damage state DSi characterized by a damagde rgti@n a certain water inundation

depth relative to ground level at any give point, and a certain building clads®d is the

standard normal distribution function. The variableand, aare the mean and standard deviation
for the lognormal function, specific to the building class and the damage state.

00Y QIO QM6 OO ———  [ENG-1]

Table 8 lists the parameters used as input in Equabi-1 to describe the tsunami fragility
functions for timber and RC residential stiwres (Suppasri et al. 2013).

DS1 DS 2 DS 3 DS4 DS 5 DS 6

~ o A ~

06 a6 O6 006 06

a6 06 VI 06 a6 06 a6
Structure
Timber r -1.73 115 -0.86 0.94 0.05 0.71 0.69 0.53 0.81 0.59 1.17 0.58
story
Timber 2 -201 119 -0.87 0.91 0.04 0.74 0.78 0.52 0.95 0.57 1.36 0.47
story

Timber 3 -219 132 -0.86 1.22 0.11 0.84 0.80 0.47 1.27 0.62 1.77 0.37
story

RC Istory -1.88 119 -0.82 1.06 0.16 0.82 0.89 0.84 1.66 0.90 2.42 0.87
RC 2story -226 125 -0.95 1.04 0.20 0.75 0.93 0.69 1.78 0.72 2.44 0.66
RC 3story -2.78 166 -0.98 1.02 0.15 0.66 1.14 0.80 2.35 0.79 2.71 0.50

Table 8. Tsunami fragility curves parameters per DS for timber and reinforced concrete residential
structures (from Suppasri et al., 2013)

Coastal Flood Fragilities

The authors assume that tpeobability of meeting or exceeding given damage stattor
residential structures in Japais similar, but not identical, to the probability of meeting or
exceeding the same damage state for a residential structiggida under wateinduced forces

of similar magnitudes. Under this assotion, the key element to translate the tsunami fragility
curves into coastal flood fragility curves is the calculation of the different inundation depths that
correspond to equivalent water loading forces for tsunami and surge. Deviations from thais simil
damage state assumption are then corrected in the model calibration stage through adjustments to
the cost ratios assigned to the building components. The next section describes this water loading
force equivalency calculation.
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Coastal Flood and Tsunami Water Forces

The FPEM coastal flood model considers the effect of different wave conditions during coastal
flood. Storm surge waves (coastal flood) and tsunamis belong to the class of long gravity waves.
The wavelengths of tsunamis are large in deeproeea present small amplitudes, but as it
approaches shallow waters, the tsunami slows down causing the wave to compress and increase in
amplitude. Similar to tsunami waves, coastal flood waves amplify considerably in shallow waters
and on wide continentahelves (Nirupama et al., 2006).

The conversion of the fragility functions from tsunami to coastal flood relies on the calculation of
the different coastal flood and tsunaimundation depths that produce equivalent wideces.

The forces consideredathe resultant lateral horizontal forces acting on the vertical walls of the
structures. These forces vary depending on the severity of the wave state associated with the coastal
flood condition. The=PFLM model discretizes the continuum of wave intenssfgtive to water

depth into three coastal flood (CF) conditions: coastal flood with minor waves (CF1), with
moderate waves (CF2), and with severe waves (CF®)le9 shows howthe ratio of the wave

height (O ), distance from trough to crest, to still water inundation dé@th 'O j 'Q, defines the
boundaries of the coastal flood conditions. Waves are assumed to break when the ratio is more
than 0.78, (FEMA 2011)

Coastal Flood Conditions Wave Height Range
CF1 Minor Waves n 0jQ ™
CF2 Moderate Waves ™ 0jQ W
CF3 Severe Waves ™ 0jQ Ty

Table 9. Definitions of three coastal flood conditions

ASCE (2010) and FEMA (2011) recommend EquaBdNG-2 to calculate the breaking wave load

& per unit length i) on a vertical wall. This equation is from Walton et al. (1989), who
reference Homma and Horikawa (1968)gure 14-a shows the pressure diagram utilized to
develop this equation through the calculation of the areas. The formula has two parts: a dynamic
slamming load (first term) and a hydrostatic load (second term). Both terms assume a total affected
depth at the wabf ¢&'Q (or p&'Q above the still water level) which results from the wave run

up and reflection. Dynamic pressure increases linearly from zero at the upper limit to the maximum
value of0 " "M at the stillwater flood elevatiork)), whered is a dimensionless dynamic
pressure coefficient equal to 1.6, is the density of saltwater ariQis the gravitational
acceleration constant. The dynamic pressure decreases linearly from its maximum value to zero at
the toe of the wall.

0 ja ppd” M 8" M [ENG-2]

EquationENG-2 applies for breaking waves only, as described in FEMA (20td/as necessary
to modify Equation 2 to capture all three of the coastal flood conditions describadl@®.

Considering a breaking wave height©f m& @, and setting EquatidBNG-2 in terms ofO,
thep&'Q above the stillwater leveF{gure 14-a), due to the waves, is equivalenp®Oj i U
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(Figure 14-b). The maximum value for the dynamic component in term®ois equal to
0" "C0j & yFigurel4d-b).
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Figure 14. a) Pressure distribution based on Walton et al. (1989); b) Pressure distribution in terms
of the breaking wave height

Figure14-b shows the pressure diagram presentdegare 14-a, but here the terms affected by
the dynamic effects of the wave are expressed in terms of the breaking wavé&hekgita case
of coastal flood with nofbreaking waves, all of the assptions are kept, budO is replaced by
‘O . The calculation of the areas kgure 14-b, but considerindO instead ofO results in
EquationENG-3, which now cajures minor, moderate and severe wave states.

0 0 ja -67 -0 S— -7 Q@ S— [ENGJ
For the case of breaking waves, (@. 'O 1 @, EquationENG-3 reverts to the ASCE
formula (EquationENG-2), and for the case of no waves, it becomes the standard hydrostatic
pressure of the still water depth. In this study, EquaEdiG-3 is used to express the lateral
horizontal forces acting on the structures due to coastal flood. The hydrostatid ptessare of
the water entering the structures is not subtracted from the resultant hydrodynamic external force.
The model assumes that the water level inside the structure does not immediately,redttha
worstcase scenario of a maximuih outsde the structure and no water inside.

The tsunami water depfiorce relationship is also needed for the development of the coastal flood
fragility functions. Palermo et al. (2009), suggest Equdiibit>-4 to estimate the tsunami surge
force per unit length, wher@ in this case is the tsunami inundation depthis a drag coefficient
ando is the flow velocity.

Oja - M -8” 0Q  [ENG-4]
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Whend is taken as 2 (infinitelyong walls) and is assumed equal tp "CQ EquationENG-4
becomes Equation Fhe City and County of Honolulu building code (CCH, 2000) suggests the
use of Equatio®ENG-5 to estimate the tsunami surging force per unit length, generated by a bore
like wawe based upon the results of Dames and Moore (1980). Palermo et al. (2013a) describe a
triangular pressure distribution as the origin of EquatNG-5, as illustratedrigure 15. In
EquationENG-5, Q is the inundation depth, which is the hazard intensity metric adopted in this
study.

0 Oja 18 M [ENG-5]
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Figure 15. Tsunami surge pressure distribution, reproduced based on
Palermo et al. (2013a)
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Figure 16 presents the resultant water forces for tsun&guétion ENG5) and the three wave
states being considerefiquation ENG3 andTable 9). The coastal flood forces approach the
tsunami forces as the severity of the wave increases. The upper limit valueabta@is assiged

to each of the three different wave scenarios;@.efor minor waves is equal & Q , T&Q for
moderate waves, and} @ for severe waves (breaking waves).
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Figure 16. Tsunami and Coastal Flood (CF) water forces

Fragility function conversion

This study adapted the methodology in Barbato et al. (2013) for the conversion of tsunami fragility
functions into coastal flood fragility functions via force equivalency. The procedure is
conceptually illustrated ifrigure17, whereQ is the inundation depth, is the lateral horizontal
water forces exerted on a unit width of buildingO'Y '‘QisO is the fragility as a furton of

force, and) ‘O'Y 'QisQ is the fragility as a function of inundation depth.

(a) Force relations
s = Inundation depth

F. F. F F = Lateral force
o Te > DR = % of damage
Tsunami
— e ——— Coastal flood
@@ _1 1 step1
‘ 2 step?2
. (3 step3
‘ (4 step4
@@ T 0 starfmg pglnf
® ending point
P(DR = dr|ds) i
| 1
- 7,4’.//
) -~
P
Ve
H : /
FCF FTsu F ds? ds
(b) Fragility vs force (c) Fragility vs inundation depth

Figure 17. Conversion of a tsunami fragility function to a surge fragility function.

Table10 conceptualizes mathematically the process describeidjume17.
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Tsunami Fragility function 0© Fragility function of'O CF Fragilityfunction ofQ
Tsunami Force function & CF Force function 0f2

QI E@P.  p OOY QN B Q 00Y QIO Bw O 00Y QN Bo ©Q
QE@Po. ' L ®Q O
Q@ ©Q O
Table 10. Mathematical description of the fragility conversion process

The following walkthrough of the procedure correspondingigurel7illustrates the conversion

of tsunami fragility for one damage state (DS) to fragility corresponding to one coastal flood
condition for that same DS. In the full implementation of this method, fragility for each of the six
tsunami DS Table8) is converted to the three coastal flood conditidrad(e9). This conversion

is repeated foeach building class (BC) considered. Each collection of six fragilities (per BC, per
coastal flood condition) is then converted to a single vulnerability funttiahmodels mean
damage ratio as a function of inundation depdtction 5)

Step 1: Initalize the conversion by selecting the tsunami fragility function (Equ&id@-1 and
Table8) to be converted. This produces the solid lingigurel7-c, tsunami fragility as a function
of inundation depth.

Step 2: Calculate the coastal flood fofeg- and tsunami forc&rsy as a function of inundation
depthds using EquationENG-3 andENG-5, respectively, to produce the force relationsigure
17-a.

Step 3: Map tsunami fragility as a function of inundation depth to fragility as a function of force
0 ‘O'Y QiSO by following the step 3 path iRigurel7. Itis eaiivalent to plugging the inverse
function of EquatiorENG-5 into EquatiorENG-1. This produceEigurel7-b. This expression of
fragility is independent of the sourcetbé force (tsunami or coastal flood), and provides the map
for the final step.

Step 4: The desired coastal flood fragility as a function of inundation deigilr€ 17-c, dashed

line) is now produced by following the step 4 patlFigurel7. This begins with tsunami fragility

at a given inundation depth iigurel7-c, and ends with the corresponding coastal flood fragility

at that same inundation depth. This is repeated over a series of inundation depths to map tsunami
fragility to coastal flood fagility as a function of inundation depth. It is equivalent to replacing

the force F in the fragility equatian O'Y 'QiSO by its expression from EquatidNG-3.

From the above, each combination of building class (BC) and coastal flood con@ldlie %)
results in a set agdightcoastal flood fragility curves:

0 OY QIO QRO Q NvNE6OBO Gwk 0 OY QIOM B & [ENG-63]
With index j varying between 0 ared with

0$2 AO g B # »p [ENG-6b]
and
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0$2 AO AO S H® # ™ [ENG-6C]

Where draxcan be greater than 100% due to the cost of debris removal and didpigsa 18
shows an example of a set of fragilities for the caseagstory slab on grade reinforced masonry
structure subject to coastal flood with severe waves.
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Figure 18. Example of Coastal Flood Fragility Curves

Quantification of The Damage States

Post event surveys discretize the continuum of damage by categorizing different discrete states.
the discretization process it is necessary to define a sufficient but limited number of damage states
to cover the comuum ofdamagdrom no damage to extreme or total damage.

Prior to converting the coastal flood fragility functioiomialitative: damage state exceederioe)
coastal flood vulnerability functionguantitative: damage ratia} is necessary to transfarthe
physical descriptions of the damage states into monetary measures in terms of a tetivedio

the cost to repair or replace a component or building back to its original condition and the original
cost of the entire building The purpose of thisection is to present a method to transform field
observations of physical damage states into mond@sgd damage states through cost analyses.
The section presents a flexible, mdomponent method to characterize and quantify the
qualitative physicatlescriptions of the damage states. Section 5 will then demonstrate how the
monetary description of the damage states is used to derive vulnerability curves from the fragility
curves
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A critical component of this effort was the quantification of the dgemstates described in
Suppasri et al. (2013The first step was the characterization of diaenage states based on the

work of Friedland (2009) andomiczek et al. (2017)riedland (2009) uses a componrewt
component qualitative approach to develop a combaied and water damage scale. Engineering
judgmentwas used to develop this scalgsedon the damage descriptions of HAZWSH

Hurricane Model Residential Damage Bd@&EMA, 2015), which itselivas developetbllowing

an approach similar to that used by Vann and MacDonald (1978). The components were the roof
(roof cover, roof deck, roof structure), window/door, foundation, appurtenant structure, wall (wall
cladding,wall structure), and structural damage, but it does not consigeior damage due to

water intrusionFr i edl andés proposed damage scale defin
damage to collapsé&ach damage state for each component has a qwalitiscription Pre

defined critical indicators determine theeoall damage stat&omiczek et al. (201 #hodified the
components into six categories, added damage to the interior, and classifies the damage into seven
damage states. For each damage saatk component, they provided damage descriptions
approximately corresponding to those described by Friedland (2009) and ashigreacerall

damage state of a building based on the maximum of any individual component damadésetate.
FPFLM methodology ses a combination of ttdamage states defined in Tomiczek et al. (2017)

and Suppasri et al. (2013)

The following six step methodology calculates the expected mean damage ratio for a specific
damage state(qi). This approach requires a comprehenslescription of damage states and
corresponding repair tasks needed to restore the buildinguedamagedondition.

Step 1: Break down a building into five componefitsey are:
1. Roof including roof cover, roof sheathing and soffits, and roof trussvaticdonnections
Exterior wallsincluding wall structure and wall cover

Openingsncluding garage doors, windows, doors, and sliders
Foundation works includingite work, footing, slabs, piers piles

a s~ D

Interior including the floor covering, ceilings, dryall, stairway, cabinets, plumbing,
mechanical, and electrgystems

Step 2: Provide a detailed qualitative physical description of each damage state (based on Suppasri
et al., 2013; and Tomiczek et al., 2017). Each celladfie11 includes qualitative descriptions of

the physical damages to each component for a given damage state. The first damage state
represents zero damad@i T P to all components, and the last damage state represents 100%
physical damageQi Qi p 1t Tt ko all components. These two are not includedahle

11

Step 3 Allocate a normal distribution function of physical damage and its respective mean value

and standard deviatiolo each description. The underlying concept of a fragility curve is the
probability of meeting or exceeding a certain damage ratio. Therdieresam decided to use the

lower bound ofhysical damage the qualitative description as the mean value of the assigned

PDF of damage. For exampl e, for DS2, the des.
covering missi ngtherefpreea DI2r40% ihusad asdtie ¥hpad yalue of the
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normal distribution of roof damage. In order to define the standard deviation of each distribution
for each damage state and compongnt § ) the team used Equati®@NG-7:

. : : [ENG-7]

where’ i Is the allocated mean for the normal distribution of the next neighboring damage
state for the same component and f is the allocated mean for the normal distribution of

the previos neighboring damage state for the same component. The team chose to limit the
distribution of the damage ratio within the two neighboring damage states, such that

B r IS the range of the normal distribution. Since the tails of the normal
distribution are unbounded, three standard deviations on each side of the megan ¢apture
99% of the probability’( o, j ) thatthe normally distribetl damage ratio is within a

certain damage stat® (Y. Hence the denominator in EquatiBNG-7. The assumptions behind
allocating the mean and standard deviation of the normal distributions are based on engineering
judgment,lessons learned from tHePFLM wind model, and descriptions of damage for each
damage state included in Suppasri et al. (20I8hle 12 shows an example of the resulting
distributions for eachetl for the case of a orsory slab on grade reinforced masonry structure.

Step 4: Convert the normal distributions to beta distributions, vareboundetietween 0% and

100%. Beta distributions are commonly used to represent the uncertainty in badilmo of

occurrence of an event over a bounded region (Morgan et al., 4882)ave been validated and
employed in seismic economic losses studies (e.g. Dolce et al. FO0@fionENG-8 andENG-

9 calculate the paramat édr)s of a beta distribu

| — - * [ENGSY

f | - p [ENG-9]
Where' is the mean value andis the standard deviation used in the normal distribution.

Step 5: Define the cost ratios for each component and fdothibuilding. The cost ratio of a
componentd "Yj is the ratio between the cost to repair or replace a component back to its original
condition and the original cost of the entire building. The cost ratio of a buildiftg ( ) is the
summation o&ll 6 Y.

The cost ratiosire developedhrough a detailed cost analysis of different building types. The
FPFLM team defined 72 different building types based on the number of stofgest(ties),

structure type (timber or masonry), roof shamesd oof cover, and elevated or on grade.

building has 76 components, and the cost of repair and replacement of these components for each
building type is calculated using publicly available construction cost sources such as RSMeans
Residential Cost Data (288, 2012, 2015a), RSMeans Square Foot Costs (2008b), and RSMeans
Contractor s Pricing Guide: Residenti al Repa
consultations with local general contractors who work in the business of constructing residential
buildings in Florida (Baradaranshorakd AL. 2019). After calculating the cost ratio for each

building type, the average fdifferent numbeof stories, structure types, and building elevation
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(elevated or on gradé&y calculated The cost variations in th@of cover and roof shape did not
affect the results; therefore, theyere not includedh the building delineation. The 'Y  adds

up to more than 100% due to the costs of removing the debris and preparing the site for the
construction of a new coponent.

Step 6: Identify the mean and range of each damage ratio corresponding to each damegegstate
the damagd’DFs and the cost ratios for each component for a certain building class (BC) and
coastal flood condition (CF) and a Monte Carlo (MC)dettionvia EquationrENG-10:

Qi 00™OY QI W6 B 00 0%LY Qi W6 6 Y[ENG-10]

where' Qi is the expected monetary damage ratio at ithedamage statéD0 ‘O8"Y

Qi W 6 represents the expected physical damage ratio (PDR) phtbemponent for thigh
damage state

A MC simulation produces the expected damage ratio and other statistical properties
corresponding to each damage state. The simulation uses the disislgtimed infable12, and

the cost ratios from step 5 @aput The output is the expected damageoratirresponding teach
overall damage state. Each simulation randomly sanapf@sysical damagealue based on the
assigned damage distributions for all damage states and componen&ablath2, converting

the distributions into sample datdsing EquationENG-10 and the appropriate cost ratios from
step 5 the expected damage ratio of each damage state is calculdtedtotal number of
simulations is selected so that the results atl@rwa margin of error equal to or less than 1% of

all output means with a 95% confidence level (Palisade, 2015).
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Coastal Flood Damage States

Component DS 1 DS 2 DS 3 DS 4 DS5 DS 6
Roof Minor roof cover damage Significant amount of roof Extensive roof cover damag The majority of roof covering Roof damage Entire  roof
(greater than 20% of roo covering missing (greate (greater than 60%) missing (greater than 80% greater than missing
area); No roof sheathing ¢ than 40%); Minor roof Significant roof sheathin¢ Extensive roof sheathin¢ 95%
roof truss damage sheathing damage (great damage (greater than 40% damage (greater than 60%
than 20%); No roof truss Minor roof trusses damag Many roof trusses damage
damage (greater than 20%) (greater than 50%)
Exterior Minor wall siding removal Wall siding has beer Extensive damage to wa Large holes due tc Exterior wall Overall wall
Walls (greater than 20%) Sma removed from greater tha siding (60% of walls); Partia floodbornedebris; Extensive damage system  has
scratches; Cracks it 40% of multple walls; Minor loss of wall sheathing cause loss of wall sheathing, greater than collapsed
breakaway wall wall  sheathing damag: by water or debrid;argeand Reparable wall frame 95%
(greater than 20%); Mino extensive cracksin most damage
cracks in many walls; walls; Minor wall frame
Breakaways walls damage damage
or removed
Interiors Infiltration damage to floor Water mark® to 0.6 m above Water marks0.6 to 1.2 m Water marks1.2 to 1.8 m Interior Interior
covering & items below the the first floor; Significant above thefirst floor; Water above thdfirst floor; Interior damage completely
first floor; Light damage to interior damage, includingc damage to interiors at hig damage greater than 80% greater than damaged
plumbing, mechanical ant plumbing and electrica level; Interior stairway 95%
electric systems; Minor wate systems; Dampness on damaged or removed
damage to utility and cabinet greater than 25% afry wall Dampness on greater the
(Mold) 60% ofdry wall (Mold)
Foundation Slight scour; Evidence of Slab and piles experienc Slab and piles sustail Structure shifted off the Fourdation Buildings has
weathering on piles extensive scour withou significant  scour  with foundation or overturning damage collapsed
apparent building damage  repairable structural damage foundation; Piles: racking greater than
Moderate slab crack Slab: undermining leads t 95%
significant deformation
Openings A few windows or doorsare Many windows are broken Extensive dmage to Damage toopenings greatel Damage to All openings
broken(glass only); Screen: Damage to frames of door openings than 80% openings damaged
may be damaged or missinc and windows greater than
95%

Table 11. Qualitative description of six coastal flood damage states

Source: Data from Tomiczek et 017); Suppasri et al. (2013).
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Coastal Flood Damage States

Component DS 1 DS 2 DS 3 DS 4 DS 5 DS 6

Roof Roof cover Roof cover Roof cover Roof cover Roof cover=Roof cover
0.067); Roof sheathing ( 0.067); Roof sheathlng ( 0.067); Roof sheathing ( 0.058); Roof sheathing ( 0.032); Roof sheathing ( 0.008); Roof sheathing (
=1E0 4; @04)FRodf= 0.20; G == 0.40; @ == 0.60; & == 0.95; G == 0.99; RooF
truss (L =1E0 4 ; G truss(u = 1E-O4; Gtruss (O: truss (O = truss (O = truss (0O =
04) 04)

Exterior Walls Wa | | cover Wall cover Wall cover Wall cover Wall cover Wall cover
0.067); Wall structure (u 0.067); Wall structure (p 0.067); Wall structure (p 0.058);Wall structure (p 0.032); Wall structure (p 0.008); Wall structure (p
=0.10; G = = 0.20; & == 0.40; G == 0.60; 0 == 0.80; G == 0.99; @ =

Interiors Interior (¢lnterior ({Interior (¢lnterior ({lnterior (€lnterior (¢
0.067) 0.067) 0.067) 0.058) 0.032) 0.008)

Foundation Foundation (u = 0.2C Foundation (u = 0.4C Foundatlon (1 = 0.6C Foundation (i1 = 0.8C Foundation (i = 0.9% Foundation (u =0.99;
& = 0.067)0G6 = 0.067)0 = 0.067)0 = 0.058)0 = 0.032)8 = 0.008)

Openings Openings (O

Table 12. Normal distribution parameters of the component physical damage based on qualitative descriptio®ne story slab on grade
reinforced masonry structure.
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Coastal Flood Vulnerability Function Development

Vulnerability and fragility curves are different simplified representations of a full stdrohge
information. The vulnerability curvis expresseas a building or component expected damage
ratio for a specific hazard intensity measure, coastal floodndibon, and building
class%$ ZO0D W 6:

0'0"¢00D W 6 QTQ Q8O W 6'QQI [ENG-11]

whereQiis a specific damage rati®i is the maximum damage rati®@ QO " 6 is

the conditional prbability density function (PDF) & igiven a particular intensity measti!),

and the producQ? 'QEOUID B 6'Q'Q1 is the probability of occurrence 6fi A vulnerability

curve is the plot 00’0 "$0UH "B 6 as a function 000 The damage ratio is thercentage of

the building or component which is damaged as a functitvl ofhis percentage can be expressed

as either a physical percentage or as a percentage of the value of the building (monetary damage).
If this percentagesi expressed as a physical dam@ge would be equal to 100%. If it is
expressed as monetary dam&ye could exceed 00% due to the additional cost of removal

and disposalThe total damage is the damage ratio times the building value.

Equaion ENG-11 can be discretized using the total probability theorem in Equ&idG-12
(Rosseto et al., 2013):

00¥%Qa 00 Qa W6 B 0OQi OY Qi 0 Qi 0OY Qi sQa
00 "Qa MW 6 [ENG-12]

where:0O'Qi  OY Qi is the building expected damage rat®"y, within a damage ratio
interval bounded by the damage staté@1i) andi+1 (Qi ); and,0 Qi 0OY Qi s$Qa&

"00 Q& M @ 6 represents the probability of occurreraf that damage ratio, given that the
hazard intensity measure within a certain interval. That probability corresponds to the probability
differences between adjacent fragilities for damage staf@d) andi+1 (Qi ). To simplify
notation, the pper refers to the hazard intensity measure intei@dl "O0 Q& asOl In

the current study with 8 fragilitiek=7.

Figurel18illustrates the concept for a case with eight damage states, where the first damage state
is the case of zero damadei 1 b, i.e. the upper horizontal line with 100% probability of
exceedance and the last damage state is the case of 100% d&mnag® i p Tt T Pie.

the lower horizontal line with 0% probability of exceedance. As an exaFiplee18 shows the
probability difference between the damage ratioesponding to damage state 4 and 5 when the
hazard intensity (inundation depth above ground elevation) is equal to 6 meters.

Ideally, if the PDF of damage were available, the correct solutiohd® Qi OY Qi ,at
a certainOy is theDR corresponding to the centroid of the interval of the RidEnded byQ i
andQi . Typically, the PDFs of damage at any hazard intensity are unknown, and they are
discretized in histograms, with constant values in each interdalnodgeThe number bfragility
curves governs the discretization of the PDF into a histogram. If the number of fragility curves is
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sufficiently high, the histogram can be a very good approximation of the actual PDF. This is
generally the case when the fragilities are deraaalytically or numericallywhereany number

of them can be generated. This is the case of the wind vulnerability modelFd? &), where

an engineering component approach generatesiat€d®al probability distribution histogram,

with damage ratio tervals of 2% to 4%, evenly spaced (Pinelli et al., 2011). However, when the
fragilities are based on the field surveys accessed for this study, the number of fragilities does not
exceed 8, which results in aimerval histogram, unevenly spaced, with sodamage ratio
intervals as wide as 20%.

With a sufficiently high number of fragility curves, a rpdint assumption for the location of the
centroid of the interval is reasonable. With few fragility curves, apoidt assumption can
introduce larger urertainty and produce distortions of the model. For example, at low intensity of
hazard, the difference in probabilities of exceedance between DSO and DS1 is very large. If that
difference is spread over a large interval (betw@eérandQ i), and the entroid of that interval is
estimated to be at the interval npdint, EquatiorENG-12 will lead to an erroneously large value

of the overall expected value of damage at that low intensity. EquaN@13 introduces an
adjustment functiofintended to minimize that distortion.

0Qi 0V Qi Qi Qi Qi "QoiQi [ENG-13]

where’QO0IQ1 is a function whose value should vary between zero and one depending on the
hazard intensity, and wheth@ri is to theleft or the right of the mean of the PDF.

The resultingEquationENG-14 provides the translation of coastal flood fragility curves into
coastal flood vulnerability curves.

oOOW B S B Qi Qi Qi Q00 00Y QiSO BS
0 0Y Qi SOl B [ENG-14]

The quantification of the damage statési valuesand the fragility curve$ O'Y ‘QisO0
values is critical to the translation process.

EquationENG-15 was developed as the adjustment funcei®0.
8

"Q'00 = Q Qv o604 aa a a[ENG-15]

where' and, are equal t®.0 for the weak models (older structures), and equal to 4.0 for the
strong modelgnewer structuresp qupper limit) equal to 1.0 ama lower limit) equato -0.2,

andvu is a dummy variable of integratiof®®0Omust be input in meters. A Gaussian cumulative
distribution function (CDF) is the basis for Equation 16 due to its flexibility and sigmoid behavior.
The parameter values were based on expectedibelaélow and highM values.

Result and Validation
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The building classes in tlPFLM library include timber and masonry structures with one to three
stories, for both slab on grade and elevated structures. To reflect the evolution of building codes
in Florida, a weak and strong version of each model was developed, and the differences in the
vulnerability curves are based on the assigned probability of damage per component. This section
presents model outputs for the weak version of astmi slab on gade timber and the strong
version of a onatory slab on grade reinforced masonry structure, as well as validation against an
independently derived model and insured claims data.

Fragility functions

Figure19shows examples of the tsunami fragility functions and the resultant coastal flood fragility
functions after the translation process described in Section 3. To avoid overcrowding the plots, the
figure shows only the fragility functions for R8najor damage) and B$collapse) for the case

of tsunami and coastal flood with moderate waves. The coastal flood fragilities show lower
probability of exceeding a given damage state at a gistbian tleir equivalent tsunami fragilities,

as expected
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Figure 19. Fragility functions for tsunami and moderate coastal flood condition (CF mod): a) 1
story on-grade timber; b) 1-story on-grade reinforced masonry. Damage stas 3 and 5 included.

Initiation of damage in the vulnerability curves

The first Floor Elevation (FFE) of a structure (above ground level) can vary depending on
requirements related to building location and age of construction. The coastal flood vulnerability
curves reflect this by initiating accumulation of damage when #wewrest reaches the FFE. The
calculation ofQ when the wave crest reaches FFE is based on the diagram presé&igedso,

from Kjeldsen and Myrhaug (1978), whi illustrates the dimensions of a breaking wave in
shallow water. The maximum height of the wave above the inundation depth is descrfied by
where— is equal to 0.7(e.g. Peng, 2015; USACE, 2015). EquatiBNG-16 calculates the
inundation depthdsg) when the wave crest first reaches FFE. The breaking wave f@ight
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substituted byO for the case of minor or moderate waves. The t&@mQ depends on the
severity of the coastal flood, definedTiable9.

Q ———  [ENG1§]

FFE

.

Figure 20. Breaking wave dimensions, based on Kjeldsen and
Myrhaug. (1978)

Comparison with USACE model

Figure21 presents the results from this study and the USACE (2015) vulnerability curves for wave
(i.e. coastal flood) and inland flood. The USACE (2015) developed a set of vulnerability curves
for different structures based on expert opinions informed in part bydsaster damage
assessment$he structures selected from the USACE report are a sstgyg timber frame house

with slab foundation and FFE of 0.3 m above ground level, and a-stogjereinforced masonry

house with slab foundation and FFE of zero. The ages of these structures were described in USACE
(2015), and correspond to an older (weak) timber model and a newer (strong) masonry model
within theFPFLM model inventory.

USACE (205) presents vulnerability curves for damage due to inland flood inundation (slow
rising flood) as a function of inundation depth, and damage due to coastal flood with waves as a
function of wave height above FFE. TRBFLM model uses inundation depth a¢ thazard frame

of reference for both flood and coastal flood with waves. It was therefore necessary to convert the
USACE (2015)inland andcoastal flood vulnerability curves to this same frame of reference, as
described in Baradaranshoraka et al. (201Bg Wave state in USACE (2015) is reported to be
breaking wavedn Equation ENGL6, when substituting FFE by the wave crest plus FFE, it allows
the conversion of the abscissas from wave height above FREatwove ground usin® j Q

X (fbreaking waves)For the ordinate, the USACE (2015) report presents the results in terms of
physical damage (up to 100%), while tReFLM uses expected damage ratio. A factor equal to
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the Building CR derived from the cost analyses was applied to the BSAllies for each
comparable structure.

Figure21l-a presents the USACE timber vulnerability model (severe waves and slow rising flood)
along with the comparablePFLM weak timber model (minor, moderate and severe waves). The
USACE envelope of no waves and severe waves appears to botrRHbd outputs. The most
relevant comparison | BPFUIMCE 6B ACE wawed damd td
legend. Both modslshow rapid damage accumulation with increasing inundation. The USACE
model is more vulnerability that tHePFLM model, and the difference between models becomes

| arger with increasing inundati on EPEYMICR . Seca
mnor waveso®d show good agreement at | ow inunda
very small.

Figure 21-b presents the USACE masonry vulnerability model (severe waves and slow rising
flood) along with the comparabEPFLM strong masonry model (minor, moderate and severe
waves). Again, the moserl evant compari son i sFPFUMELCF selk@ACE Wi
wavesoO as the | egend describes. The USACE r es
agreement witlrPFLM within the first meter of inundation.

These comparisons show that FlFLM model predicts less vulnerability than the USACE model

for like structures subject to severe waves, with the difference between models increasing with
inundation depth. While the USACE (2015) models are a valid source of comparison, they do not
represenan 6exact solutiond, nor were thEPFLMused i
models. One can judge thR®FLM and USACE model outputs to be different, but cannot assign
superior performance to either, based~@ure21 alone. The next section employs an analysis of
National Flood Insurance PrograidKIP) claims data to complemefigure21 with a record of

actual losses.
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Figure 21. FPFLM Coastal flood (CF) vulnerability and USACE (2015) vulnerability relative to the
ground elevation a) tstory slab on-grade weak timber ,0.3 m FFE; b) istory slab ongrade strong
masonry, 0 m FFE
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Validation against claims data

The Florida Office of Insurance Regulatiprovided NFIP claims data to ti#FLM team. The

claims database contains more than 150,000 claims between July 1975 and January 2014 for 126
different events. The NFIP claims data were cre$srenced with tax appraiser databases at the
county level. These efforts produced a more complatefdmuilding descriptors for each policy

in the NFIP (e.g. masonry or timber frame construction). The team analyzed the claims data
locations and loss dates to associate a specific hazard to each claim. The following analysis focuses
on the claims from Huicane Ivan (2004) in the Florida Panhandle.

TheFPFLM hazard teams employed FEMA water marks collected irlpaststudies to estimate

a surge and wave height assignment to each NFIP Ivan claim based on its location. With the NFIP
database enhancedtlwihazard data and building construction details, it is possible to produce
empirical building vulnerability values to valida&®FLM outputs (Pinelli et al., 2019).

The NFIP Ivan claims were categorized by structure type to create subsets corresponding to single
family residential slab cgrade singlestory timber and masonry structures. This resultetBi
individual claims for the timber structures, aitbindividual claims for the masonry structures.

Each building damage claim was divided by the building value, also provided in the claims data,
to produce a building damage ratio per claim. The claims were then binned by coastal flood
inundation height using 0.25 mtervals. The mean damage ratio for a given inundation interval

is the average of all claim damage ratios within the interval. Finally, the number of claims and the
standard deviation among claims in each interval yield the 95% confidence intervatlior ea
claimsderived mean damage ratio.

Further stratification of the timber and masonry structure claims by age, FFE and wave severity
were attempted, but this rendered the number of claims per stratification too low. Thus the mean
damage ratios from clagrdata include multiple coastal flood conditions and FFE values, and both
old (weak) and new (strong) construction.

Figure22-a andFigure22-b presents the same USACE (2015) &RdLM timber and masonry

model outputs utilized iRigure21-a andrigure21-b, respectively. In addition, tH&PFLM strong

timber and weak masonry model outputs were added given the mixed age of the claims data. All
three coastal fla conditions were included for both weak and stré&®R§-LM model outputs
(denoted oOall CF6 in the | egend), and the USA
claimsderived mean data damage ratios and their 95% confidence intervals were inchesed. T
confidence intervals provide a frame of reference regarding both the number of claims and their
standard deviation at different inundation depth intervals.

The claims data mean damage ratios generally exhibit the expected trend of increased damage wi
increasing inundation depth. The exception is the highest inundation depth for timber claims data,
where the comparatively large confidence interval indicates significant uncertainty due to few

samples and a large standard deviation. Given the aggnegéditage, FFE and wave state within

the claims data, direct comparison of the claims data to any one of fReFiM model outputs

or the USACE models is not appropriate. However, the 95% confidence intervals generally lie
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within or partially overlap the swath dfPFLM model outputs over the available range of
inundation depth, while the 95% confidence intervals diverge from the USACE models before
reaching 1m of inundation. The NFIP claims data was not used to develdip@teaheFPFLM
vulnerability models. It is therefore encouraging that the claims data falls within the swath of
FPFLM models for both timber and masonry, particularly at the higher inundation depths where

the difference between th&FLM and USACE modslis more drastic.
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Figure 22. FPFLM Coastal flood (CF) vulnerability, USACE (2015) vulnerability, and Hurricane
Ivan 2004 NFIP claimsderived vulnerability relative to the ground elevation a) 1story slab on

grade timber, 0.3 m FFE; b) kstory slab ongrade reinforced masonry, 0 m FFE

Vulnerability of site-built residential structures to Inland Flood

The methodology to adapt tsunami fragility functions was not appropriate for the case of inland
flooding. Therefore, the residential vulnerability functions for inland flood were developed
separately from the vulnerability functiofisr coastal flood. The fundamental premise was to

adapt the USACE (2015) inland flood vulnerability functions to account foingfiFE.

Tablel3andTablel4 present examples of the data used for the development of the Inland Flood

vulnerability cunes for residential buildings, based on USAQHLY.

Most Likely Minimum Damage Maximum Damage
Stories 1 1 1
Foundation Slab Slab Crawl Space
Age 15-30 0-10 Old i unknown codes
Structure Wood frame Masonry, reinforced pel Wood frame

code

Height of Finished |1® 6 6 0d®o60 360
Floor Above Grade
Condition Fair/Good Good Poor

Table 13. Single Story Residence, No Basement, Building Characteristics (Table 55, USACE 2015)
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Flood Depth(ft) Min (%) Most Likely (%) Max (%)

-1.0 0 0 0

-0.5 0 0 5

0.0 0 1 10

0.5 6 10 20

1.0 10 18 30

2.0 16 28 40

3.0 20 33 45

5.0 30 42 60

7.0 42 55 94

10 55 65 100
Table 14. Single Story Residence, No Basement, Inundation Damagé&tructure (Table 56, USACE

2015)

For the case of timber struct urabsotvaabh e smo satn dl
the case of masonry structures, the mini mum d
information for one andstweywstdenices, sO0u@teurce
story damage rati o was assuniehde tdoa ndaegveeoltogp atnhde
t hrsdeory rwosulde nlte sisutmi tl laeg t ot-att orcy st e §iod et dhees
t han t hat oefspirddetnwcoes, t hus, -sthergamagedeetes &b

The adaptation of the UBREBEMA2Z01Xx)onfslicsad mddd
four steps:

Step 1:

Use the inundation damage curvesimhoprimdy.uchhiea
reference | evel of USACE inundation damageéecu
t FePFLUrMference is ground | evel

Step 2:
ThEPFLMbr amaroml eated model s includes HFoEost fro
increments. To align tthe aemur ovmr iemnst e dvidd & C @Bigmaels

Step 3:

The reference | evel of the InlandThéeéopdodamag
equi valent to shift the original curve with a
Step 4:

The shifted Inland flood damage curve is ther
from USACE, 2015 wast oof yi auvatoa glrboed udceep ttidh.el & u
to 50 ft for the model s, an extra point with
this pointtowvaenssuerleecttleadt t he i nland fl ood moo
coastal |If Ifooord tmoedesame structur e

Figure23s hows an e x ampgl er eosfultth ef ofsit tdarhye acmsgr aade ar
ma s osntrryuwit tulr ea FRjurd24s hFoFwEs. t he i nl andsttédronydmanoadred
with a 2 ft FFE, along with the models for
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Figure 23. Fitted curve based on USACE data. Twstory masonry, 2 ft
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Vulnerability of manufactured housing to Inland and Coastal Flood

USACE reports (1992, 2006) provide vulnerability observations for manufactured homes subject
to slow rising flood events. These observations are usdbeabasisof development for the
manufactured housing (MHLInerability functions. ThEPFLM model cosiders two foundation

types (tied and not tieedown), as illustrated ikigure25.

Tie-Down
Strap

Untied MH Tied-Down MH
Figure 25. Two types of manufactured homes (MH)

The funcdhmental assumption, backed by field observation and experts, is that in most cases, water
entering the living space of a manufactured home resutsrynrapid accumulation afamageof

the structureThe damageloes not necessarily indicate physical degion of the structure, but

rather the cost of repair exceeding the cost of replacement. Water entering the living space
necessarily destroys the ground level contents, and more significantly results in the loss of floor
level systems (e.g. electricalfje need for mold and corrosion remediation, and the likely
replacement of the structural floor system due to warping. The associated cost typically approaches
replacement cost. Thus, the floor elevation of manufactured homes is deemed to be a critical
inundation depth.

Typical manufactured home construction sets the unit on a foundation elevatk2above

grade. Damage can also result from water approaching but not entering the elevated living space.
If a home is not tied down, the rising water casptice the foundation, typically dstack
masonry or concrete piers, causing shifting or collapse of the structure. Thitgetedif the
structure is properly anchored.

USACE (1992) presents a comprehensive catalog of residentiatdipidge functins used by

Corps of Engineers district offices. These damage functions were derived based either upon
National (or sitespecific) flood damage records or upon synthetic flood damage estimates from
residential and neresidential structure owners. This ogpprovides a basis for the development

of vulnerability functions for manufactured houses. USACE (2006) also provides a set of MH
flood depth damage functionBeveloping vulnerability functions based on observatalisys

the flexibility of using any wll-documented source and reasonable judgement to make
adjustments to fit the curves to the sitoa in the region of interest.

Figure 26 summarizes the available existing depth damage curves as a function of inundation
depths relative to first floor. Untied houses are the weakest building type among manufactured
homes. For thiseasonthe team used normalCDF to fit the envelope of thexisting dataset to
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represent the damage function for this type of buildlrige solid line inFigure 26). Equation

ENG-17 shows the normal CDF used to fit the envelope, as a function of the inundation depth
above the first floor elevation wit hvarbleequ al
of integration.Tied-down manufactured homes are relatively more resistant against horizontal
water forces, as compared to the untied structures. Theigeneralized logistic function is used

to fit themean level of the available depdlamage arvesandis deemed to be appropriate the

tied MH vulnerability function(blue dashed line ifrigure 26). Equation ENG18 shows the
generalized logistic fit to theean level, as a function of the inundation depth above the first floor

el evation with the parameter U equal to 2.225
QQ = ‘Q QU [ENG-17]
QQ p Q [ENG-18]
Manufactured Houses, Flood
10 ———0— =Dt :
% i/v"—v—w & & 8| © Memphis (USACE, 1992)
: ,/’? X R H B J ¢ NewOrleans (USACE, 1992)
80 'I 8 g re {) L A & K O Kansas City (USACE, 1992)
a3 MUV BN v New York (USACE, 1992)
eo/ ,’ ;5 ‘ A Philadelphia (USACE, 1992)
2 60 s % Rock Island (USACE, 1992)
% 28 2 + Huntington (USACE, 1992)
= ,’ A Galveston (USACE, 1992)
40 g-Y
E FIA (USACE, 1992)
a ; S Fresh & Salt, Short (USACE, 200
! Fresh, Long (USACE, 2006)
20 T 13 Salt, Long (USACE, 2006)
Il = Untied MH (Normal)
O wlit & O === Tied-Down MH (Lognormal)
6 -4 -2 2 4 6 8 10

Inundation Depth Relative to First Floor (in feet)
Figure 26. Inland Flood vulnerability curves and existing flood depthdamage data

Depending on the FFE of the Mbting modelegdthe resulting vulnerability curves are shifted to
reflect this elevation.

For the case of coastal flood with waves, the deriveadniiod vulnerability curves are taken as

the starting point and translated considering the wave heights and lateral forces. Since most of the
damage to the manufactured homes is associated with water entering the living space, the presence
of waves affets the inundation depth that initiates damage. The wave crest is considered to
calculate the equivalent coastal flood inundation depth that produces the same damage ratio as the
inland flood inundation depth, shifting the vulnerability functions to thie Efuation ENGL9
translates the inland flood inundation depth to coastal flood inundation depth for the flood
conditions described iffable 9 according to the previaly definedO j Q values: 0.3 (minor

waves), 0.6 (moderate waves) and 0.78 (severe waves).

Q
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Additionally, the inundation depth required to produce a horizontal force large enough to cause a
sliding failure is calculated as a limit state, leading to a total loss of the house when the water
reaches that inundation depth. Sliding or stiaéure occurswhen horizontal forces exceed the
friction force or strength of thisundation. The building fails bsliding off its foundation, shear
failure of components transferringads to its foundation, or the foundation slidifiggure 27
illustrates the forces acting on anufactured house without ties for a generic manufactured home
with dimensions L equal to 60 ft and W equal to 16 ft. The {state inundation depth is found
when the coastal flood force is equal to the frictional force.

F F grav

surge
1 T - F
F

buoy

Figure 27. Forces acting on an Untied MH

The surge forcéO is calculated according t&igure 14b. The buoyancy forc& s
calculated according to Equat ENG2 O , considering a saltwater
and a Water Leakage Ratio (WLR) equal to zero. The Lowest Horizontal Structural Member
(LHSM) is defined as the FFE minus the floor thickness (assumed to be equal to 1 ft).

rzQ 0O0OYF p wd'Yz0zwhQ 0 OYD

o D Q0 O"YD

[ENG-20]

The gravitational forceS8O  are calculated multiplying the floor area (W*L) by a dead load of
20 psf and a live load of 40 psf. Finally, the static frictional fof@esre defined by Equation
ENG-21, wheré€ is the coefficient of friction equal to 0.2 for the case of the interaction of wood

on metal under wet conditions (Cope, 2004), and the normal Toiisethe result of subtracting
the buoyancy force from thgravitational loading.
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For the same generic structure describedrigure27, Figure28illustrates the forces acting on a
manufactured house tietbwn, after the coastal flood forbas exceeded the frictional forces, and

the buoyancy force has exceeded the gravitational loads. It is assumed thatlthenseare not
pretensioned. The behavior of a Tiddwn Manufactured Housing is similar to the behavior
previously described foa MH without ties, with the difference that once the frictional forces
and/or gravitational loads are exceeded, the house does not slide until after the anchorage reaches
its axial capacity. Therefore, the limit state inundation depth of adoath MH ishigher than

the limit state inundation depth of a MH without ties.

surge

cV

F ancH

F

buoy_

L\

1

F

agn

av

ancH

Figure 28. Forces acting on a Tieedown MH after the Friction force has
been exceeded

The axial demand on the anchors comes from two components: anvagiifal force, which
originates when the buoyancy exceeds the gravitational loads, and a horizontal force, which
originates when the surge exceeds the frictional forces; these combined forces result in an axial
force in the inclined anchors. The verticalift force k acting on the anchors is the result of the
buoyancy force minus the gravitational loads, and the horizontal force acting on the dhchlers,

is equal to the coastal flood force once the static frictional forces have been exceeded.

Theuplift Fy actually pretensions all tH ties. If we assume them at 4fegree angldrom

simple equilibriumt h e

magnitude, andhie pretensionaxial force in each tie due to uiplis "O
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Vi — . The lateral surge fordesurgeis going to increase the tension in fiiéndward ties and

decrease the tension in tileewaraties. As long as™O "0, , all the 16 anchors

contribute to the resistanceaagst sliding. But whefO "0, then theleewardaties lose

their pretension and buckle, and the forces are distributed only on the 8 anchors in tension. This
is also the case when there is no uplift (i.e. the buoyancy force is less tigaavibeloads).
EquatonENG2 2 s hows the resulting anchords demand
are combined according to the-dégree angle of installation.

According to FEMA P85, the recommended design axial loadfiodBchor ties instied at 45

degrees is 3150 Ib. Recommended design loads are calculated applying statistical factors that

result in a 10% lower exclusion limit. Assuming a normal distribution and a coefficient of

variation of 0.2, the inferred mean axial capacity of theharsq .. 4ro ,is equal to 4235 Ib.

The inundation depth that produces the anchor
becomes then the limit state for a tigolvn MH.

~

. ——h0O Q@ 00 00 m
0 Q- - —h O Q@ O Q 00 0 O0[ENG-22]
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ACTUARIAL COMPONENT

The actuarial component consists of a set of algorithms. The process involves a series of steps:
rigorous check of the input data; selection and use of the relevant output produced by the coastal
surge and inland flood hazard components; selection araf thse appropriate coastal and inland

flood vulnerability functions for building structure, contents, and additional living expenses;
running the actuarial algorithm to produce expected losses; aggregating the losses in a variety of
manners to produce ats# expected annual flood losses; and produce probable maximum losses
for various return periods. The expected losses can be reported by construction type (e.g., masonry,
frame, manufactured homes), by geographic zone, county or ZIP Code, by ratiogyteant
combinations thereof.

Expected annual losses are estimated for individual policies in the portfolio. They are estimated
for building structure, appurtenant structure, contents, and ALE on the basis of their exposures and
by using the respectiveulnerability functions for the construction types and hazard type. For
each policy, losses are estimated for all the storms in the stochastic set by using appropriate damage
functions and policy exposure data. The losses are then summed over allestdrdngded by

the number of years in the simulation to get the annual expected loss. These are aggregated at the
ZIP Code, county, territory, geographic zone, or portfolio level and then divided by the respective
level of aggregated exposure to get thesloosts. This is a computationally demanding method.
Each portfolio must be run through the entiehastic set of storms
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The distribution of losses is driven by both the distribution of damage ratios generated by the
engineering component and by tistribution of inundation depth generated by the coastal and

the hydrology components. The meteorology component uses up to 50,000 year simulations to
generate a stochastic set of storms. For each location grid the coastal surge and inland flood models
produce flood depth which is applied to the appropriate vulnerability function to generate damages.
The vulnerability component outputs are used as input in the actuarial model.

The starting point for the computations of personal residential lossesvigtieeability function.
Appropriate vulnerability matrices are applied separately for building structure, content,
appurtenant structure, and ALE. The ground up loss is computed, the appropriate deductibles and
limits are applied, and the loss net of dethle is calculated. The expected losses are then adjusted

by the appropriate expected demand surge factor. The demand surge factors are estimated by a
separate model and applied appropriately to each storm in the stochastic set.

After the losses are adjted for demand surge, they are summed across all structures of the type
in the grid and also across the grids to get expected aggregate portfolio loss. The model can process
any combination of policy type, construction type, deductibles, coverage letaits,

Another function of the actuarial algorithms is to produce estimates of the probable maximum loss

for various return periods. The PML is produced -panametrically using order statistics of
simulated annual losses. Suppose the model producesrsl gfesimulated annual losses. The
annual | osses L are ordered in increasing orde
of Y years, let p =41/Y. The corresponding PML for the return period Y is the pth quantile of the
ordered losses.dt k = (N)*p. If k is an integer, then the estimate of the PML is the kth order
statistic, L(k), of the simulated losses. If k is not an integer, then let k* = the smallest integer
greater than k, and the estimate of the pth quantile is given by L(k*).

3. Provide a flowchart that illustrates interactions among major flood model
components.
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Figure 29. Interactions amongmajor flood model components.

4. Provide a comprehensive list of complete references pertinent to the
submission by flood standard grouping using professional citation standards.
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5. Provide alist 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.

None.

6. ldentify 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.

The exposures in this file were sourced from:

T NFI P6s 2012 exposure file for Florida,

1 The 2019 exposures of a manufactured home insurer whose policies include flood
coverage, and

1 Post2012 construction fdrame and masonry owners policies located in coastal ZIP codes
as reported to the modeler by the Florida OIR for 2019 stress testing.

Properties from the latter two sources were assumed to be insured to value. The NFIP policies
were matched to countgx assessor (TA) databasesorder to determine the current property
value. For unmatched exposures the building limit was assumed to be the property value.
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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 methodologies.

The model was developed, tested, and evaluated by admadiplinary team of professors and
experts in the fields of hydrology, coastal surge, coastal engineering, meteorology, structural
engineering, computer science, statistics, finance, and actsaraice. The experts work
primarily at Florida International University, Florida Institute of Technology, Florida State
University, University of Florida, West Virginia University, University of Miami, Notre dame
University, Hurricane Research DivisionOAA, and AMI Risk Consultants.

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 licensed Professional Engineer(s) with experience in
coastal and inland flooding), meteorology (advanced degree), statistics
(advanced degree), structural engineering (licensed Professional Engineer(s)
with experience in coastal and inland flooding), 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 individuals shall certify Expert Certification Forms GF-1
through GF-7 as applicable.

The model has been reviewed by modeler personnel and consultants in the required professional
disciplines. These individuals abide by the standards of professional conduct as adopted by their
profession.

Disclosures
1. 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
organization has changed its name and explain the circumstances.

The model was developed independently by a raidtiplinary team of professors and experts.
The lead university is the Florida International University. The model was commissioned by the
Florida Office of Insirance Regulation.
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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 involved in the development of the flood
model, describe all involved.

The wave program STWAVEwas developed by the US Army Corps of Engineers, which is a
branch of the US Federal government. All components of the model are freely aventdbteng
source code. It may be used without needingtemhdil rights or compensation.

The Florida Office of Insurance Regulation (OIR) contracted and funded Florida International
University to develop the Florida PubktoodLoss Model. The model isased at the Laboratory

for Insurance, Financial and Economic Research, which is part &xtheme Event Institutat
Florida International University. The OIR did not influence the development of the model. The
model was developed independently by amteof professors, experts, and graduate students
working primarily at Florida International University, Florida Institute of Technology, Florida
State University, University of Florida/NVest Virginia University, Notre Dame University,
University of Miami,Hurricane Research Division of NOAA, and AMI Risk Consultants. The
copyright for the model belongs to OIR.

The coastal flood surgaodel,Coastal and Estuarine Storm Tide (CE8&W0del, was developed

by FPFLM project experts at Florida International Unsity. Thecoastal flood model uses the
wave program BWAVE for modeling the wave part of the coastal flood. Mss developed by

the US Army Corps of Engineers, which is a branch of the US Federal government. All
components of the model are freely avalda including source code. It may be used without
needing additional rights or compensation.

The inland flood model was develkxg by using the FEMA certified, wedistablished hydrologic
modeling platform called stormater management model (SWMNDhe platform wasoriginally
developed by the U.S. Environmental Protection Agency (EPA)
(http://www.epa.gov/nrmrl/wswrd/wg/models/swmSWMM is a onedimensional, process
based hydrologic model that links climate, land use, and surface and subsudiatediy
processesAll components of the model are freely available, including source codes. It is freely
available online for use without needing additional rights or compensations.

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.

The model was funded by the state legislature at the request of the Florida Office of Insurance
Regulation.

D. Describe any services other than flood modeling provided by the modeling
organization.
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The modeling organization provides hurricane wind loss modeling service.

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.

None.
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

Key Personnel D[_)egrge/ University Employment Status | Tenure Experience
iscipline
Meteorology
Univ. Texas Scholar/Scientist Meteorology track,
Dr. Steve Cocke Ph.D. Physics A. . FSU, Dept of 24 intensity, roughness
ustin
Meteorology models
. FSU/COAPS,
Dr. Don_gwook Ph.D. Flor!da S_tate Associate Research| 19 Meteorology
Shin Meteorology University S
Scientist
M.S.
. Meteorology, Florida State | Meteorologist, Univ.
Bachir Annane M.S. University of Miami 26 Meteorology
Mathematics
Coastal Flood
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Degree/

Key Personnel Discipline University Employment Status | Tenure Experience
Ph. D The College of| Research Scientist Storm Surge, coastg
Dr. Yuepeng Li N William and IHRC 10 flooding, marine
Marine Science ;
Mary FIU science
Ph. D University of Professor of Earth an Lidar, Storm Surge,
Dr. Keqi Zhang oo y Environment, 22 coastal flooding,
Marine Science Maryland : .
FIU marine science
Professor, Dept. of
Ph.D. Monash Univ Civil & Waves, Surge,
Andrew Kennedy Mechanical L Environmental 12 Coastal Science &
. ; Australia ; . . ;
Engineering Engineeering & Earth Engineering
Sciences
Inland Flood
Associate Professor,
Dr. Omar I. Abdwl | Ph.D. in Civil | University of Civil and Hydrologic and
Aziz Engineerin Minnesota, Environmental 10 hydraulic modelin
9 9 Twin Cities EngineeringWest Y 9
Virginia University
M.S. in Washington Doctoral candidate,
- State Civil Engineering, Hydrologic and
Erfanul Huq Environmental . . . L 6 X )
Engineerin University, Tr West Virginia hydraulic modeling
9 9 Cities University
. Bangladesh Doctoral student,
M.S. in Water University of Civil Engineering, Hydrologic and
Mahmood Khan Resources ) . L 5 X )
. : Engineering West Virginia hydraulic modeling
Engineering . 4
and Technology University
Bangladesh Doctoral student,
Mehedi Hasan M.S. in Civil University of Civil Engineering, 3 Hydrologic and
Tarek Engineering Engineering West Virginia hydraulic modeling
and Technology University
Statistics
Servedon the Flori
da Commissionon
Hurricane Loss Proj
. . - ection Methodology
Dr.S.Gulati | Ph.D. Statistics | LMiversity of | Professor, Statistics | 5q 20001 2008;
South Carolina FIU ) T
Previous statistician
for Florida Public
Hurricane Loss
Model (FPFLM)
Statistician for
University of - Florida Public
Dr. Bkill\J/Ir.ifolam Ph.D. Statistics Western Profess?:rlchStatlstlcs, 20 Hurricane Loss
Ontario Model (FPFLM)
since 2006
Statistician for
- University of Associate Professor FIor!da Public
Dr. Wensong Wu | Ph.D. Statistics South Carolina Statistics. EIU ! 9 Hurricane Loss
: Model (FPFLM)
since 2015
Engineering
- Professor, CE Floridaq .
Dr. J_eanl?aul Ph.l_D. C|\_/|I Georgia Tech Institute of o5 Vulnerability model
Pinelli Engineering development
Technology
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Degree/

Key Personnel Discipline University Employment Status | Tenure Experience
Dr. Kurt Gurley Ph.D. Civil Universityof | ProfessorUniversity 23 Vulnerability model
Engineering Notre Dame of Florida development
Andres Paleo o Au.tonor'nous Ph.D. Candidate, Vulnerability model
M.S. Civil Eng. University of . . : 2
Torres University of Florida development
Yucatan
Actuarial/Finance
Dr. .Shah'd Hamid Ph.D. Economicg University of Prof_essor of F|r_1ance Insurance and
ProjectManager, . . Florida International 32 ;
(Financial) CFA Maryland ; . finance
Pl University
. Reviewer, demand
Gail Flannery FCAS, Actuary CAS VP, AMI Risk 35 surge actuarial
Consultants :
analysis
Aguedo Ingco FCAS, Actuary CAS President, AMI Risk 45 Reviewer, demand
Corsultants surge
Computer Science
. PhD. Electrical Professor of Software and
Dr. ShuChing and Computer P.““"“? Computer Scienge 20 database
Chen : . University
Engineering FIU development
PhD. Electrical Professor of Electrica| .
. Purdue and Computer Software quality
Dr. Mei-ling Shyu and Computer ; . Enai X 20
Engineering University ‘Engineering assurance
University ofMiami
Georgia - Software and
Raul Garcia M.S. C_omputer Institute of Research Specialist | 10 database
Science FIU
Technology development
Georgia . Software and
Diana Machado M.S. C_omputer Institute of Research Specialist | 9 database
Science FIU
Technology development
Ph.D. Candidate in Software and
B.S. Fudan Electrical and
Yudong Tao : : . . 5 database
Microelectronics University Computer
; . development
Engineering, UM
B.S. Marine and Master inElectrical
. . . Software and
Atmosphere University of | andComputerEngine
Anchen Sun . S : X . 1 database
Science/Comput Miami ering, University of
' L development
er Science Miami
Higher Institute
B.S. Nuclear of Nuclear Master in Computer Software and
Mario Jacas E.n .ineerin Technologies Science, FIU 1 database
9 9 and Applied development
Sciences
Florida . . .
Daniel Martinez High School International Student assistant in 2 Information
. : the DMIS lab, FIU management system
University
Florida IHRC Student Software and
Christian Morerya High School International Research Assistant, 1 database
University FIU development

Table 15. Professional credentials.
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B. Provide visual business workflow documentation connecting all personnel
related to flood model design, testing, execution, maintenance, and
decision-making.

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 peer review for the coastal flood model was provided in February 2020 by Arthur Taylor,
Physical Scientist and SLOSH modeling POC, NOAA, NWS, Meteorological Development Lab.

The peer review for the meteorology component was provided by dr.Baangs, professor of
meteorology at University of Hawaii in 2007.The current version was reviewed by modeler
personnel.

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.

The written idependent review by Arthur Taylor and Gary Barnes are presented in the appendix.
No unresolved outstanding issues remain after the review.

C. Describe the nature of any on-going or functional relationship the
organization has with any of the persons performing the independent peer
reviews.
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Arthur Taylor and Gary Barnes hawe ongoing or functional relationship to FIU or the modeling
organization, otér than as an independent reviewer. Tligy not take part in the development or
testing of the model.

4. Provide a list of rating agencies and insurance regulators that have reviewed
the flood model. Include the dates and purpose of the reviews.

None.

5. Provide a completed Form GF-1, General Flood Standards Expert Certification.
Provide a link to the location of the form [insert hyperlink here].

SeeForm GF1.

6. Provide a completed Form GF-2, Meteorological Flood Standards Expert
Certification. Provide a link to the location of the form [insert hyperlink here].

SeeForm GF2.

7. Provide a completed Form GF-3, Hydrological and Hydraulic Flood Standards
Expert Certification. Provide a link to the location of the form [insert hyperlink
here].

SeeForm GF3.

8. Provide acompleted Form GF-4, Statistical Flood Standards Expert Certification.
Provide a link to the location of the form [insert hyperlink here].

SeeForm GF4.

9. Provide a completed Form GF-5, Vulnerability Flood Standards Expert
Certification. Provide a link to the location of the form [insert hyperlink here].

SeeForm GF5.

10.Provide a completed Form GF-6, Actuarial Flood Standards Expert Certification.
Provide a link to the location of the form [insert hyperlink here].

N/A

11.Provide a completed Form GF-7, Computer/Information Flood Standards Expert
Certification. Provide a link to the location of the form [insert hyperlink here].
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SeefForm GF7.

FPFLM V1.0 Feb. 29, 2020

98



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 FHAFLM uses ZIP Code data exslvely from a thireparty developer, which bases its
information on the ZIP Code definitions issued by the United States Postal Service. The version
we used has a USPS vintage of April 2017.

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 location 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.

The FPFLM uses commercial software to-geate the personal residential structures, and it was
verified for accuracy and timeliness

C. If any hazard or any flood model vulnerability components are dependent on
databases pertaining to location, the modeling organization shall maintain a
logical process for ensuring these components are consistent with the
horizontal location database updates.

D. Geocoding methodology shall be justified.

The FPFLMuses an enterprise class geocoding engine for converting street addresses to latitude
and longitude values.

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

Disclosures

1. Listthe currentlocation databases used by the flood model and the flood model
components to which they relate. Provide the effective dates corresponding to
the location databases.
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The Insured Loss Module of the FPFLM uses two location databaseld:FhelP Code Database
from zip-codes.com effectivApril 2017 and the Esri StreetMap Premium North America locators
effectiveMarch 2018

2. Describe in detail how invalid ZIP Codes, parcels, addresses, and other location
information are handled.

Whena valid street address or coordinates are not available for an expbsupslity isnot
modeled. Clients are notified of unmodeled policies because of missing location information

Invalid ZIP Codes are corrected using the value returned by the geocoding engine provided that
the street address of the exposure is valid.

3. Describe any methods used for subdividing or disaggregating the location input
data and the treatment of any variations for populated versus unpopulated
areas.

The FPFLMdoesnot subdivide or disaggregate the location input data.

4. Describe the data, methods, and process used in the flood model to convert
between street addresses and geocode locations (latitude-longitude).

The APFLM uses the REST API of the ArcGIS Server with @i StreetMap Premium for

ArcGIS locators to geocode street addresses. A request containing the given street address, city,
state, and ZIP Code sent to the server. The server processes the requlesemas a response
containing the status, the location, and the standardized address. The location and address fields
of the response are empty when the status is unmatched.

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.

The FPFLM uses the GIS software tool mentioned above to convert street addresses of exposure
locations to longitude and latitude.

6. List and provide a brief description of each database used in the flood model
for determining geocode location.

The esri StreetMap Premium North America locators data files include all necessary information
for determining geocode locations.

7. Describe the process for updating flood model geocode locations as location
databases are updated.
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The locators data files are downloaded from the vendor and updated annually.

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.

All building locations have a latitude and longitude associated with them. These locations in the
exposure dataset are mapped onto corresponding grid lecatithe wave model, or to a null grid

if they are not in the wave grids (e.g. inland flooding). The grid locations are then saved to a file,
and each location is queried for each run of the wave model to determine wave properties at the
insured location.

Exposure addresses are first geocoded using the method described above. The longitude and
latitude information is then used create a collection of points neighboring the query point. The
elevation at each of the points is extracted from a Digital Emvadap using the Python API of

a service published in a local ArcGIS Server instance. Finally a heuristic is used to compute the
ground elevation and the exposure location from the collection of ground elevations.

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.

The STWAVE model runs in (x,y) ners coordinates. Each point on the STWAVE grids is
converted into geographical space with coordinates latitude, longitude (both NAD83), and
elevation (NAVD88) using Matlab coordinate transformation routines. Topography, bathymetry,
Manni ngos anappropdate properties arddetermined in geographic coordinates at the
grid locatiors, and then used in the model.
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GF-4 Independence of Flood Model Component

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 meteorology, coastal surge, hydrology, vulnerability, and actuarial components of the model
are theoretically sound and were developed indepéiydeefore being integrated. The model
components were tested individually.
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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
personally reviewed and is editorially correct.

The current submission document has bestewed and edited by persons who are qualified to
perform such tasks. Future revisions and related documentation will likewise be reviewed and
edited by the qualified individual listed Form GF8.

Disclosures

1. Describethe 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.

All submission document revisions are passed to the Hatitmrto inclusion in the document. The

editor is responsible for the electronic version of the document and the technical software issues.
Several Microsoft Word tools are utilized to automate the process of formatting and editing the
document. For exam@l we used Source Manager for ABB#le bibliographies, consistent
formatting via styles for standards, forms and disclosures,-oeém®nces to cite figures and
tables, and muki e v e | |l ists to ensure consi stetm¢tk numbe
changes tool is used to keep track of modifications to the document since the initial submission.

An export filter to PDF format is used to export the document directly to PDF format, which
subsequently is printed directly to paper via a printer. HIRE and printed document should be

identical barring unforeseen bugs in the PDF export-pliay PDF printing software.

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 was responsible for doing a final review of the standards related to their expertise
prior to submission to verify the accuracy and completeness of the information in thessabmis
document. A technical editor performs a thorough edit of the document. All signatories were
required to procfead a PDF version of the document to ensure accuracy and completenress. On
site meetings were held to perform a thorough review of thevieralon of the document.

3. Provide a completed Form GF-8, Editorial Review Expert Certification. Provide
a link to the location of the form [insert hyperlink here].
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SeeForm GF8.
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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 flood model uses a large volume of meteorological, hggicdl, hydraulic and other relevant
data sources to estimate potahtioastal and inland flooding.

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 coastal surge model CEST simulate the coastal surge induced by hurricanes making landfall
along or near Florida coastal region. In other word, even thechoas made landfall at George

or Louisiana, the CEST model still can simulate the surge induced by hurricane wind along Florida
coastal region.

The hydrological conditions prevailing outside the state of Florida have been taken care of by
introducing upstam boundary conditions. For example, the Apalachicola River originates in
Georgia and flows through Florida on its way to Gulf of Mexico. The streamflow contributed to
the Apalachicola River by the runoff generated within the watersheds in Georgiatnvdsded

in the Northwest Florida Basin model as upstream boundary conditions

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.

For the coastal flooding teanthere arethreetypes data are used to calibrate aatidate the
coastal surge moddrtirstis water elevation time series dakdts://tidesandcurrents.noaa.gov/
along Florich coastal region. The water elevation data was directly downloaded from National
Oceanic and Atmospheric Administration (NOAA), Units: Meters, Timezone: GMT, Datum:
MSL, Interval 1 hour or 6 min (if availablekeconds the High Water Mark (HWM) data, the
reports, published by United States Geological Survey (USGS) or Federal Emergency
Management Agency (FEMA) related to each historical hurricanes required by standards, are
extracted or digitalized. For the High Water Mark (HWM) data, data above NAVD8&sark

Third is the Inundation maps or debris lineht{ps://www.fema.gov/hurricar@an-surge
inundationmap3y
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Consistent with scientific and technical literature, for coastajesorodel, the time serieswhter
elevationare all compared at vertical datum Mean Sea Level (MSL). For the High Water Mark
(HWM) data, data above NAVD88 are used.

The inland flood modslhavebeen calibrated and validated by tteely mearhistoricalobserved
streamflow databtainedfrom USGS, andouth Florida Water Management District

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

We conduct no trending, weighting, fartitioning.
Disclosures

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.

Forthecoastal flooding teanthe flood control measures information are collected from different
federal and state agents, U.S. Army Corps of Engineers, Federal Emergency Management Agency,
from National Oceanic and Atmospheric Administration, and Florida Division of Emergency
Managemat.

For the historical hurricanes data, the following reports are used to calibrate or validate the coastal
surge model.

Mitchell H.Murray (1992).StormTide Elevations Produced by Hurricane Andrew Along the
Southern Florida Coasts. U.S Geological $uyvOpenrFile Report 96116.

Michael Baker Jr., Inc. Alexandria, VA (1995). Hurricane Opal Florida Panhandle Wind and
Water Line Survey.

U.S. Army Corps of Engineers, Mobile District, Coastal, Hydrology, and Hydraulic Design
Section in cooperation withhé United States Geological Survey; Alabama, Florida, and
Mississippi Districts (1998). Hurricane Georges Storm Surge September.

U.S. Army Corps of Engineers Jacksonville District (1998). South Florida High Water Marks
Post Georges.

U.S. Department oCommerce National Ocean Service Center for Operational Products and
Services (2004 Hurricane CHARLEY Preliminary Water Levels Report.

URS Group, Inc. 200 Orchard Ridge Drive Suite 101 Gaithersburg, MD 20878 (P®6¢ane
Frances Rapid Response FilariCoastal High Water Mark (CHWM) Collection FEM&45DR-
FL.
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NOAA National Oceanic and Atmospheric Administration(2004). Hurricane FRANCES
Preliminary water Levels report.

Mobile District Engineering Division Hydrology and Hydraulics Branch (200#)e Gage Data
for Hurricane Ivan

NOAA National Oceanic and Atmospheric Administra{@®04).Hurricane IVAN Preliminary
Water Levels Report

URS Group, Inc. 200 Orchard Ridge Drive Suite 101 Gaithersburg, MD 20878 (B@dgane
lvan Rapid Response Alabama and Mississippi Coastal High Water Mark (CHWM) Collection
FEMA-1549DR-AL & 1550-DR-MS.

URS Group, Inc. 200 Orchard Ridge Drive Suite 101 Gaithersburg, MD Z2@808).Hurricane
lvan Rapid Response Florida Coastal High Water Mark (CHWM) Collection FEBBY:-DR-
FL.

URS Group, Inc. 200 Orchard Ridge Drive Suite 101 Gaithersburg, MD Z2@8©8).Hurricane
Jeanne Rapid Response Florida Riverine High Water Mark (RHWMg&ioh FEMA1561-
DR-FL.

NOAA National Oceanic and Atmospheric Administrati@04)Hurricane jeanne Preliminary
Water Levels Report

RS Group, Inc. 200 Orchard Ridge Drive Suite 101 Gaithersburg, MD 2@808).Hurricane
Dennis Rapid Response Flori@aastal High Water Mark (CHWM) Collection FEMP695DR-
FL.

NOAA National Oceanic and Atmospheric Administrat{@905).Hurricane Dennis Preliminary
Water Levels

Mark E. Luther, Clifford R. Merz, Jeff Scudder, Stephen R. Baig, LT Jennifer Pralgo, Bougla
Thompson, Stephen Gill & Gerald Hovis (2007). Water Level Observations for Storm Surge.

URS Group, Inc. 200 Orchard Ridge Drive Suite 101 Gaithersburg, MD 20878 (2006). Final
Coastal High Water Mark Collection for Hurricane Wilma in Florida FENMBO93DR-FL, Task
Order 460.

NOAA National Oceanic and Atmospheric Administration (2005).Hurricane Wilma Preliminary
Water Levels Report.

Thomas J. Smith 1ll, Gordon H. Anderson, and Ginger Tiling (2005). A Tale of Two Storms:
Surges and Sediment Depositoofm Hur ri canes Andrew and Wi
Coast Mangrove Forests.
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Lars E. Soderqvist and Michael J. Byrne (2005). Monitoring the Storm Tide of Hurricane Wilma
in Southwestern Florida.

Inland flood model data sources with release dates ardamods are tabulated below:

Data type Data source Release date Time periods used
Elevation National Elevation Dataset 2016 2016
Rainfall National Climatic Data Centre 20042013 20042013

(NCDC), South Florida Water
Management District, Southwes
Florida WatetManagement

District
Evapotranspiration (ET) U.S. Geological Survey 2015 20042013
Percent Imperviousness National Land Cover 2015 2006, 2011

Database (NLCD)
Percent Slope National Elevation Dataset 2014 2014

Soil properties Soil survey geographic
(SSURGO) database

Stream Geometry South Florida Water 2014 2014
Management District
Southwest Florida Water
Management District
St. Johns River Water
Management District
National Elevation Dataset

Groundwater Level U.S.Geological Survey 20042013 20042013
Streamflow U.S. Geological Survey 20042013 20042013
Water Level U.S. Geological Survey 20042013 20042013

Table 16. Inland Flood Model Data Sources

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.

For the coastal flooding teamheé depth or elevatiodata are all converted to NAVDS88. If the
vertical datum of DEM or bathymetry data are National Geodetic Vertical Datum of 1929 (NGVD
29), the tool Vertcon 2.1 is used to compute the difference in orthometric height between the North
American Vertical Datm of 1988 (NAVD 88) and the National Geodetic Vertical Datum of 1929
(NGVD 29) for a given location specified by latitude and longitude. This tool is developed by
NOAA, and can be downloaded frdmtps://www.ngs.noaa.gov/PC_PROD/VERTCON/
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The inland flood models have beeevelopedbased on theublished datasetwithout any
modification or adjustmertb the original data

3. Describe any assumptions or calculations used in the flood model relating to
future conditions (e.g., sealevel rise, changes in precipitation patterns, changes
in storm frequency or severity).

The sea level rise is not considered in the coastal flooding model, while The coastal flooding model
doesnot di r ect | yprecipitaion padtdrns, storim dreggeacy or isaverity, until
meteorologymodel includes theses effect.

4. 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.

Rain is explicitly modeled using a rain model as described in Standald2GFhe modeled rain

rates are based on a regression against TRMM satellite rainfall estimates and are a function of the
maximum intensity of the storm at a given pointime and distance to the center of the storm.
Hourly estimated rainfall is produced by the rain model using historical or stochastic track
information and the SWMM d@lod model rain gauge locations.

5. Provide citations to all data sources used to develop and support bottom
friction for storm surge modeling, including publicly developed or peer
reviewed information.

Mattocks, C., & Forbes, C. (2008). A reahe, eventriggered storm surge forecasting system for
the state of North Carolin@cean Modelling, 2 95119

Zhang, K., Li, Y., Lui, H., Rhome, J., & Forbes, C. (2013). Transition of the Coastal and Estuarine
Storm Tide Model to an operational forecast model: A case study of Flékdather and
Forecasting, DOI:10.1175/WAB-12-00076.1

Zhang, K., Liy H., Li, Y., Xu, H., Shen, J., Rhome, J., & Smith 1ll, T.J. (2012b). The role of
mangroves in attenuating storm surdestuarine, Coastal, and Shelf Science,-103 11-23

6. 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.

For the coastal flooding model, the surge induced by hurricane wind is simulated combined with
the tide. No other flooding componemte included, like the flooding caused lreaking water
supplying line.
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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 documented in current scientific and technical literature.

The coastal surge model CEST includes several parameters, such as surface wind drag, bottom
Manni ngbés Coefficient, parameters and equatior
and other parameters. All these parameters are from scientific and technical literatures like papers

or reports. All the detailed information are presented al @id disclosures of ME and MF2.

The inland flood models have been developed using EPASWMM 5.1. Inland flood model
parameters were estimated based on the SWMMt requirements. All these parameters are
incorporatedrom scientific and technicéiteratures.

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

In order to keep the consistency of the historical and stochastic events, all the parameters in the
coastal surge model CEST are saimeother word, there is no difference of surface drag, bottom
friction, depth, elevation, or other parameters between historical and stochastic events.

The same inland flood model parameters were used for both the historical and stochastic events.
C. Grid cell size(s) used in the flood model shall be justified.

For the coastal flooding modehere are four sets of basins with different grid cell size are
established for coastal surge model covering the whole Florida region, Apalachicola Bay basins
including AP7, AP8, and AP9; Miami and Key basins including HMI4, HMI41, and HMI42;
Tampa bay basins including TP2, TP3, and TP4; Jacksonville basins including EJX4, EJX5, and
EJX6. Through calibrations and verifications for different cell size, the mediuroaitisize (300

T 500 meters) are the optimal choice considering both accuracy and computational efficiency. The
detail kasin description and statistics are presented in Disclosure 12.

The grid resolution is 40 meters, which was selected due to the r@satidata available. The
coastal bathymetry data is 3 arc second data which is approximately 90 meters resolution and the
onshore data was 1/3 arc second or 10 meter resolution. Therefore, higher resolution onshore is
possible yet would not be necessafgr resolving theoffshorefeatures considering the input
conditions to also be coars&ensitivity tests were performed using 20m resolution data, and the
results were almost identical to those using the 40m resolution. Because a 20m model would take
4 times longer to run, and the wave model already takes weeks to run the entire stochastic system.
In the hydrological models like SWMM, the model domain is discretized by a number of
subcatchments. The si@rea)of the subcatchments of six inland basindels were chosen based
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on the topography, drainage pattern and land use of the watersheds. The isolated area models were
discretized by a uniform 300 300m blocks.

Disclosures

1. For coastal and inland flood model components, identify and justify the various
flood parameters used in the flood model.

Surface wind drag

The CEST modelisesCs the drag coefficient which is calculated using the modified formula of
Large and Pon¢1981) based on Powell et gR003.

€ 000114 UZ+V2 ¢10

C, =i (0.49+0.0065/U2 +V2)10° 10<.,U2+V2 ¢ 38

0.003 JUZ+V? >38

—
D 2 g—)—) ()

—_——) —

Cal cul ation of Manningds Coefficients Using L

The CEST model uses the Chezy formilleMehaute 197&hang et al. 2012kwith a Manning's
roughness coefficient to calculate bottom stre¢
are computed by an empirical formula based on the water depth (H):

N €002 0<H<1(m)
W 10.0U/H+001 H21
or set up to be constants, e.g.,

n,=C
where C ranges from 0.01 to 0.03. For 4 Florida basins, C = 0.015 on the water cell is used.
Manningbés coefficients for grid cells over th

land cover dataset (NLCD) created by the U.S. Geological Sun@@g)(Fry et al. 2011 A
modified table of Mannig 6 s ¢ o e Table £7) ecomespsnding to different land cover
categories proposed by Mattocks and Fo(Be88 was employed ithis study. Since the spatial
resolution of NLCD is 30 m which is usually smaller than the cell size of a CEST grid, an average

Manni ngos ngforafgridicetl was catculated using
N

a (nia) + nWb
n =i
2 Na + b
wherenii s t he Manni aluedfsa NC piXelfwithinia madel grid celljs the area
of a NLCD pixel, N is the total number of NLCD pixels withinamodel egll, s t he Manni n
coefficient for the oceanic aréahat are not covered by NLCD pixels.

NLCD Class Number NLCD Class Name Manning Coefficient
11 Open Water 0.020
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12 Perennial Ice/Snow 0.010

21 Developed Open Space 0.020
22 Developed Low Intensity 0.050
23 Developed Medium Intensity 0.100
24 Developed High Intensity 0.130
31 Barren Land (Rock/Sand/Clay) 0.090
32 Unconsolidated Shore 0.040
41 Deciduous Forest 0.100
42 Evergreen Forest 0.110
43 Mixed Forest 0.100
51 Dwarf Scrub 0.040
52 Shrub/Scrub 0.050
71 Grassland/Herbaceous 0.034
72 Sedge/Herbaceous 0.030
73 Lichens 0.027
74 Moss 0.025
81 Pasture/Hay 0.033
82 Cultivated Crops 0.037
90 Woody Wetlands 0.140
91 Palustrine Forested Wetland 0.100
92 Palustrine Scrub/Shrub Wetland 0.048
93 Estuarine Forested Wetland 0.100
94 Estuarine Scrub/Shrub Wetland 0.048
95 Emergent Herbaceous Wetlands 0.045
96 Palustrine Emergent Wetland 0.045
(Persistent)
97 Estuarine Emergent Wetland 0.045
98 Palustrine Aquatic Bed 0.015
99 Estuarine Aquatic Bed 0.015

Tablel7zManni ngbés coefficients for wvarious cat ¢

The only adjustable parameter in the wave mod
from the NCLD 20l dat abase. Land use/land cover value
following Bunya et al. (2010).

To developthe inland floodmodels the watersheds within the state of Florida weiseretized
into anumber of subcatchments using the ArcGIS platfdrne details of the model development
aredescribed in GHA and data sourceseprovided in MF1. Themajor parameters for thieland
flood mode$ wereestimatedas given below:

Subcatchment Properties

Subcatchment Width
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We estimated subatchment chaceristic width according t®iGiano et al., 1976with the
following formula:

w 0 c¢hp p
where,
L = length of the main drainage channel
Z = skew factor An/A
Anm = larger of the two areas on each side of the channel
A = subbasin area

Manni ngds Roughness Coefficient, n

The overland flow roughness of each subcatchment was calculated based on the land use and
Ma n n i mRplibwing table is the roughness values for the overland flow:

Surface n
Smooth asphalt 0.011
Smooth concrete 0.012
Ordinary concrete lining 0.013
Good wood 0.014
Brick with cement mortar 0.014
Vitrified clay 0.015
Castiron 0.015
Corrugated metal pipes 0.024
Cement rubble surface 0.024
Fallow soils (no residue) 0.05
Cultivated soils

Residue cover < 20% 0.06
Residue cover > 20% 0.17
Range (natural) 0.13
Grass

Short, prairie 0.15
Dense 0.24
Bermuda grass 0.41
Woods

Light underbrush 0.40
Dense underbrush 0.80

Table 18. Ma n n ii @wgréaisd Flow (McCuen et al., 1996)

Depression Storage

The reference valgeof depression storage are given below:

Land Use Depression Storage
Impervious surfaces 0.05-0.10 inches
Lawns 0.10- 0.20 inches
Pasture 0.20 inches
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Forest litter 0.30 inches
Table 19. Depression storage from SWMM Usemanual (Rossman, 2015)

Soil Properties

Soil parameter values used for Grempt infiltration formula are as follows:

Soil type Porosity Effective porosity Suction head (mm) Hydraulic
Conductivity
(mm/hr)

Sand 0.437 0.417 49.5 117.8
Loamy Sand 0.437 0.401 61.3 29.9
Sandy Loam 0.453 0.412 110.1 10.9
Loam 0.463 0.434 88.9 34
Silt Loam 0.501 0.486 166.8 6.5
Sandy Clay loam 0.398 0.330 218.5 15
Clay loam 0.464 0.309 208.8 1.0
Silty clay loam 0.471 0.432 273.0 1.0
Sandy clay 0.430 0.321 239.0 0.6
Silty clay 0.479 0.423 292.2 0.5
Clay 0.475 0.385 316.3 0.3

Table 20. Soil Parameter values (Rawls et al., 1983)

Channel Roughness

Channel Type Manning n
Lined Channels

- Asphalt 0.013-0.017
- Brick 0.012-0.018
- Concrete 0.011- 0.020
- Rubble or riprap 0.020- 0.035

- Vegetal 0.030- 0.40

Excavated or dredged

- Earth, straight and uniform 0.020- 0.030
- Earth, winding, fairly uniform 0.025- 0.040
- Rock 0.030- 0.045
- Unmaintained 0.050- 0.140

Natural channels (minor streams, top width at flood stage < 100 ft.)

- Fairly regular section 0.030- 0.070
- Irregular section with pools 0.040- 0.100
Table2l. Manningdéds n for Open Channel (Rossmnm

2. For coastal and inland flood model components, describe the dependencies
among flood model parameters and specify any assumed mathematical
dependencies among these parameters.

The parameters used in the coastal surge model are from previous indepé&sratuntls.
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The inland flood models were parameterized based on the guidelines of SWMM reference manual
and scientific literatures.

3. For coastal and inland flood model components, describe the dependencies
that exist among the flood model components.

There is no direct interaction betweeoastal and inland flood model componeiitsecoastal and

inland flood model componentsre performed at different platforms and grids. If the same
locations are both flooded by coastal and inland components, the maximum inundation depth will
be used.

Wave properties do not affect winduige or inland flood properties. Wave propertiesyreh
surge levels, local bathymetry and topography, winds, and land cover.

The inland flood and coastal flood models are independent models. No dependencies exist between
the coastal and inland flood model components.

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.

All the coastal surge model parameters are from scientific literatures and téobpacts. There
are almost fixed values, or calculated from equations presented in the previous literatures. All the
values and equations are presented in Sectich,®H~1, and MF2.

The inland flood model parameters are fixed values for the stocliasil event generation. We
introduced stochastic rainfall events as an input to the inland flood model to geherstbchastic
flood events.

5. Describe if and how any physical flood parameters are treated differently in the
historical and stochastic flood event sets, and provide rationale.

In the flood models the same physical parameters were used for the historical and stochastic flood
events.

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
implementation.

The rain model uses the ®.IPER rain algorithm which determines the rainfall extent and rain
rate for a targelocation. Rainfall duration is included since the rain model incorporates track
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motion information obtained from the input track file. More details on the rain madélecfound
in Standard GA..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.

There are totally 4 set of basins established for the storm surge simulation covering the whole
coastal area of Florid&igure30).

1. Apalachicola Bay basin, AP8, majorly covers the north and west Florida coastal areas;
2. Tampa Bay basin, TP3, covers the west Florida coastal area;

3. South Florida basin, HMI41, majorly eers the south Florida coastal area and Keys;

4. Florida Atlantic basin, EJX5, covers the whole east Florida coastal area.

Legend

[ ars
[]ps

HMI41

[Jewxs

Figure 30.Four Florida Basins that used by CEST Model.

The overlap area of the above four set basinelaively large, sometime even half of the basin
area. The reason is consideration between large domain size and fine resolution of the grid for the
interesting area.

For thewave model, 116 subgrids were partitioned around the state in areas likelyrtpdrted
by wave action, including open coasts, inlets, bays, and wetlands. Areas not likely impacted by
substantial wave a@oin were not modeled for waves.
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8. For coastal flooding, describe how astronomical tides are incorporated and
combined with storm surge to obtain storm tide.

In the tide simulation, a Dirichldype (clamped) condition is generally used at the open boundary,

where the surface elevation is set to the specific known value as follows:
7\

=7
7t

Wherez

is elevation specified at the open boundary.

In case of including astronomical tide simulation, initial transients are damped by bottom friction
and there are no internal flows driven by atmospheric or wind forcing (Bills, 1991). As an open
boundary codition for tide elevation, the equilibrium tidal potential is expressed as follows
(Reid,1990):

(S

to)

. e2p(t-t,) .
z(f./1)=a Cjnfjn(tO)Lj (f)Coséngrio"' i/ "'an(to)\
n.j e i

o C

where t is time relative t@ {the reference time),
In is a constant characterizing the amplitude of a tidaltitarsat n of species j,
f. . :
Mis the timedependent nodal factor,

V.. . .
I"is the timedependent astronomical argument,
] =0, 1, 2 are the tidal species (j=0 declinational; j=1 diurnal, j=2 semidiurnal),

L, =3sin?#,L, =sin(2f),L, =cog’

T . . . o

is the period of a constituent n for species j.
At the open boundaries, the tidal elevation generatesetgnconstitients (M2, S2, N2, K1, O1,
K2, and Ql)re specified.

9. Describeif and how any flood parameters change or evolve during an individual
flood life cycle (e.g., astronomical tide,r e pr esent ati on of Manning
varying with flood depth).

For the coastal flooding modeliring an individuaflood life cycle, the inundation depth changes

with surge propagate on the land. To account for the terrain effect on the wind, two different drag

coefficients are used to compute the wind field on the terrain and extreme shallow waters and the
wind field on the ocean, which are referred to as lake wind and ocean wind, respectively. The

effects of vegetation on the wind field have also been accounted for in a way similar to the SLOSH

model(Jelesnianski et al. 1992 The wind speed is adjusted using a coeffic&nbased on the

ratio of the surge water depth£H+2) to the vegetation heighit{):
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Co =1 H,
1 D2H.}

The effect of trees on the wind speed decreases based on this equation as the water submerges the
vegetation gradually. In this study, the land areas covered by dense vegetation and development
were classified into the "Tree" category and assigned amgweregetation height of 8 m, the

same as the one used by SLOSH for the Florida basins. When a storm surge flelytsglow

areas, it often forms a thin layer of water over land. An extinction coeffiCieistapplied to the

wind speed to reduce its et on the thin layer of watélelesnianski et al. 1992

ED p<oznt
C: =103 U
i1 D203mj

The flood parametenssed in the wave moddb not evolve or change over any surge event.

Inland flood model physical parameters ardgassd as fixed values throughout the simulation
periods of the flood events. Therefore, flood parameters don not change or evolve during the life
cycle of an individual flood event.

10.For coastal modeling, describe any wave assumptions, calculations or proxies
and their impact on flood elevations.

Waves at the offshore boundary are assumed to be a-stdelgnapshot at the time of max surge,

or max wind, so that more tractable systems can be solved. Wave heights at the offshore boundary
(usually several knoffshore) are computed from depdependent hindcasts using analytic wind

wave relations of Young and Verhagd®96,CoastaEngineerini?7(1-2):47-78) Wavesetup is
computed as a fixed fraction (0.1) of the significant wave height at the offshore boundary. Wave
transformation in the nearshore and overland is computed for directional waves but with one
frequency only to keep run times tractable. Wave heigioisna the insuredre largely depth

limited and depend much more on the local flooded water depths.

11.Provide the source, resolution, datum, and accuracy of the topography and
bathymetry throughout the flood model domain.

The elevation of a CEST grid cell was calculated by averaging the pixel elevations of the digital
bathymetric and topographic elevation models which are falling within the grid cell. All the
topographic and bathymetric data were adjusted to NAVD 88 viedatam before calculation.

The following procedure was used to calculate the grid cell elevation and handle the overlaps
between different bathymetric and topographic datasets.

(1) NOAA ETOROL1 global relief dataset was used to calculate the cell egaof the model

grid. In the deep ocean area that is covered by EXIOBut not covered by the bathymetric and
topographic data with finer resolutions, a grid cell should include at least one data point from
ETOROL for elevation calculation. If noteew relief dataset with a pixel size of half the ETIP

pixel size was generated by interpolating ET@Pusing the nearest neighbor method. The
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interpolation was conducted continuously by reducing the pixel size half every time until each grid
cell in thedeep ocean contains at least one data point from the interpolated relief dataset.

(2) NOAA coastal relief dataset was used to calculate the cell elevations and replace the elevations
from ETOROL in the continental shelf and coastal areas. If the cellafia model grid is less than

the pixel size of the coastal relief dataset. The new coastal relief dataset was generated for the
calculation of the grid cell elevation using the same procedure to interpolating theOETOP
dataset.

(3) USGS 90 m, 30 m, 1, and 3 m DEMs were used to calculate the elevations of the model
grid cells on the land. The model grid cells on the land and on the ocean were separated using the
shoreline dataset extracted from the LIDAR surveys or digitized from the aerial plphiegrae
selection of 90 m, 30 m, 10 m, and 3 m DEMs were determined by the cell size of a model grid.
A grid cell has to contain at least one data point from the DEM dataset used for the elevation
calculation.

(4) NOAA integrated models of coastalied¢t were used to calculate and replace the depths of the
grid cells in the coastal water. If the USGS DEMSs on the land is older than the elevation data in
the integrated model of coastal relief, the elevations of the grid cell on the land were alstechicu
and replaced.

(5) The water depths and elevations of the grid cell were updated using the most recent data which
are often the LIDAR surveys provided by local government agencies through the flood map
modernization program sponsored by the Fedara@rgency Management Agency.

The highquality shoreline dataset including the boundaries of the coastal lagoons, inlets, and
barrier islands, and river streams is essential for separating the grid cells on the land and the ocean
and preserving the connegty of the coastal hydrological features. Fortunately, the digital
shorelines can be extracted from the LIDAR surveys for coastal areas vulnerable to storm surge
flooding in Florida.

Two major sources of bathymetry and topography data are used fergnds. For bathymetry,

The National Centers for Environmental Information (NCEI) 3 arc second data (~90 meter
resolution) coastal relief model is used, with sea level datum converted to NAVD88 and NAD83
horizontal datum. For topography above sea letel United States Geological Survey National
Elevation Dataset 1/3 arc second (~10 meter resolution) is used with NAVD88 vertical datum and
NADS83 horizontal datum. Both sources are interpolated to create wave grids.

The details of topography dataset arevimted belowfor the inland flood model
Source:USGS National Elevation Dataset (NED)

Horizontal Resolution: 1/3-arcsecond DEM has a ground spacing of approximately 10 meters
north-south, but the spacing varies towards-@ast direction depending dhe latitude.

Datum: North American Datum of 1983 (NAD 1983)
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Horizontal Accuracy: In most cases, the horizontal accuracy of seamless DEM coverage
produced from 3DEP technologies is expected to be 1 meter or better (Gesch et al., 2014).

Vertical Datum: North American Vertical Datum of 1988 (NAVD 1988).

Vertical Accuracy: The relative vertical accuracy of the HBrsecond DEM dataset is 0.81
meter (Gesch et al., 2014).

The surveyed bathymetry of the canals and rivers were obtained from theFBwidh Water
Management District (SFWMD), Southwest Florida Water Management District (SWFWMD) and
St Johns River Water Management District (SJRWMD). If surveyed bathymetry data were
unavailable, we used NED data to extract the river esesons. The birth American Vertical

Datum of 1988 (NAVD1988) was used as the reference datum for the bathymetry data throughout
the inland flood models.

12.Describe the grid geometry used in the coastal flood model.

There are 4 sets of basins are established for coastal surge model,

a) Apalachicola Bay basins including AP7, AP8, and AP9,

b) Miami and Key basins including HMI14, HMI141, and HMI42,
c) Tampa bay basins including TP2, TP3, and TP4,

d) Jacksonville basins incluay EJX4, EJX5, and EJX6.

For each basin, at least three grids were established with same cover area but with fine, medium,
and coarse size of grid cell. The purpose for these three different resolution basins is to consider
the consummation of the contptional time.

Apalachicola Bay basins including AP7, AP8, and AP9

The AP8 and AP9 are the new generated basins with the sameis#gendomain as AP7, which
cover the all the north and west coastal area of Florida. The grid cell resolution for AP&nAPS,
AP9 is about 100, 350, and 1400 meters respectively along the coastal arks2p). The
computational time for coarse resolution basin AP9 is onkLGrBnutedor a 4days simulation,
whereas AP8 and AP7 consume aboutl®0Ominutes and 2 hours to complete the same run,
respectively.

‘BasinName ~ AP7  AP& AP
IDomain'Description ™ CEST Basin CEST Basin CEST Basin

Large Large Large
100 350 1400
772*710 387*356 99*91
548,120 137,772 9,009
30 20 30
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120130 10-15 0.51

Table 22. Basin description and statistics forApalachicola Bay.

* The resolution of the model basin varies spatially. The resolution in the table represents the approximate
edge size of a grid cell at the coastal area.

* Computational time was derived by recording the simulation time using a single processocelliP&LD
workstation with four 2.5 GHZ Intel Xeon processors and 12GB of RAM.

Miami and Key basins including HMI4, HMI41, and HMI42

The HMI4, HMI41, and HMI42with the same circle domain cover the all the south coastal area
of Florida with a grid celresolution about 1,000, 300, and 150 meters respectively along the
coastal arealf@ble23). The coarse resolution grid HMI4 only takeg Binutes to finish a-dlays
simulation, whereas HMI41 and HMI42 consume around 25 minutes and 2 hours to complete the
same run.

‘BasinName ~ HM4  HMI41  HMM42
_ CEST Basin CEST Basin CEST Basin
ISZENNN Large Large Large
IResolution (m) 1 1000 300 150
IDimension N 185*395 332*480 4421216

~ Total Number of Cells 73,075 159,360 513,152
‘TimeStep(s) 30 30 30
_ 5-7 20-25 110-130

Table 23. Basin description for Miami and Key.

Tampa bay basins including TP2, TP3, and TP4

The TP2 TP3, and TP4vith the same sentircle domain cover the all the west coastal area of
Florida with grid cell resolution about 1,800, 450, and 230 meters respectively along the coastal
area [able24). The computational time for coarse resolution basin TP2 is only 1 minutes for a
4-days simulation, whereas TP3 and TP4 consume about 10 minutes and 1 hour to complete the
same run.

PDomain' Description ™ CEST Basin CEST Basin CEST Basin

Large Large Large
1800 450 230
80*106 314*418 626*834
8,480 131,252 522,084
30 30 30

0.51 9-12 50-70
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Table 24. Basin description and statistics for Tampa Bay.
Jacksonville basins including EJX4, EJX5, and EJX6

TheEJX4, EJX5, and EJX@ith the same sentircle domain cover the all the eastern coastal area

of Florida with an area of 351,370 km2 and a grid cell resolution about 2500, 600, and 300 meters
respectively along the coastal aréal§le25). The comptational time for coarse resolution basin
EJX4 is only 12 minutes for a 4lays simulation, whereas EJX5 and EJX6 consume about 20
minutes and 2 hours to complete the same run.

Pbomain'bDescription ™ CEST Basin CEST Basin CESTBasin

Large Large Large
2500 600 300
104*106 410*418 818*834
11,024 171,380 682,212
30 30 10

1-2 15-20 120160

Table 25. Basin description and statistics for Jacksonville.

The wave model usetll6 separateegular 40m gridef varying coverage that together cover all
relevant nearshore areas
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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 wind and pressure fields for tropical cyclones are modeled and areo gk tthe storm
surge models.

B. The wind and pressure fields shall be based on current scientific and technical
literature or developed using scientifically defensible methods.

The wind and pressure fields are based on methods that are published in acceyitkd settn
technical literature.

C. The modeling of wind and pressure fields that drive coastal flood models shall
be conducted over a sufficiently large domain that storm surge height is
converged.

Tests were performed with varying domain sizes to ensure convergence is achieved for storm surge
height.

D. The features of modeled wind and pressure fields shall be consistent with those
of historical storms affecting Florida.

The wind and pressure fields are consistent with historical storms affecting Florida.
Disclosures

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 wind model and simulated pressure fields are described in Standdr@.GR description
and justification of the parameters used in the model are described below.

Tropical cydone parameters used in the model include storm track (translation speed and direction
of the storm), radius of maximum winRihay, Holland surface pressure profile parameBjr (

the minimum central sea level pressuPen(n), and the pressure decay dsiaction of time after
landfall.

The storm initial position and motion are modeled using the HURDAT?2 database. Initial storm
positions and motion changes derived from HURDAT2 are modified by the addition of small
uniform random error terms. Subsequentratanotion change and intensity are obtained by
sampling from empirically derived PDFs as described in Standartl 5F
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For pressure decay we use the Vickery (2005) decay model. Vickery developed the model on the
basis of pressure observations in HURDAW &NWS38 (Ho et al., 1987), together wiRmax
and storm motion data as described in the publication.

The radius of maximum winds at landfall is modeled by fitting a gamma distribution to a
comprehensive set of historical data published in N38%®y Hoet al. (1987) and supplemented

by the extended best track data of DeMaria (Pennington et al., 2000), the HURDAT Reanalysis
Project (Landsea et al., 2004), NOAA HRD research flight data, and NO@ML-HRD
H*Wind analyses (Powell & Houston, 1996; Powelllet 996; Powell & Houston, 1998; Powell

et al., 1998).

Additional research was used to construct a historical lariifadixPmindatabase using existing
literature (Ho et al., 1987), extended best track data, HRD Hurricane field program data, and the
H*Wind wind analysis archive (Demuth et al., 2006). We developdd@naamxmodel using the
compiled landfalRmaxdatabase, which includes more than 100 measurements for hurricanes up
to 2012. We have opted to model Reaxat landfall rather than the entibasin for a variety of
reasons. One is that the distribution of landRathaxmay be different than that over open water.

An analysis of the landfaRmaxdatabase and the 198807 extended best track data shows that
there appears to be a difference ia dependence &maxon central pressur@nin) between the

two datasets (Demuth et al., 2006). The landfall dataset provides a larger set of independent
measurements (more than 100 storms compared to about 31 storms affecting the Florida threat
area regia in the best track data). Since landfthaxis most relevant for loss cost estimation

and has a larger independent sample size, we have chosen to model the landfall dataset. Since
Rmaxis nonnegative and skewed, we model the distribution using a gamstmaution. As
described in Standard GE2, the maximum likelihood estimates of the parameters of the gamma
distribution were obtained and was found to be a good fit.

Recent research results by Willoughby and Rahn (2004) based on the-NOKMA -HRD annué

hurricane field program and Air Force reconnaissance fletdl observations are used to create

a model HofaodBb t par @&met er . Ongoing research on =
surface wind distributions (based on Stepped Frequency Wie® Radiometer observations) to

flight level distributions (Powell et al., 2009) is used to correct the flghdl Rmaxto a surface
Rmaxwhen developing a relationship for thelland Bterm. We multiply the flighievel Rmax

from the Willoughby and Ran (2004) dataset by 0.815 to estimate the sufmax(based on

SFMR, flightlevel maxima pair data). This adjustment keeps the Holland pressure profile
parameter consistent with a surfaRenaxand because of the negative term in the equation
produces darger value oB than if a flightlevel value oRmaxwere used. This is consistent with

the concept of a stronger radial pressure gradient for the mean boundary layer slab than at flight
level (due to the warm core of the storm), which agrees with @®Bfsonde wind profile
observations showing boundary layer winds that are stronger than those at the 10,000 ft flight level,
which is the level for most of tH& data in Willoughby and Rahn (2004). TBedjustment for a
surfaceRmaxproduces an overall stronger surface wind field tha vere not adjusted. In
addition, surface pressures from the fAbest tr
particular flightlevel pressure profil® with a surface pressure. A regressimodel forB was

obtained as described in StandardGE. The random error term for tBgparameter is modeled
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a normal distribution with zero mean. A comparison of modeled and fitted valigsasf be
found in Standard GE.2.

HRD wind modeling reseah initiated by Ooyama (1969) and extended by Shapiro (1983) has
been used to develop the HRD wind field model. This model is based on the concept of a slab
boundary layer model, a concept pioneered at NGIML-HRD and now in use by other
modelers for gk applications (Thompson & Cardone, 1996; Vickery & Twisdale, 1995; Vickery

et al., 2000b). The HURDAT?2 historical database is used to develop the track and intensity model.
Historical data used for computing the potential intensity is based on then&latienters for
Environmental Prediction (NCEP) sea surface temperature archives and the NCEP reanalysis for
determining the upper tropospheric outflow temperatures. Monthly geographic distributions of
climatological sea surface temperatures (Reynolds. e2002) and upper tropospheric outflow
temperatures (Kanamitsu et al., 2002) are used to determine physically realistic potential
intensities that helf bound the modeled intensity.

2. Provide the historical data used to estimate parameters and to develop
stochastic storm sets.

The historical data used to estimate parameters and develop stochastic storm sets are provided in
the previous disclosure. For the current version of the floodietthe version of HURDAT?2 that
was sed is the May 1, 2018 version.

3. Provide arotational (y-axis) versus radial (x-axis) plot of the average or default
wind and pressure fields for tropical cyclones. Provide such plots for non-
tropical cyclones, if non-tropical cyclones are modeled explicitly.

SeeFigure3landFigure32.
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Figure 31. Axisymmetric rotational wind speed (mph) vs. scaled radius for B = 1.38, DelP = 49.1
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Figure 32. Plot of pressure profile corresponding to the parameters used in the previous figure.
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4. If windfields 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.
Discuss the associated uncertainties.

The windfield is not modeled above the surface, but as a mean slab surface layer. The conversion
of the mean layer wind to the 10 m wind, and associated uncertainties for the conversion, are
described below.

The mean boundary layer winds computed by tleeehare adjusted to the surface using results
from Powell et al. (2003), which estimated a mean surface wind factor of 77.5% on the basis of
over 300 GPS sonde wind profile observations in hurricanes. The surface wind factor is based on
the ratio of the grface wind speed at 10 m to the mean wind speed fori 6@00n layer (mean
boundary layer wind speed or MBL) published in Powell et al. (2003). This ratio is far more
relevant to a slab boundary layer model than using data based on higher, reconnaissaftce

flight levels. The depth of the slab boundary layer model is assigned a value of 450 m, which is
the level of the maximum mean wind speed from GPS sonde wind profiles published in Powell et
al. (2003). The uncertainty of the surface wind factor8%, based on the standard deviation of

the measurements, but no attempt is made to model this uncertainty. No radial distance from center
or intensity dependent variation of reduction factor is used at this time because of a lack of
dependency on theggiantities based on examination of GPS dropsonde datki(gee33).
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Figure 33. Analysis of 742 GPS dropsonde profiles launched from4£2km with flight -level winds at
launch greater than hurricane force and with measured surface winds. Upper figure: Dependence
of the ratio of 10 m wind speed (U10) to the mean boundary layer wind speed (MBL) on the scaled
radius (ratio of radius of last measured wind (RImw) to the radius of maximum wind at flight level
(RmaxFL). Lower figure: Surface wind factor (U10/MBL) dependence on maximum flight level
wind speed (Vfimax, in units of miles per hour / 2.23).

5. Describe how storm translation is accounted for when computing surface

windfields.

The incorporation of storm translation in the wind modelescribed in Standard GR2.
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6. Describe how storm surge due to non-tropical cyclones is accounted for in the
flood model. If it is not accounted for, explain why.

Non-tropical cyclones are currently not accounted for in the model. There is only orteopical

event that has produced potentially significant storm surge in Florida in recorded history, the so
called AStorm of t he Cdmatiouof NF&P claims daMareveahthattiie9 9 3 .
cause of loss, whether surge versus accumulation of rainfall, is highly unreliable. Thus we do not
have sufficient or reliable data to attempt to modelinopical cyclone surge events or even assess
whether thee losses might be associated with surge only. In addition, we have examined
inundation estimates from SLOSH Maximum of Maximums (MoM) simulation output from NHC
combined with high resolution LIDAR DEM data (a detailed data set provided by the Florida
Division of Emergency Management), and found that there are very few locations in Florida that
are susceptible to flood due to surge for tropical cyclones below hurricane strength. Since non
tropical cyclones in Florida are generally much weaker than hurscamecannot conclude that
there will be significant sge due to noitropical events.

7. Describe and justify the averaging time of the windspeeds used to drive the
storm surge model.

The wind fields generated by the wind model are assumed to be 10 eweudged winds. The

wind model does not incorporate the effects of short gusts or other transitory turbulence, so shorter
averaging times would not be appropriate for representing the wind field. For longer averaging
times, the effects of storm motion wdumpact the wind speeds and thus noty@@priate.

8. Describe the process for verifying storm surge height convergence as a
function of domain size.

In order to verify the storm surge height convergence as different domain sizes, two basins, HGL
and AP, vith larger sizes were generated to simulate Hurricane lke, lvan, and DEiguse(

34and Figure 35). The purpose of these two large domains is to further examine the effect of
domain size on computing storm surge. The ebdirge domain EGM3 is the largest domain for
Gulf of Mexico Figure36).
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Figure 34. Location of EGL3, HGL4, HGL5, and HGL6 basins for Hurricane lke.
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Figure 35. Location of AP3, AP4, AP6, and AP7 basins for Hurricanes Ivan anBennis.
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Figure 36. Extra Large domain EGM3 with Manning Coefficient.

Figure34 Shows the domain size for the new generated basin HGL6 foickiue ke with EGL3,
HGL4, and HGLS5 basing.he HGL6 basin spans the whole Texas coast and west coast of Florida,
covering 682,000 kfand with an averaged cell size of 200 m on the land. The HGL6 basin
covers much more area than the HGLS5, but with #meesresolution of HGL5T@ble26).

Comparison of observed and computed storm tides of Hurricane Ike indicates that the HGL6 basin
produces storm surge agreeing better with observations than other bagime 37 and Figure

38). The largest EGM3 basin ovpredicts peak storm tides at stations Galve&ay Entrance,
Galveston Pier 21, Y, W, and Z. The HGL6 basin generates better peak storm surges at the above
5 stations. The shape of storm tide from HGL6 is also comparable with the shape of observed
storm tide. The largest basin EGM3, the large baskiL6] and intermediate size basins HGL4

and HGL5 capture the forerunners from IKE, thus, produce storm tides matching better with field
observations. It appears that the higholution HGL6 produces the storm tide which agrees with
observed storm tide be@able26).
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Figure 37. Observed and computed water levels at 4 NOAA tide gauges.
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Figure 38. Observed andcomputed water levels at 4 stations established by Kennedy (replace with
u,w,y,z).
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‘BasinName ~ EGL3 ~ HGL4  HGL5 ~ HGL6  EGM3
PDescription™ ) SLOSH Basin CEST Basin  CEST Basin  CEST Basin  SLOSH Basin
Small Medium Medium Large Extra Large

700 1,200 200 200 2,700

243%192 251*172 998+682 1143%694 329*569

46,656 43,172 680,636 793,242 187,201

30 30 30 30 30
35 34 105120 170180 3845

0.69 0.54 0.41 0.41 0.42
0.70 0.46 0.42 0.40 0.37

Table 26. Basin description for Hurricane Ike with additional large Basin HGL6.

Figure35Shows the domain size for the new generated basin AP7 with AP3, AP4, and AP6 basins.
The AP7 basin spans the almost whole Florida coast and west coast of Louisiana, covering 564,000
km? and with an averaged cell size of 200 m on the land. The AP7 basin covers a larger area than
the AP6, but with the same resolutidrable27, Table28).

Comparison of observed and computed storm tides of Hurricane Ivan indicates that the peak storm
tides from AP7 have the best agreement with the observed ones at all sEagans39). The
shapes of storm tides from AP7 are most similar to the shapes of observed ones.
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Figure 39. Computed peak storm tide heights foHurricane Ivan.

PDescription™ ) SLOSH Basin CEST Basin ~ CEST Basin  CEST Basin SLOSH Basin

Small Medium Medium Large Extra Large
400 400 100 100 2,700
142*226 167*179 662*710 772*710 329*569
32,092 29,893 470,020 548,120 187,201

30 30 30 30 30

2-3 35 92-100 120130 46-50

0.36 0.25 0.21 0.17 0.19

Table 27. Basin description forHurricane Ivan with additional large Basin AP7.

Comparison of observed and computed storm tides of Hurricane Dennis indicates that the peak
storm tides from AP7 have the best agreement with the observed ones for stations Pensacola,
Panama City, and Apalaicola Figure40andTable28). The shapes of storm tides from AP7 are

most simiar to the shapes of observed ones. The difference between computed and observed storm
tides at Cedar Key is relatively large, probably due to the complicated bathymetry around this
station. There is a possibility to improve the simulation through adgmstof topographic and
bathymetric data around this area.
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Figure 40. Computed peak storm tide heights for Hurricane Dennis.

_ SLOSH Basin CEST Basin CEST Basin CEST Basin SLOSH Basin
ISz small Medium Medium Large Extra Large
Resolution (m) 400 400 100 100 2,700
IDimension 142+226 167*179 662*710 772*710 329*569
_ 32,092 29,893 470,020 548,120 187,201
‘TimeStep(s) 30 30 30 30 30
_ 2-3 3-4 8595 110120 3540
_ 0.39 0.27 0.25 0.22 0.27

Table 28. Basin description for Hurricane Dennis with additional large Basin AP7.

The effect of the basin size osh tide computation isxamined bywo new large basins HGL6

and AP7. With the proper domain size and resolution, CEST can capture the forerunner and
produce peak surges comparable with observations. The utilization of the large basins with a high
resolution grid improves the simulation acacy, but increases computation time by3206 in
comparison of the usage of intermediate size basins. It took one processor about 120 minutes to
complete a 4 day simulation on the large size CEST basin, and 95 minutes on the intermediate size
CEST basin
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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.

For the coastal surge model, there is separated document to finestodextent and elevation
comparison between observed and computed for historical hurricanes. One component is the High
Water Mark (HWM) data, the reports, published by United States Geological Survey (USGS) or
Federal Emergency Management Agency (FEMA) reltdeglach historical hurricanes required

by standards, are extracted or digitalized. For the High Water Mark (HWM) data, data above
NAVD88 are used.

The inland flood modslhave been developed using US EPA SWMM and calibrated and validated
with observed seam flow data (Please see-$For details). Based on the calibrated model output,
we estimated the flooding extent and depthdifferentrainfall events.

B. Methods for deriving flood extent and elevation or depth shall be scientifically
defensible and technically sound.

For the coastal surge model, there are three outputs related to the flood extent and elevation or
depth can be used to derive the flood extent and elevation or depth.

1. storm*_env.nc: maximum surge height (m) at each grid location;

2. storm*_ mwspd_r_el: maximum wind speed associated surge (m);

3. storm*_first_t.rt: time of first inundation (m).

The maximum surge height (m) at each grid locatignvelop) can be directly used to extract
maximum flood extent and elevation caused by hurricane gidgeThe flooding depth can
derived from the elevation minus the ground elevation extracted from high resolution Lidar data.
The rest two outputs can be used to estimate the flooding duration and moment.

The flood extents and depths have been derivedeay 1 km by 1km blocks within the six inland
basins. The predicted flood elevations at subbasin outlets were interpolated to these blocks by
inverse distance weighing approach to compute flood depths.

C. Methods for modeling or approximating wave conditions in coastal flooding
shall be scientifically defensible and technically sound.

The wave model uses the wkhown program STWAVE to compute wave heights and directions
on a 40 meter grid that covers the coast of Florida with insurable properties.

D. Modeled flood characteristics shall be sufficient for the calculation of flood

damage.
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Forthe coastal surge modekch simulationljoth historicaland stochastistorm everd), 8 surge
and wind relatedthformation are directly output in NETCDF format

storm*_env.nc: maximum surge height (m) at each grid location;
storm*_hwm_r_wind.nc: maximum surge height associated wind (m/s);
storm*_msurge_t.nc: time of maximum surge (S);

storm*_mwpsd.nc: maximum wind speed(m/s);

storm*_mwspd_r_el: maximum wind speed asatad surge (m);
storm*_mwspd_t.nc: time of maximum wind speed (m/s);
storm*_first_t.nc: time of first inundation (m);

storm*_first_w.nc: wind speed at that time (m/s)

N~ LNE

These information are required by engineering team, and are sufficient to calculate the flood
damage.

The inland flood damage during a flood event is estimated from the inland flood model predicted
flood depths at the inundated locations forrgsgpective flood event.

Disclosures

1. Demonstrate that the coastal flood model component incorporates flood
parameters necessary for simulating storm-surge-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.

Forthe coastal surge modelch simulationljoth historicaland stochastistorm everd), 8 surge
and wind relatedthformation are directly output in NETCDF fimat

storm*_env.nc: maximum surge height (m) at each grid location;
storm*_hwm_r_wind.nc: maximum surge height associated wind (m/s);
storm*_msurge_t.nc: time of maximum surge (S);

storm*_mwpsd.nc: maximum wind speed(m/s);

storm*_mwspd_r_el: maximum wihspeed associated surge (m);
storm*_mwspd_t.nc: time of maximum wind speed (m/s);
storm*_first_t.nc: time of first inundation (m);

storm*_first_w.nc: wind speed at that time (m/s)

N>R~ WNE

In addition to thehistorical events not specified in Form HHfthere ae several other storm
events are also simulated, like hurricane Katrina, Ike, Rita, Nate, Hermine, and Irma. All these
historical eentflood extent and levationvalidationmapsare presented in separated documents

2. For coastal flooding, describe how the presence, size, and transformation of
waves are modeled or approximated.
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Waves are modeled using the US Army Corps of Engineers program, STWWHMEprogram

was modified slightly to include bulk Thornton and Guza (1983, Journal of Geophysical Research

T Oceans, 88(C10), 59ZP38) type wave breaking rather than a strict deetbendent limit.

Other than this, there are no modifications to the program. Waves are computed on 116 subgrids
using local topobathy, provided surge levels, local land use/land dateg and provided winds

as input. Wave heights and periods at the offshore boundaries are computed using maximum winds
over each storm and either the maximum surge, or the surge at time of maximum wind. Constant
wave parameters are applied

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.

CEST model directly simulated flood velocity, and can output the flood dufati@ach storm at
given locations. However, floethduced erosion, floodborne debris, salinity, and contaminated
floodwaters are notansidered in the current model.

4. Describe if and how the coincidence and interaction of inland and coastal
flooding is modeled.

The inland and coastal flooding are separately simulated, and there is no interaction between the
two models right now. The coastal and inland flood model componenpeeormed at different
platforms and grids. If the same locations are both flooded by coastal and inland components, the
maximum inundation depth will be used.

5. Provide a flowchart illustrating how the characteristics of each flood model
component are utilized in other components of the flood model.

Figure41 presents the flowchart illustrating coastal surge model with other components of the
FPFLM.
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Figure 41. The flowchart illustrating coastal surge model with other components of thePFLM .
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Figure 42. Flowchart illustrating the inland flood model components of theFPFLM .

6. Describe and justify the appropriateness of the databases and methods used
for the calibration and validation of flood extent and elevation or depth.

For the coastal flooding team, there are three types data are used to calibrate and validate the
coastalsurge model. First is water elevation time series data (https://tidesandcurrents.noaa.gov/)
along Florida coastal region. The water elevation data was directly downloaded from National
Oceanic and Atmospheric Administration (NOAA), Units: Meters, Timez@&MT, Datum:

MSL, Interval 1 hour or 6 min (if available). Second is the High Water Mark (HWM) data, the
reports, published by United States Geological Survey (USGS) or Federal Emergency
Management Agency (FEMA) related to each historical hurricanes eelghy standards, are
extracted or digitalized. For the High Water Mark (HWM) data, data above NAVD88 are used.
Third is the Inundation maps or debris line, (https://www.fema.gov/hurrivamesurge
inundationmaps)

Consistent with scientific and techniidiéerature, for coastal surge model, the time series of water
elevation are all compared at vertical datum Mean Sea Level (MSL). For the High Water Mark
(HWM) data, data above NAVD88 are used.

For the historical hurricanes data, the following reportsisegl to calibrate or validate the coastal
surge model.

Mitchell H.Murray (1992).StormTide Elevations Produced by Hurricane Andrew Along the
Southern Florida Coasts. U.S Geological Survery cgienReport 96116.

Michael Baker Jr., Inc. Alexandria,A/(1995). Hurricane Opal Florida Panhandle Wind and
Water Line Survey.

U.S. Army Corps of Engineers, Mobile District, Coastal, Hydrology, and Hydraulic Design
Section in cooperation with the United States Geological Survey; Alabama, Florida, and
Mississippi Districts (1998). Hurricane Georges Storm Surge September.
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U.S. Army Corps of Engineers Jacksonville District (1998). South Florida High Water Marks
Post Georges.

U.S. Department of Commerce National Ocean Service Center for Operational Products and
Services (2004 Hurricane CHARLEY Preliminary Water Levels Report.

URS Group, Inc. 200 Orchard Ridge Drive Suite 101 Gaithersburg, MD 20878 (Bu®&Fane
Frances Rapid Response Florida Coastal High Water Mark (CHWM) Collection AEBMIADR-
FL.

NOAA National Oceanic and Atmospheric Administration(2004). Hurricane FRANCES
Preliminary water Levels report.

Mobile District Engineering Division Hydrology and Hydraulics Branch (200#)e Gage Data
for Hurricane Ivan

NOAA National Oceanic and AtmosplheAdministratior{(2004).Hurricane IVAN Preliminary
Water Levels Report

URS Group, Inc. 200 Orchard Ridge Drive Suite 101 Gaithersburg, MD 20878 (B®dgane
lvan Rapid Response Alabama and Mississippi Coastal High Water Mark (CHWM) Collection
FEMA-1543DR-AL & 1550-DR-MS.

URS Group, Inc. 200 Orchard Ridge Drive Suite 101 Gaithersburg, MD Z@8@8).Hurricane
lvan Rapid Response Florida Coastal High Water Mark (CHWM) Collection FEBBA-DR-
FL.

URS Group, Inc. 200 Orchard Ridge Drive Suite 1@itiersburg, MD 20878004).Hurricane
Jeanne Rapid Response Florida Riverine High Water Mark (RHWM) Collection FE3@A
DR-FL.

NOAA National Oceanic and Atmospheric Administrati@04)Hurricane jeanne Preliminary
Water Levels Repart

RS Group, Inc200 Orchard Ridge Drive Suite 101 Gaithersburg, MD 20@084).Hurricane
Dennis Rapid Response Florida Coastal High Water Mark (CHWM) Collection FEB8&DR-
FL.

NOAA National Oceanic and Atmospheric Administrat{@05).Hurricane Dennis Preliminary
Water Levels

Mark E. Luther, Clifford R. Merz, Jeff Scudder, Stephen R. Baig, LT Jennifer Pralgo, Douglas
Thompson, Stephen Gill & Gerald Hovis (2007). Water Level Observations for Storm Surge.
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URS Group, Inc. 200 Orchard Ridge Drive Suite 101 Gaithersburg, MD 20878 (2006). Final
Coastal High Water Mark Collection for Hurricane Wilma in Florida FEMBO9DR-FL, Task
Order 460.

NOAA National Oceanic and Atmospheric Administration (2005).Hurec@filma Preliminary
Water Levels Report.

Thomas J. Smith 1ll, Gordon H. Anderson, and Ginger Tiling (2005). A Tale of Two Storms:
Surges and Sedi ment Deposition from Hurricane
Coast Mangrove Forests.

Lars E.Soderqgvist and Michael J. Byrne (2005). Monitoring the Storm Tide of Hurricane Wilma
in Southwestern Florida.

FEMA and URS, 159®R-FL (2005) Hurricane Dennis Rapid Response Florida Coastal High
Water Mark (CHWM) Collection.

Wang, R. and Manausa, M. (Z)0Hurricane Ivan Characteristics and Storm Tide Elevation.
Sponsored by. Florida Department of Environmental Protection.

The inland flood modslhavebeen developed usingS EPASWMM and calibrated and validated
with observed stream flow data (detaiits SF1). Based on the calibrated model output, we
estimated the flooding extent and depth for the historical flood events. High wateohthe
hurricane Jeanne 20QBEEMA, 2005)is the only available observed flood depticord which
was used tevaluae the inland flood modgpredicted flood depths

7. 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 not variations in the treatmehflood model flood extent and elevation or depth for the
stoclastic versus historical floods.

8. Provide a completed Form HHF-2, Coastal Flood Characteristics by Annual
Exceedance Probability. Provide a link to the location of the form [insert
hyperlink here].

See the FormiHF-2.

9. Describe the effects of storm size, bathymetry, and windspeed on storm surge
height for the coastal flood model.

For the coastal surge model, we conducted the study to provide the first analysis of the modeling
sensitivity runs on the relationship between storm size and storm sighesh8torm surge height
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is calculated the Radius of Maximum Wind (RMW) with 20 and 35 miles. The results indicates
that the storm sizes correlated with storm surge heights.

Storm surge heights are calculated from CEST at four different bathymetry Basalachicola

Bay Basin (AP3) with 0.5, 1.0, 1.5, and 2.0 times of the original depth. It is indicated that the
bathymetry correlated with storm surge heights. Shallower bathymetry may generate higher surge
than the deeper.

We also conduct the CEST simatibns for nine different hurricane forward direction at AP3 basin.
For each different forwarding direction, simulations will include 80 mph (Wind 1), 200 mph (Wind
2), 120 mph (Wind 3), and 140 mph (Wind 4) maximum onshore wind speeds with the exactly
sane initial surge tide level, and same hurricane track information, same grid setup, same time
step, and same Manning coefficient. In other word, only the onshore wind speed varied, and all
other factors held constant. It is obvious that the higher windsp#lgaroduce higher surge at

most cases.

The detailed information is presented in separated documentation.

Wave heights and periods at the offshore wave boundaries increase with wind speed, fetch, and
depth according to Young and Verhagen (1996astalEngineering27(1-2):47-78) hindcast
relations, and to computed bulk setup. Wave properties are not impacted by wind duration, as
steadystate relations aresed.

10.Describe the effects of windspeed, depth, fetch, and wind duration on locally
generated wave heights or wave proxies for the coastal flood model.

Wave heights and periods at the offshore wave boundaries increase with wind speed, fetch, and
depth accading to Young and Verhagen (1996, Coastal Engineering-2)i4¥-78) hindcast
relations, and to computed bulk setup. Wave properties are not impacted by wind duration, as
steadystate relations are used.
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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.

For the coastal flooding modelme series of water elevation along Florida coastal region and
High Water Mark caused by hurricane surge are used to calibrate and validate the coastal surge
model. These two data sets are scientifically defensible to validate the computed flood extent and
elevation with the observed.

The inland flood models were calibrated and validated with mean daily streamflow observations
in the most major stream reaches within the statdasfda. Using streamflow data in calibrating
flood models is a common pramtiin hydrologic modelingAbdul-Aziz and AFAmin, 2019.

B. Flood probability distributions for storm tide affected areas shall include
tropical, and if modeled, non-tropical events.

Using tropical storm Fay as an example, we also conduct the coastatisuutgions for all four
Florida basins. The results indicate that the surges induced by tropical storm are not significant.
The nontropical events are not simulated.

C. Probability distributions for coastal wave conditions, if modeled, shall arise
from the same events as the storm tide modeling.

Wave conditions arise from the same probability distribution as is used for the storm tide modeling.

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 coastal surge model parameters are from scientific literatures and technical reports. There are
almost fixed values, or calculated from equations presented in the prevasatutiées. All the

values and equations are presented in Sectiol,@f~1, and MF2. There is no probability
distributions used in coastal surge model.

The inland flood models are deterministic models, therefore, probability distributions were not
used n the parameterization

Disclosures
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1. Describe how non-tropical and tropical event coastal storm tide flood
probability distributions are combined, if applicable. Provide an example
demonstrating the process.

For the current coastal surge model setup, tisemenon-tropical event simulation.

2. Provide the rationale for each of the probability distributions used for relevant
flood parameters and characteristics.

The coastal surge model parameters are from scientific literatures and technical reports. There is
no probability distributions used in coastal surge model.

Since the inland flood models are deterministic models, probability distributions were not used
parameterizing flood parameters

3. Demonstrate that simulated flood elevation or depth frequencies are consistent
with historical frequencies.

The historical hurricane events calibrations and validations are presented in separated documents.
The results indicate that the simulated flood elevation frequencies are consistent with historical
frequencies.

The comparison of historical observations and corresponding model predicted streamflow is
documented in SE. The values of model performance metrics indicate that model predictions are
consistent with historical streamflow frequencies.
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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) 2006 or later. Use of
alternate datasets shall be justified.

In order to parameterize the land use/cover features of the inland flood models, National Land
Cover Database (NLCD) of 2006 and 2011 have been used. This ist@$adition (30 m)dnd

cover database that covers not only Florida, but also the entire United States. Details of the
parameterization have been désed in GF1, MF2 and HHF1.

B. Treatment of soil effects on inland flooding shall be consistent with current
scientific and technical literature.

Soil and aquifer properties (porosity, saturated hydraulic conductivity, etc.) in the inland flood
models have been incorporated based on the Soil Survey Geographic Database (SSURGO) from
United States Department of Agriculture (USDAgientific and technical literatures were
explored as well. Details of the soil properties estimation have beembgesin GF1, MF2 and

HHF-1.

Disclosures

1. For inland flood analyses associated with riverine and lacustrine flooding,
describe how the rivers, lakes, and associated floodplains are segmented (or
partitioned) in determining the parameters for flood frequency used in the flood
model.

In the inland flood SWMM models, the rivers are represented as a system of connected link
(streams) and nodésonfluence/bifurcation). Lakes which significantly influence the streamflow

of the major rivers within the same drainage network have been taken into account; lake
bathymetry information were collected fro8t. Johns River Water Management District and
Sauth Florida Water Management Distrietowever, the inland flood model does not@unt for
lacustrine flooding.

2. Forinland 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 inland flood models have been segmented based on the USGS hydrologic unit boundary. The
details of the model partitioning and parameterization have been described.iar@RVIF2.
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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 discharges, tides, soil moisture).

Boundary conditions have been introduced into the inland flood mbglehcorporating observed
streamflow time series (upstream boundary condition) and observed water level time series
(downstream boundary condition). No assumptions or calculations were made to apply boundary
conditions in the inland flood models.

4. 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.

DEMs of 10 m spatial resolution have been used to develop the inlaadrflodels. The details

of hydronetwork (e.g., subcatchments, drainage links and nodes) development have been
described in GR.. Since the urban areas (i.e., higher impervious areas) are more prone to flood
hazards, we discretized them into smaller sulhcaénts to provide inland flood model outputs at
finer spatial resolution. Determination of the hydrological and hydraulic characteristics of the
inland flood models have be described in GE and MF2.

5. Describe any assumptions or calculations used in the inland flood model
relating to flood-induced erosion or topographic changes.

In developing the inland flood models, no assumptions or calculations have been considered for
flood-induced eosion or topographic changes.

6. Provide citations to all data sources used to develop and support the land-use
evaluation methodology, including publicly-developed or peer-reviewed
information.

The land use/cover information for the inland flood models were obtained from percent impervious
raster dataset of the Natiorladnd Cover Database (NLCD) for 2006 and 2011 (Fry et al., 2011;
Homer et al., 2015). Based on land use of the subcatchments, overland roughness coefficients and
depression storage depth were incorporated in the models in accordance with the recommended
values mentioned in SWMM Reference Manual Volume |, Hyalygl (Rossman and Huber,

2016).

7. 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.

We used the 30 m NLCD percent impervious surface dataset for 2006 and 2011 in order to
incorporate land use features in the inland flood models. The SSURGO data used for determination
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of soil properties were published for Florida by National Resources Gatiser Service Soils
(USDA, 2018) and the web soil survey details for Florida vaeeglable in 2005 (USDA, 2020).

8. Describe the methodology used to convert LULC information into a spatial
distribution of hydrological parameters, including roughness coefficients,
throughout the flood model domain.

In order to represent an inland basin on SWMM platform, it was divided into various subbasins.
Spatially averaged LULC information for a subbasin was used to determine overland hydrological
parameters suchsaroughness coefficients and depression storage depths in regards to the
recommended values in SWMM reference manBaséman and Huber, 2016

9. 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
percolation rates and soil moisture conditions methodology, including publicly-
developed or peer-reviewed information.

GreenAmpt method was chosen for representing infiltration of water into the soil for the inland
flood models. Main parameters for the Grédanpt method are initial moisture deficit of the soill,
soil 0s saturated hydr aul iatdhe wattingdrant. These infiltrgtion a n d
parameters along with the aquifer parameters (e.g., porosity, wilting point, field capacity, etc.)
were assigned based on soil type data obtained from the SSURGO databaseNRGSBA2015),

SWMM Reference Manual fome |, Hydrology (Rossman and Huber, 2016), and infiltration
parameters reported by Rawls et al. (1983). Details of model development and data sources have
been described in GE and MF2.
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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.

The required database for evaluating the consistency between the obsennaharftbod model
predicted flood depth and exteshiring historicafflood events is not available. Flood depths and
extent generated by inland flood modede been compared with the observed high water marks
during hurricane Jeanii2004) which is the only available locatiespecific historical flood depth
obsenations

B. Methods for deriving flood extent and depth shall be scientifically defensible
and technically sound.

The flood extents and depths have been derived at every 1 km by 1km blocks within the six inland
basins. The predicted flood elevations at subbasiletsuivere interpolated to thebéocks to
compute flood depths.

C. Modeled flood characteristics shall be sufficient for the calculation of flood
damage.

Inland flood damage is estimated by the model predicted flood depthdlabthprone locations.
Disclosures

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 modeling organization may substitute an alternate
historical storm of their choosing. Describe how each substituted storm
provides similar coastal and inland flooding characteristics to the storm being
replaced.

The inland flood models were ld@ated and validated with observed daily mean streamflow in

the major stream reaches within the state of Florida (documented-ir). $fowever, the
appropriate database for investigating the consistency between observed and model predicted flood
depths ad extents during the historical hurricane events is not available. There are only a few high
water mark observations available during hurricane Jeanne (FEMA, 20@5high water mark
observations recorded durihgrricane Jeanrfall within the model pedicted flood extents, which
indicate reasonable prediction of flood exte@s. an average, the observed flood depth during
hurricane Jeanne (2004) was 73 cm, while the modeled average flood depth is 41 cm.
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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 Event Flood Extent and Elevation or Depth
Validation Maps.

The inland flood models have been developed based on the published dathseientific
literatures while followingguidelines in the SWMM Reference Manuab@man 2015Details
of model developmergredocumented in GB, M1, and MF2.

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
United States Geological Survey (USGS) or Florida Water Management District
(FWMD) gauging stations. Provide the rationale for gauging station selections.

The longterm model performance evaluation of gland basins have been documented in the
disclosures of SB. Model performancevas evaluatedy the NaskSutcliffe Efficiency NSB

(Nash and Sutcliffe, 1970) and the ratio of the 1metanrsquare error to the standard deviation of
observations RSR (Moriasi et al, 2007) Similar to coefficient of determinatiorRf), NSE
measuregioodnesof-fit for a hydrological model. To demonstrate how the inland flood models
perform during the historical flood events, the comparison of observed and modelepredict
streamflow in the Hillsboro Canal of Southeast Coasts Basin (SEC) is presented as an example in
theTable29:

Historical Event NSE RSR
Hurricane Katrina (2005) 0.73 0.50
Hurricane Ivan (2004) 0.68 0.56
Hurricane Jeanne (2004) 0.77 0.47
Hurricane Wilma (2004) 0.90 0.31
Tropical Storm Fay (2008) 0.86 0.37
Unnamed Storm (May 2009) 0.95 0.24
Unnamed Storm (July 2013) 0.77 0.47
Hurricane Dennis (2005) 0.96 0.20

Table 29. Model performance statistics during historical flood events

4. ldentify all hydrological and hydraulic variables that affect the flood extent,
elevation, depth, and other flood characteristics.

The dominant hydrologic arftydraulic variables that affect the flood characteristics include:
1 subcatchment width,
1 watershed slope
1 saturated hydraulic conductivity
1 overland roughness
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1 channel roughness

The details of parameterization and data sources are documented jiMEH, and MF2.

5. For inland flood modeling, describe if and how the flood model accounts for
flood velocity, flood duration, flood-induced erosion, floodborne debris, and
contaminated floodwaters.

Flood damage caused by inland flooding is computed from mod#tfee flood depths at policy
locations. Flood velocity, duration, flood induced erosion, etc. are not considered for estimation of
the inland flood damage.

6. Describe the effect of any assumptions or calculations relating to initial and
boundary conditions on the flood characteristics.

Boundary conditions have been introduced into the inland flood models by incorporating observed
streamflow time series (upstream boundary condition) and observed water level time series
(downstream boundary conditiodo assimptions or calculations were made to apply boundary
conditionsin the inland flood models (documented in HH}

7. Describe and justify the appropriateness of the databases and methods used
for the calibration and validation of flood extent and elevation or depth.

The appropriate database for calibrating and validating the flood extent and depth for the storms
listed in the Form HHA is not available. The inland flood model predicted flood outputs were
evaluated based on a few high water mark observadiomsg hurricane Jeanne that occurred on
2004.

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.

Similar approach is adopted to computefiaepths for stochastic and historical floods.

9. 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 [insert
hyperlink here].

SeeFormHHF-1.

10.Provide a completed Form HHF-4, Inland Flood Characteristics by Annual
Exceedance Probability. Provide a link to the location of the form [insert
hyperlink here].
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SeeForm HHF4.
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HHF-3 Modeling of Major Flood Control Measures

A.The fl ood model 6s treat ment of ma jtheir fl oo

performance shall be consistent with available information and current state-of-
the-science.

We have incorporated sevefmod control measures in the inland flood models. Information of
these control structures required to be included in the models were collecteS8dutimFlorida
Water Management District (SFWMDlist of the flood control measures and the methodology
of incorporating them have been included in the disclosures of this standard.

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.

Structural information of the flood control measures and time series of thetinmeajate opening
information were obtained from SFWMD and they were included in the inland flood models in
reference to user manual of EPA SW\b.1 (Rossman, 2015

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.

In order to simulate the effects of potential failure of flood control measures in the inland flood
models, full failure of these control structures were assumed.

Purpose: Major flood control measures are those measures undertaken outside the building
footprint and on a larger scale, to reduce the presence, depth or energy of flow or waves that affect
personal residential structures. The presence of major flood control measures can reduce the flood
damage to buildings. The failure of major flood contrelsures during a flooding event can cause
damage to buildings equal to or in excess of the damage that would occur if the measures were not
present. The evaluation of impacts of major flood control measures may include, but not be limited
to, considering dms, levees, and floodwalls, and the associated location, dimensions, strength,
and performance thereof.

Relevant-orm: GF3, Hydrological and Hydraulic Flood Standards Expert Certification
Disclosures

1. List the major flood control measures incorporated in the flood model and the
sources of all data employed.

We incorporated several major flood control structures in the inland flood mddsddte G0).
Structural information (e.g., number of gates, gate size, etc.) of these structures along with their
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real time gate opening data were collected from DBHYDRO, ther@mental database of
SFWMD.

Control Type Location Watershed Data Source
Structure
ID
S65 Spillway Canal G38 at Lake Kissimmee River Basin SFWMD
Kissimmee

S61 Spillway Canal G35 at Lake Kissimmee River Basin SFWMD
Tohopekaliga

S68 Spillway Canal G41A at Lake Kissimmee River Basin SFWMD

Istokpoga

S67 Spillway Lake Istokpoga canal Kissimmee River Basin SFWMD

S-65E Spillway Canal G38 at Lake Kissimmee River Basin SFWMD
Okeechobee

S84 Spillway Canal C41A at Lake Kissimmee River Basin SFWMD
Okeechobee

S49 Spillway C-24 Canal Southeast Coasts Basin  SFWMD

S46 Spillway Loxahatchee Slough Southeast Coasts Basin  SFWMD

Canal

S-155 Spillway  West Palm Beach Cane  Southeast Coasts Basin SFWMD

G-56 Spillway Hillsboro Canal Southeast Coasts Basin  SFWMD

G-54 Spillway  North New River Canal  Southeast Coasts Basin SFWMD

S-26 Spillway Miami River Southeast Coasts Basin  SFWMD

Table 30. Flood control structures incorporated in the inland flood models

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.

The control structures incorporated in the inland flood models are spillways (Table 1). Structural
information (e.g., number of gates, gate size, crest elevation, etc.) hticheegate opening data

of these structures were collected from the DBHYDRO database of SFWMD. In reference to the

user manual of EPA SWMM 5.1 (Rossman, 2015), the gate opening information were incorporated

as Ofraction openo6 pverigateheightim thetmodels. dliesedl@d eantrolp e n i
measures can be set off, i.e., gates of the control structures can be kept fully open by setting the
value of o6éfracti on -zoepreon 6v aelquueasl (tloe sls. tChtahne rl )n oc
that the gates are partially open, i.e., the flood control measures have been set on; Zero values of
6fract i omsthe gaeesade futheclased.

3. Describe if and how major flood control measures that require human
intervention are incorporated into the flood model.

Operation of most of the control structures included in the inland flood models are automatically
controlled. There are a few structures that require manual operations. As previously mentioned,
we incorporated real time gate opening infoliorafor these controls structures which took care

of therequired human interventions.
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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 order to account for potential failure of the flood control measures in the inland flood model,
the control structures were turned off, i.e., unrestrained open channel flows were simulated. We,
therefore, assumeifdll failure of the flood control measures and the leviefailure cannot be
adjusted.

5. Provide an example of the flood extent and elevation or depth showing the
potential impact of a major flood control measure failure.

We are in the process of modelitige impact of failure of a major flood control measure in the
Southeast Coasts Basin. The flood depth and extent maps under potential failure of the control
strudure will be addressed later.
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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.

The terrain roughness impedes the passage of overland flow. Therefore, a location with higher
terrain roughness will slow down the movement of overland flow allowing more water to
accumulate over the ground surface. Thus if all other factors are held constant, the water surface
elevation over the ground surface will increase with theegse in teain roughness.

B. Rate of discharge shall increase with increase in steepness in the topography,
all other factors held constant.

For the inland flood models the stream discharge increases as the steepness of the topography
(watershed slope) aneases.

C. Inland flood extent and depth associated with riverine and lacustrine flooding
shall increase with increasing discharge, all other factors held constant.

With the increasing discharge while all other factors are held constant, the volume of water will
increase in the streams. The additional volume of water will increase water depth in the channels.
Therefore increased discharge enhances the likelihood of stream overflowing and the
corresponding enlargement of flooding extent.

D. The coincidence of storm tide and inland flooding shall not decrease the flood
extent and depth, all other factors held constant.

In case of coincidence of inland and coastal flood at a location, the maximum inundation depth
will be considered to estimate flood damage. Therefore aifithflooding and storm tide -@mcur,
flooding extent and depth will not decrease assuming all other factors are held constant.

Disclosures

1. Provide a sample graph of water surface elevation and discharge versus time
associated with inland flooding for modeling-organization-defined locations
within each region in Florida identified in Figure 115 Discuss how the flood
characteristics exhibit logical relationships.

The sample graphs of water surface elevation and discharge versus timeach region is given
below:
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Figure 43. Sample plot of water surface elevation and discharge versus time in Broward County
within Southeast Horida region.
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Figure 44. Sample plot of water surface elevation and discharge versus time in Brevard County
within East Florida region.
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Figure 45. Sample plot of water surface elevation and dischargesrsus time in Duval County within
North Florida region.
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Figure 46. Sample plot of water surface elevation and discharge versus time in Hillsborough
County within Southwest Florida region
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Figure 47. Sample plot of water surface elevation and discharge versus time in Leon County within
Panhandle region

The plots of water surface elevation and discharge versus time exhibit the increasing nature of
water surface elevation with increasing stream discharge. Therefore, the inland flood model
predicted flooding depth and extent will increase i increasig river discharge.

2. Describe the analysis performed in order to demonstrate the logical
relationships in this standard.

In SWMM model, a subcatchment is conceptualized as a rectangular surface having a uniform
slope S and a widtW draining to a single clmael outlet (Rossman and Huber, 2016). Assuming
flow across the subcatchment surface behaves like uniform flow within a rectangular channel,
volumetric flow rateQ (cms) is computed as:

0 gz YO Y p

where

n = roughness coefficient

S= average slope of subcatchment
Ac= subcatchment area

R« = hydraulic radius

Equation 1 implies that the discharge will increase with increasing steepness (i.e., slope) of the
overland surface.
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STATISTICAL FLOOD STANDARDS

SF-1 Modeled Results and Goodness-of-Fit

A. The use of historical data in developing the flood model shall be supported by
rigorous methods published in current scientific and technical literature.

B. Modeled results and historical observations shall reflect statistical agreement
using current scientific and statistical methods for the academic disciplines
appropriate for the various flood model components or characteristics.

Disclosures

1. Provide a completed Form SF-1, Distributions of Stochastic Flood Parameters
(Coastal, Inland). Identify the form of the probability distributions used for each
function or variable, if applicable. Identify statistical techniques used for
estimation and the specific goodness-of-fit evaluations applied along with
appropriate metrics. Describe whether the fitted distributions provide a
reasonable agreement with available historical data. Provide a link to the
location of the form [insert hyperlink here].

The inland flood models are mechanistic and deterministic in nature whiclbeenaleveloped
using the EPA Storm Water Management Model (SWMM) 5.1 (Rossman, 2015). Therefore, no
probability distributions were fitted to any varialdjgmametersThe models were calibrated and
validated with daily mean observed streamflow at nebshe major streams acroee state of
Florida. Model performance evaluations were done by the-Sastliffe Efficiency NSB (Nash

and Sutcliffe, 1970) and the ratio of the rootansquare error to the standard deviation of
observationsRSR. Similar tocoefficient of determinatiorRE), NSEmeasuregoodnesf-fit for

a hydrological modeNSEwas computed as:

- N
a izl(Yi,obs - Yi,r‘r‘on:i)2
N

é. i=1 (Yi|obs - Ymeanobs) 2

NSE=1-

whereN is the total number of observation$modandYiopsare thei-th model prediction and the
corresponding obseation, respectively; an¥meanoss is the mean of all observatioldSE= 1.0
indicates a perfect model that h@aedictions exactly matching with the respective observations.
NSE< 0O indicates a model that is a worse predictor than the mean of all observations as an
alternative modelAs per Moriasi et al. (2007NSE= 0.751.00for a very good modeNSE=
0.650.75for a good model; anNSE= 0.500.65for a satisfactory modeRSRis an error index
statistics which was computed as:
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e VAL s - Vi) /N
sobs
whereN is the total number of observationémodandYicbsare thei-th model prediction and the
corresponding observation, respectivelydlobsis the standard deviation of observations. As per
Moriasi et al. (2007)RSR= 0.000.50 for a very good modeRSR= 0.560.60 for a good model;
andRSR= 0.600.70 for a satisfactory model.

Link to Form SF1.

2. Provide the date of loss of the insurance claims data used for validation and
verification of the flood model.

Thevalidationof the flood modeis based on the 2004 hurricanes and the 2004 NFIP PR exposure
data.

3. Provide an assessment of uncertainty in flood probable maximum loss levels
and in flood loss costs for flood output ranges using confidence intervals or
other scientific characterizations of uncertainty.

While the model does not automatically produce confidence intervals for the output raages, th
data do allow for the calculation of confidence intervals. We calculated the mean and the standard
deviation of the losses feach zoneand it was found that trstandard errors were within 5% of

the means for all zones but zone numbenX@ also calglated the coefficient of variation (CV)

for all zonesand drew a histogram which is providedRigure48. The ange of the CVs was
between 2.26 and 13.1bkinally, wecomputed 95% confidence intervals for the average loss for
eachzoneare reproduceah Table31.
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Figure 48. Histogram of CVs for all zones combined.

Zone Zone Name Average Loss Stdev_Loss LCL UCL

1 Pensacola 2807002.75 20705144.00 2625514.16 2988491.34
2 Navarre 2881344.00 22982098.00 2679897.03 3082790.97
3 Ft Walton Beach 4334651.50 38455812.00 3997571.45 4671731.55
4 Grayton Beach 3670693.25 27213548.00 3432155.98 3909230.52
5 Panama City Beach| 8605574.00 58600044.00 8091921.97 9119226.03
6 Mexico Beach 996209.44 8768097.00 919353.68 1073065.20
7 Carrabelle 2182019.00 11793354.00 2078645.69 2285392.31
8 St Marks 1772279.75 7535590.00 1706227.39 1838332.11
9 Steinhatchee 696801.19 1853575.88 680553.88 713048.50

10 Cedar Key 1158911.63 5806981.00 1108011.19 1209812.06
11 Hernando Beach 14268905.00| 72242064.00 13635675.39 14902134.61
12 Clearwater 73362352.00| 361482400.00 70193819.06 76530884.94
13 Sarasota 17595240.00| 95342440.00 16759526.67 18430953.33
14 Port Charlotte 5466171.00 59378388.00 4945696.48 5986645.52
15 Cape Coral 22081056.00| 147291520.00 20789988.90 23372123.10
16 Naples 9715971.00 77756984.00 9034400.98 10397541.02
17 Key West 18706054.00| 69497808.00 18096878.85 19315229.15
18 Key Largo 18658510.00| 46307284.00 18252608.76 19064411.24
19 Homestead 7258848.50 95446080.00 6422226.72 8095470.28
20 Miami 15252093.00| 77403904.00 14573617.87 15930568.13
21 Ft Lauderdale 6831347.50 18792946.00 6666620.07 6996074.93
22 Delray Beach 2144246.50 5768874.00 2093680.09 2194812.91
23 N Palm Beach 2113020.25 6241800.00 2058308.46 2167732.04
24 Stuart 3121143.50 8722741.00 3044685.30 3197601.70
25 Vero Beach 13302215.00| 39736452.00 12953909.64 13650520.36
26 Melbourne 56096964.00| 126897272.00 54984660.37 57209267.63

FPFLM V1.0 Feb. 29, 2020

162




27 Titusville 2570429.50 7327068.50 2506204.91 2634654.09
28 New Smyrna Beach| 12687268.00| 35145776.00 12379201.69 12995334.31
29 St Augustine Beach| 17132226.00| 52388148.00 16673023.64 17591428.36
30 Atlantic Beach 24370284.00| 65827172.00 23793283.40 24947284.60
Table 31. 95% Confidence intervals for mean loss for all zones(based on 50,000) year simulation.

As far as uncertainties for probable maximum loss, we usgd¢hese the welknown result from
nonparametric statistics (see Sectio 8f Practical Nonparametric Statistics by WJ Conover)
that for any 1 O | O N, the probability that

J 1 |

P(PMLy < Xg) = % p'(1- p)™

Here PMLp refers to the probable maximum loss corresponding to the pth percentile (return period

The above implies that for some r < s O N,

p(X(r) < PMLp <)§s))
=p(PML, <Xy) #PML, X,)

staN § "L Na O ,
4% BA-D A wE o
':1§ + 2l ¢c =
»taN g N-i
=He BL-PY 895
|r§ -

Hence to construct an exactg)100% confidence interval for PMLwe need to find r and s with
r <s (done through a numerical search) such that

St N! ~ :
a————p'(1- p)*'
i W(N-1)! .

If the solution from the computer search is not unique, the pair of r and s that minimises s
selected to give the narrowest interval.

However for large samples, approximate 95% confidence interval of AMbiven by (%, Xs)
using a binomial approxinian. The large sample approximation assumes normality to obtain r

and s as
r =Np -1.96<ﬁpﬁ P)
s=Np -LLQGUEﬁT E0)
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Since for our modeled losses, we use 50,000 simulation years, we can easily use the binomial

approximation and compute confidence intervals for prigbabaximum loss. Applying the
approximation to the PML values for the estimated flood loss data in Forfly ®E obtain
confidence intervals for the PML values as shownhahle32.

Return Probability of Loyve.r Confidence Upper Confidence Limit
Period Estimated PML Limit for PML for PML
(Years) Exceedance
Top Event NA $23,111,003,598 NA NA
10000 0.01% $12,919,512,938 $10584208352 $16951885209
5000 0.02% $10,584,208,352 $9270771929 $12919512938
2000 0.05% $8,230,378,121 $6974483560 $9808060850
1000 0.10% $6,231,934,694 $5640278641 $6914143147
500 0.20% $4,675,158,380 $4257942187 $5131864687
250 0.40% $3,369,852,487 $3040190140 $3629444795
100 1.00% $1,946,091,874 $1871258702 $2066301116
50 2.00% $1,316,941,577 $1277204547 $1366749173
20 5.00% $790,411,775 $771982988 $805465369
10 10.00% $535,246,191 $526381889 $545331325
5 20.00% $283,298,648 $278370726 $289478630

Table 32. Confidence Intervals for PML values

4. Justify any differences between the historical and modeled results using
current scientific and statistical methods in the appropriate disciplines.

As per Moriasi et ali2007),NSE= 0.751.00for a very good modeNSE= 0.650.75for a good
model; andNSE = 0.500.65 for a satisfactory modeMoriasi et al. (2007hlso outlined the
recommended RSR values for model performance evalu&®R= 0.000.50 for a very good
model;RSR= 0.560.60 for a good model; arRISR= 0.600.70 for a satisfactory moddtor the
six inland flood modelsNSE and RSRranged between 0.6296 and 0.20.61, respectively
(Table33-Table38). These metrics values are confirmatory of good prediction performance of the

inland flood models.

Station Calibration Validation NSE RSR
period period Calibration Validatio Calibration Validation
n
C-24 Canal at 01/01/2006 01/01/2009 0.93 0.93 0.27 0.27
spillway S49 12/31/2008 12/31/2013
Loxahatchee Slougl 01/01/2004 01/01/2009 0.79 0.84 0.46 0.40
Canal 12/31/2008 12/31/2013
at spillway S46
West Palm Beach 01/01/2005 01/01/2009 0.79 0.85 0.46 0.39
Canal 12/31/2008 12/31/2013

at spillway S155
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Hillsboro Canal 01/01/2004

01/01/2009 0.76 0.82 0.49 0.42
at spillway G56 12/31/2008 12/31/2013
North New River  01/01/2004 01/01/2009 0.89 0.80 0.32 0.45
Canal 12/31/2008 12/31/2013
at spillwayG54
Miami River at 01/01/2006 01/01/2009 0.84 0.75 0.40 0.50
spillway S26 12/09/2008 10/03/2011

Table 33. Model performance statistics for the Southeast Coasts (SEBpgsin.

Station

Calibration  Validation NSE RSR
period period Calibration Validatio Calibration Validation
n

Myakka River 01/01/2004 01/01/2010 0.69 0.7 0.55 0.55
12/31/2009 12/31/2014

Peace River 01/01/2004 01/01/2010 0.83 0.86 0.41 0.37
12/31/2009 12/31/2014

Withlacoochee River 01/01/2004 01/01/2010 0.82 0.65 0.48 0.58
12/31/2009 12/31/2014

Hillsborough River 01/01/2004 01/01/2010 0.7 0.83 0.55 0.41
12/31/2009 12/31/2014

Alafia River 01/01/2004 01/01/2010 0.72 0.76 0.49 0.47
12/31/2009 12/31/2014

Little Manatee River 01/01/2004 01/01/2010 0.68 0.80 0.56 0.45
12/31/2009 12/31/2014

Table 34. Model performance statistics for the Southwest Florida (SWF) Basin

Station Calibration Validation NSE RSR
period period Calibration Validatio Calibration Validation
n

St. Johns River near 01/01/2004 01/01/2009 0.78 0.66 0.47 0.58
Melbourne 12/31/2008 12/31/2013

St. Johns River near 01/01/2004 01/01/2009 0.78 0.62 0.47 0.61
DeLand 12/31/2008 12/31/2013

St. Johns River near 01/01/2004 01/01/2009 0.69 0.67 0.56 0.57
Satsuma 12/31/2008 12/31/2013

St. Johns River at  01/01/2004 01/01/2009 0.78 0.7 0.46 0.54
Jacksonville 12/31/2008 12/31/2013

Table 35. Model performance gatistics for the St. Johns River(SJN) Basin

Station Calibration Validation NSE RSR
period period Calibration Validatio Calibration Validation
n
Escambia River 10/01/2012 10/01/2014 0.91 0.96 0.3 0.2
09/30/2014 09/30/2016
Apalachicola River 01/01/2009 01/01/2012 0.94 0.89 0.25 0.33
12/31/2010 12/31/2013
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Oclocknee River 01/01/2009 01/01/2013 0.88 0.88 0.44 0.45
12/31/2010 12/31/2014

Chochtawhatchee 01/01/2009 01/01/2011 0.94 0.86 0.25 0.37
River 12/31/2010 12/31/2012

Table 36. Model performance statistics for the Northwest Florida (NWF) Basin

Station Calibration  Validation NSE RSR
period period Calibration Validatio Calibration Validation
n
Confluence of three 01/01/2004 01/01/2006 0.93 0.92 0.26 0.26
Rivers 12/31/2005 12/31/2007
Outlet of Suwannee 01/01/2004 01/01/2006 0.8 0.92 0.45 0.26
River 12/31/2005 12/31/2007

Table 37. Model performance statistics for the Suwannee River (SWN) Basin

Station Calibration  Validation NSE RSR
period period Calibration Validatio Calibration Validation
n
Shingle Creek at 1/1/2004 01/01/2009 0.71 0.74 0.54 0.51
Campbell 12/31/2008 12/31/2013
Reedy Creek near 1/1/2004  01/01/2009 0.76 0.71 0.49 0.53
Loughman 12/31/2008 12/31/2013
Arbuckle Creek near 1/1/2004  01/01/2009 0.71 0.73 0.53 0.51
De SotoCity 12/31/2008 12/31/2013
Kissimmee River 1/1/2004 01/01/2009 0.8 0.74 0.44 0.51
near Basinger 12/31/2008 12/31/2013
Fisheating Creek at 1/1/2004  01/01/2009 0.74 0.7 0.53 0.55
Palmade 12/31/2008 12/31/2013

Table 38. Model performance statistics for the Kissimmee River (KIS) Basin

5. Provide graphical comparisons of modeled and historical data and goodness-
of-fit evaluations. Examples to include are flood frequencies, flow, elevations or
depths, and available damage.

Theinland floodmodels were calibrated and validated with daily mean observed streaatflow
manymajor streams of the state of Floriiagure49andFigure50depict comparisons of modeled

vs. observed streamflow during model calibration and validation for the Southeast Coasts (SEC)
Basin ofsoutheast Floria Table 33-Table 38 outlined mode performance evaluation statistics

(NSEandRSR for all of the six inland flood models in the State of Florida.
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Figure 49. Comparison of observed and modeled daily mean streamflow during model calibration
for the Southeast Coasts (SEC) Basin
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Figure 50. Comparison of observed and modeled daily mean streamflow during model validation
for the Southeast Coasts (SEC) Basin

In addition to running validation studies on the inland flood model we also ran some validation
studes using storm surge modeling. This was done by considering a calibration study of the
modeled storm surge with the historical storm surge. A totalset of basinwereestablished for
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the storm surge calibration of historical hurricanes, coveringkiode coastal area of Floridhe
basins are as follows:

Apalachicola Bay basin, AP8, covering the northwest Florida coastal area;
Tampa Bay basin, TP3, covering the west Florida coastal area;

South Florida basin, HMI41, covering the south Floddastal area with Florida Keys;
Florida Atlantic basin, EJX7, covering the east Florida coastal area.

PwpnPE

We chose the basins as they all have alrbaéy calibrated for several historical hurricanes using
H*Wind model The historical hurricanes selected tbe FPFLM-CEST validation are Andrew
(1992), Frances (2004), Ivan (2004), Jeanne (2004), Katrina (2005), Wilma (2005), and also
tropical storm Fay (2008)The storm surge calibration of historical hurricamesnpares the
observed and the computeétigh Water Marks (HWMs) Figure 51 depicts the satter plot of
observedtHWMs versus simulated ondsr Hurricane Andrevat HMI41 Basin withH*Wind. In
addition to the HWMSs, théme series of water level elevations recordedea¢iml NOAA tidal
gaugescoasts wereselected for modelata comparisanFigure 52 depicts the graphical
comparisondr Hurricane Jeanne 20@4 TP3 Basin andiMI41 Basin Other results and figures

can be found ifrorm HHF1.

Andrew High Water Mark
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Figure 51. Scatter plots of observed peak surge heights versus simulatexes for Hurricane
Andrew (HMI41 Basin with H*Wind). The purple solid line represents perfect simulations and the
green dashed lines represent the boundaries of perfect simulations*(100+£20)%. Both the computed

and the observed peak surge heights are refareed to the NAVD88 vertical datum.
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Figure 52. Comparison between the measured and the computed water levels at the NOAA stations

during Hurricane Jeanne 2004: (A) TP3 Basin and (B) HMI41 Basin.
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6. Provide acompleted Form SF-2, Examples of Flood Loss Exceedance Estimates
(Coastal and Inland Combined). Provide a link to the location of the form [insert
hyperlink here].

Link to Form SF2.
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SF-2 Sensitivity Analysis for Flood Model Output

The modeling organization shall have assessed the sensitivity of temporal and
spatial outputs with respect to the simultaneous variation of input variables using
current scientific and statistical methods in the appropriate disciplines and shall
have taken appropriate action.

Disclosures

1. Identify the most sensitive aspects of the flood model and the basis for making
this determination.

We computed monthly and annual runoff sensitivities for the Southeast Coasts Basin of southeast
Florida, as an example, tdentify themost sensitive aspects of inland flood mod&tference
percent changes were applied to rainfall, potential evapotranspiration (PET), and imperviousness
for the baseline 1§ear period of 2002013 in this concern. These variables and paramniet

the sensitivity analyses were chosen with reference to findings of Azitnbnd AFAmin (2015)

on Miami River Basin in southeast Florida. The reference change scenarios were formed based on
the potential future changes in climate and percent wvipes surfaceThe baseline values for
rainfall, PET, and imperviousness were perturbed #80rto +30% (with an increment of 5%) to
address the overall range of anticipated changes in climate and land cover. Runoff percent changes
were computed for botindividual (oneatatime) and concurrent (twat-a-time) changes in
rainfall, PET, and imperviousness.

The 10year mean monthly runoffs in the Southeast Coasts Basin showed notably different
sensitivities in response to standaled@ to +30% changein rainfall. Hgher runoff sensitivities

(-52 to +6P6 changesyvere witnessed durinfpe wet seasomonths, i.e., Jun8eptember due to
substantially high rainfall depth and increased number of rainfall evRat®ff sensitivities to
rainfall weresubsantially lower in the dry seasofNovemberApril) thanthat inthe wet season

with -46 to +59% changes. Annul basin runoff varied fref8 to +59% under30 to +30%
changes in rainfall. Individual changes in PETF3if to +30% also produced higher monthlgoff
sensitivities of-16 to +27%in the wet seasothan the dry season. For the dry season months,
runoff sensitivity to changing PET ranged frefi® to +18%. Annul basin runoff sensitivities to
changing PET were +20 t42%. Monthly runoff sensitivitie to imperviousness were higher in

the dry season than that in the wet season. Subje80tto +30% changes in imperviousness,
monthly runoff during dry season months varied fr@nto +26%; wet season runoff sensitivities
ranged from-17 to +17%. Annuarunoff sensitivities to changing imperviousness wdr@ to

+16%. Therefore, the individual sensitivity results clearly represent rainfall as the most dominant
driver of inland flood model outputs, i.e., flood depths.

2. ldentify other input variables that impact the magnitude of the output when the
input variables are varied simultaneously. Describe the degree to which these
sensitivities affect output results and illustrate with an example.
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As mentioned in disclosure 1, we also quantified rursghsitivities under simultaneously
changing climate and land cover in the Southeast Coasts Basin. Concurrent changes in these
drivers producedtsonger na-linear responses of annual basin rurtbén the linear summation

of their standalonendividual impacts. For examplayhen impacts of standalone +30% changes

in rainfall and imperviousness (runoff increase of 58% and 17% respectively) were summed, it
was 5% points higher than the impact of simultaneous and similar changes in these variables on
annual rmoff. Concurrent 30% increase in rainfall and 30% decrease in pt&duced the
maximum increase in annual basin runoff of 85%, which was 6% points higher than the algebraic
summation of their standalone individual contributions. However, in case of swealis PET
imperviousness changes, the runoff responses were almost identical to their aggregated, isolated
impacts. Therefore, undeynergiceffects of concurrently changing rainf®ET and rainfal
imperviousness, stronger ninear responses of thelamd flood nodel are generally anticipated.

3. Describe how other aspects of the flood model may have a significant impact
on the sensitivities in output results and the basis for making this determination.

Based on the sensitivity results for the South€asists Basin (disclosure 1), as an example, PET
and imperviousness may also have a controlling impact on sensitivity of the inland flood model
outputs.

4. Describe and justify action or inaction as a result of the sensitivity analyses
performed

Sensitivityanalyses for rainfall, PET, and imperviousness for the Southeast Coasts Basin, as an
example, helped to understand the relative role of these crucial drivers on inland flood model
response. For the other five inland basins, due considerations were gidata icollection for

these variables and parameter since they can signtlficaffect the model outputs.
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SF-3 Uncertainty Analysis for Flood Model Output

The modeling organization shall have performed an uncertainty analysis on the
temporal and spatial outputs of the flood model using current scientific and
statistical methods in the appropriate disciplines and shall have taken appropriate
action. The analysis shall identify and quantify the extent that input variables
impact the uncertainty in flood model output as the input variables are
simultaneously varied.

Disclosures

1. Identify the major contributors to the uncertainty in flood model outputs and the
basis for making this determination. Provide a full discussion of the degree to
which these uncertainties affect output results and illustrate with an example.

Uncertainty in a dataset can be quantified based on its coefficient of variation (ratio of standard
deviation over mean) and relative standard error (ratio of coefficient of variation oxage sqot

of sample size). Table 1 summarizes mean, standard deviation, coefficient of variation, standard
error (ratio of standard deviation over square root of sample size), and relative standard error of
subbasirscale major variables/parameters andfif.e., flood depth) for inland flood model in

the Southeast Coasts Basin, as an example. The major contributors of uncertainty in model output
are saturated hydraulic conductivity of soil, percent imperviousness, subbasin slope, and
groundwater exchamgcoefficient Al). For these parameters, coefficient of variation and relative
standard error ranged between 38.2 to 84.9%, and 2.1 to 4.7%, respectively. Uncertainty in these
parameters resulted in coefficient of variation and relative standard eri@B%fand 4.1%,
respectively, for subbasscale 18year mean annual runoff volume during 2€2B1.3.

Paraneter/Variable Mean Standard Coefficient Standard  Rdative

deviation of variation error standard
(%) error (%)

Roughness coefficient o 0.02 2.1310° 13.01 1.1310* 0.71

impenioussubarea

Roughness coefficient o 0.13 0.04 31.05 2.310°8 1.70

penious subarea

Depression storage dep 2.08 0.29 13.89 0.02 0.76

of impenious subaree

(mm)

Depression storage dep 5.80 1.16 19.98 0.06 1.09

of penious subarea (mm

Saturated hydraulic 10.30 3.93 38.18 0.22 2.09

conductivity (mm/hr)

Imperviousness (%) 27.09 17.23 63.61 0.94 3.49

Subbasinlepe (%) 1.10 0.94 84.90 0.05 4.65

Soil porosity 0.46 0.02 3.77 9.5 10* 0.21

Groundwater exchang 0.01 0.01 47.39 3.310% 2.60

coefficient, Al
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Mean annual rainfall 1346.41 129.50 9.62 7.10 0.53
depth (mm)

Mean annual runofi 5477023.58 4109577.69 75.03 225203.47 4.11
volume (nf)

Table 39. Summary statistics for subbasirscalemajor parameters, forcing variable, and model
output in the Southeast Coasts (SEC) Basin

2. Describe how other aspects of the flood model may have a significant impact
on the uncertainties in output results and the basis for making this
determination.

For the Southeast Coasts Basin, as an example, other subbaknvariable/parameters that
contributed to uncertainty in inland flood model output are roughness coefficients (for pervious
and impervious subarea), depression storage depths (for perviouserdiaus subarea), soil
porosity, and 1§ear mean annual rainfall for 20@013. For these parameters and variable,
coefficient of variation and relative standard error ranged between 3.8 to 2hd%.2 to 1.7%,
respectively.

3. Describe and justify action or inaction as a result of the uncertainty analyses
performed.

Identification of the major and minor contributors of uncertainty in the inland flood model for the
Southeast Coasts Basin, as an example, also aided in parameterization for differemssubbas
across the five other inland basins. Due considerations were given to conceptualization of the local
hydrological settings and availing of appropriate data sources, while incorporating those
parameters and variable to inland flood mddekhe five bains.
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SF-4 Flood Model Loss Cost Convergence by Geographic Zone

At a modeling-organization-determined level of aggregation utilizing a minimum of
30 geographic zones encompassing the entire state, the contribution to the error
in flood loss cost estimates attributable to the sampling process shall be negligible
for the modeled coastal and inland flooding combined.

The error in the zone level loss costs induced by the sampling process can be quantified by
computing standard errors for the zone level loss costs. These loss costs have been computed for
30 zones in the state of Florida using 50,000 years of simuldtf@nresults indicate that the
standard errors are less than 5% of the average loss cost estimatesdioe2dd less than 6%

for one of thezones

Disclosures

1. Describe the sampling plan used to obtain the average annual flood loss costs
and flood output ranges. For a direct Monte Carlo simulation, indicate steps
taken to determine sample size. For an importance sampling design or other
sampling scheme, describe the underpinnings of the design and how it
achieves the required performance.

Our aim was to&hieve convergence using 30 geographic zones. Geographic zones for the model
were defined by a selection of coastal locations along the Florida coast. Each zone was determined
by proximity to a specified coastal location. A policy was determined to deame if the policy

was closer to the specified zone coastal location than any other zonal coastal location. The basic
procedure to determine the zone for a given policy was to loop through all of the specified zone
locations and choose the one that wasest by distance.

Once we determined the zones, the number of simulation years was determined through the
following process:

The average loss due to fload, and standard deviatiod®, were determined for each zoMe
using an initial run of 10,069ear simulation. Then the maximum error of the estimate will be 5%
of the estimated mean loss cost, if the number of simulation years for dbisnty

y
81 ©

Based on the initial 10,06¢ear simulation run, theninimum number of years required M =

72,540

for Zone 19, which had the highest number of years required of all the zones. However using
72,540 years significantly increases the computational time required to run the model. As a result,
the team membrs decided that it was best to use 50,000 years to generate losses as this keeps the
computational time reasonable and the standard errors for all but one zone are less than 5% of the

FPFLM V1.0 Feb. 29, 2020

176



estimated mean loss. Even for the zone 19, the standard error is 388eesfimated mean loss
which is not significantly higher than 5%.

2. Describe the nature and results of the convergence tests performed to validate
the expected flood loss projections generated. If a set of simulated flood events
or simulation trials was used to determine these flood loss projections, specify
the convergence tests that were used and the results. Specify the number of
flood events or trials that were used.

Losses were generated for 50,000 for each zone and the afieant the standard deviatiotY
of these losses were computed. The standard error was then comp&ﬁeﬁ:&ﬁor each zone

and verified to be within 5% of the mean for all zones except for zone 19 where it is found to be
5.9% of the mean loss
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SF-5 Replication of Known Flood Losses

The flood model shall estimate incurred flood losses in an unbiased manner on a
sufficient body of past flood events, including the most current data available to
the modeling organization. This standard applies to personal residential exposures.
The replications shall be produced on an objective body of flood loss data by
county or an appropriate level of geographic detail.

Due to the lack of a sufficient body of claims dataffood losses, extensive statistical testsre
not conducted to validate the model losses. A tabular comparison of the modeled véloactual
insured loss costsill be provided.

Disclosure

1. Describe the nature and results of the analyses performed to validate the flood
loss projections generated for personal residential losses. Include analyses for
the events listed in Form HHF-1, Historical Event Flood Extent and Elevation or
Depth Validation Maps.

Will be provided.
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VULNERABILITY FLOOD STANDARDS

VF-1 Derivation of Personal Residential Structure Flood Vulnerability
Functions

A. Development of the personal residential structure flood vulnerability functions
shall be based on two or more of the following: (1) rational structural analysis,
(2) post-event site investigations, (3) technical literature, (4) expert opinion, (5)
laboratory or field testing, and (6) insurance claims data. Personal residential
structure flood vulnerability functions shall be supported by historical and other
relevant data.

The development of the coastal flood vuliglites is based on a serangineering approach,

which translates empirical tsunami fragility functions into coastal flood fragility functions, based
on engineering principles. The coastal flood fragility functions translate into coastal flood
vulnerabilty functions for different types of residential structures common in the state of Florida.
The characterization of the damage states corresponding to each fragility function, based on a
detailed cost analysis provides the basis for the translation trathkties into vulnerabilities.

The inland flood vulnerabilities are derived from the work of the US Army Corp of Engineers
(USACE) vulnerability curves, based on expert opinion.

Claims data and expérased models validated both tlmastal and iland flood models.

B. The derivation of personal residential structure flood vulnerability functions and
their associated uncertainties shall be theoretically sound and consistent with
fundamental engineering principles.

The conversion of the fragility funcins from tsunami to coastal flood relies on the calculation of
the different inundation depths that produce equivalent viatees. The forces considered are the
resultant lateral horizontal forces acting on the vertical walls of the structures. Beghribmi

and the coastal flood water degthrce relationships needed for the development of the coastal
flood fragility functions were adopted from welicognized engineering literature.

Uncertainties in the derivation of the tsunami fragility functiosed in the derivation result from

the empirical development of these functions. The tsunami fragility uncertainties transfer to the
coastal flood fragility curves. ThEPFLM team estimated these uncertainties involved in the
conversion from coastal flood fragility curves to coastal flood vulnerability curves, including the
uncertainty attached to the damage states quantification.

The FPFLM inland flood model is adapted frorhet USACE work, which is based on expert
opinion, infamed by engineering principles.

C. Residential building stock classification shall be representative of Florida
construction for personal residential structures.
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A detailed exposure study defined the mastvplent construction types and characteristics in the
Florida residential building stock. The corresponding models represent each of the identified
common structural types. In the case of the residential model, the models include differing wall
types (wad and masonry) of varying strengths (weak or strong), and one to three story houses, as
applicable, as well as manufactured homes.

D. The following flood characteristics shall be used in the derivation of personal
residential structure flood vulnerability functions: depth above ground, and in
coastal areas, damaging wave action.

The vulnerability functions for all personal residential models -(uiié residential, and
manufactured homes,) are derived as a function of inundation depth. In coastal aseakeitie
to-damage functions incorporate damaging wave action.

E. The following primary building characteristics shall be used or accounted for in
the derivation of personal residential structure vulnerability functions: lowest
floor elevation relative to ground, foundation type, construction materials, and
year of construction.

The variouspersonal residentiahodels reflecthe constructiormaterials, timber or masonry, as
well as the lowest floor elevation relative to ground, and the foundation type (sigitade or
elevated). e structural modeksoallow the representation géar of constructionfwo models
existfor each structural type: weak construction, and strong construction. For example, each model
for wood frame homes has weak and strongioess The assignment of a given strength level
dependn the age of the home being modeled and the available information on construction
practice in that region of the state in that era of construction. Separate modedist$or
manufactured housingpnstructed based on pand postL994 HUD regulations and for different
flood conditionsLowest floor elevation relative to ground is explicitly represented for each model
type in 1 foot increments. For example, the weak timber franrgrashe models inade separate
outputs for 0, 1, 2 and 3 foot lowest floor elevations.

F. Flood vulnerability functions shall be separately derived for personal residential
building structures and manufactured homes.

Flood vulnerability functions were separately derived frspnal residential building structures
and manufactured homes. As described in detail within, personal residential building structure
vulnerability functions are derived based on an adaptation of tsunami fragility functions to reflect
coastal flood forcesvlanufactured home vulnerability functioase adapted from USACE reports.

Disclosures

1. Provide a flowchart documenting the process by which the personal residential
structure flood vulnerability functions are derived and implemented.
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The flow chars belowsummarizehe procedure used ttevelop the coastal flood and the inland
flood vulnerability functions fothe different structural types personatesidential buildings.

Figure 53. Coastal flood vulnerability for residential structures.
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