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Executive Summary

The Florida Building Commission initiated this study to inform potential refinementsto the Wind-
Borne Debris Region (WBDR) definition for consideration in future revisions of the Florida
Building Code (FBC). The study seeks to determine whether inland residential areas adjacent to
large open-water bodies that produce Exposure D wind conditions should be designated as
WBDRswhen basic design wind speeds range from 130 to 139 mph, and, if so, theinland distance
over which such designation should apply. Because WBDR designation triggers enhanced
building-envelope protection requirements, any modification to WBDR boundaries must be
supported by technically defensible evidence demonstrating comparable WBD risk.

This investigation was conducted by the University of Florida in collaboration with Applied
Research Associates, Inc. (ARA). Phase | assessed relative WBD risk through literature review,
historical storm damage data, and physics-based ssimulation of debris generation and impacts
within representative residential neighborhoods.

Hurricane damage assessment reports demonstrate that WBD damage occurs at wind speeds well
below 140 mph, regardless of exposure conditions and distances from the coast. Based on the
widespread WBD damage observed following Hurricane Charley (2004), the FEMA Mitigation
Assessment Team report recommended that 120 mph would be an appropriate threshold wind
speed for the designation of WBDRs. Observations of WBD damage following Hurricane
Michael (2018) highlighted that it can occur well beyond one mile of the coast, indicating that
wind speed is adominant factor in the generation of damaging WBD. These damage assessments
support lowering the WBDR threshold wind speed below the current ASCE 7 level of 140 mph,
and removing proximity to the coast (or any large water body creating an Exposure D condition)
as afactor in the designation.

Design-level hurricane events are, by definition, rare. For a 700-year mean recurrence interval
(the basis for the design wind speed maps for Risk Category Il buildings) there islessthan a 7%
probability that one will occur over 50 sequential years. There has been only one event
approaching design level in the central region of Florida with wind speeds between 130 and 139
mph in over 100 years. As aresult, simulation using a validated model produced by ARA was
used to compare the risk for WBD damage when houses are subject to wind speeds from 130 to
139 mph and have terrain exposures associated with proximity to large water bodies to the risk
for WBD damage in conditions that are already accepted in ASCE 7 to designate WBDR: 140
mph wind in Exposure B conditions.

The simulation-informed findings of Phase | indicated that debris-impact risk under Exposure D
at 130-139 mph is approximately equivalent to the WBDR benchmark (140 mph in Exposure B),
when buildings are located within 3,000 ft from the water line in both exposure conditions. These
findings were based on an idealized neighborhood representation and limited observational data,
necessitating further analysis to support potential code decisions.

Phase 11 built upon Phase | analytical framework by incorporating improved neighborhood
representation and refined modeling to provide a more robust technical basis for evaluating inland
WBDR designation. The HURMis model, avalidated, physics-based debris simulation model, was



applied to a 1,000 ft-by-1,000 ft parcel-level representation of the residential neighborhood
surrounding Lake L ouisato establish a baseline methodology for consistent application across the
additional neighborhoods identified in Phase | of the project. The modeling incorporates realistic
building spacing, construction characteristics, and directionally dependent terrain roughness
derived from land-cover data.

When neighborhoods are adjacent to large bodies of water that create Exposure D conditions
(>5,000 ft of fetch in the upwind direction), the smoother terrain results in higher wind speeds
that can impact the generation and transport of WBD. As the distance from the Exposure D
condition increases, the terrain roughness increases and wind speeds are reduced. The terrain
conditions surrounding 30 Florida neighborhoods located on large inland and coastal water
bodies were evaluated to assess the difference between coastal, inland bay, and inland lake
proximity. When the direction of the smoothest upwind condition is considered, there are no
noticeable differences in the surface roughness controlling wind design between inland and
coastal neighborhoods. Furthermore, the terrain roughness increases similarly with distance from
the waterline for both coastal and inland neighborhoods. The resulting conclusion is that the
distinction of a“coastal” condition should not be used in the definition of aWBDR.

The HURMis model was employed to determine the distance from the waterline that the risk for
WBD damage was equivalent to the accepted WBDR with 140 mph Exposure B conditions. This
risk equivalency approach was used to determine the appropriate WBDR boundary from large
water bodies that create Exposure D conditions. The simulation approach specific to Phase 1 is
summarized as follows:

e Model a1,000 ft x 1,000 ft neighborhood on Lake Louisawith 81 relatively densely
spaced houses, featuring amix of one- and two-story homes and various roof types.

e Usealarger neighborhood (195 houses) to generate debris (from failing upwind houses),
while still only counting debris hitsin the central 81-house neighborhood.

e Screen the debris hitsto only count those that result in glazing and door damage and scale
the results by the fraction of the wall area associated with fenestration to get amore
accurate count of damaging WBD hits.

e Place the neighborhood at different distances from the water in each of the 30
neighborhood locations (i.e. creating varying surface roughness conditions) and subject it
to 130 mph and 139 mph winds at three different wind angles.

e Extract the mean of the window-breaking hits for each location and wind angle.

¢ Divide the mean window-breaking hits for each subject location and wind angle by the
mean window-breaking hits for the neighborhood subject to 140 mph, Exposure B
conditions at three different wind angles.

e Usetheratio of subject-to-threshold mean window-breaking hits to evaluate WBD risk
equivalency: A ratio > 1 means the condition (wind speed, surface roughness, and wind
angle) resultsin risk higher than the accepted WBDR threshold.

e Determine the distance from the water at which most of the conditions result in aratio <
1 and use this distance to establish the WBDR boundary from the waterline.



e Evauate how thisWBDR boundary changes for different neighborhood housing
characteristics (e.g., roof material, roof shape, and density) to determine if the WBDR
boundary changes.

The result of this modeling process confirmed that an appropriate boundary for designating
WBDR in proximity to large water bodies creating an Exposure D condition is 3,000 ft when
design wind speeds range from 130 — 139 mph. This modeling also demonstrated that the coastal
versus inland variants of Exposure D designation is not a meaningful distinguishing factor in
WBD damage risk. Additional conclusions demonstrate that while roof type, roof shape, and
housing density all impact WBD risk, when normalized by the amount of potential WBD damage
in the same neighborhood configuration subject to 140 mph Exposure B, the differences become
negligible at the 3,000-ft boundary.

An analysis of al 30 neighborhoods in this study shows that there are small differencesin the
house spacing, roof material, and number of stories between coastal and inland neighborhoods
when evaluated in aggregate, but not of a magnitude or consistency to warrant their
consideration in the evaluation of relative WBD damage risk. Thisis especially true given that
the relative risk for WBD damage becomes negligible at the 3,000 feet boundary for al
neighborhood housing characteristics.

The recommendations based on the results of both phases of this study are:

e Based on evidence and recommendations from hurricane damage assessments, consider a
blanket WBDR threshold of 130 mph.

o |f thereisapreference to use the current WBDR definition to establish acceptable WBD
damage risk, then regions within 3,000 ft of abody of water creating an Exposure D
condition should be designated as WBDR when the basic wind speeds are between 130
and 139 mph.

e Regardless of the threshold established for designating aWBDR, it should not be
specifically referenced to the coast but rather to exposure conditions.

e Additional research in the form of targeted WBD hurricane damage assessments, wind
tunnel studies to evaluate the impact of terrain transitions on wind loads, and advanced
modeling to evaluate absolute WBD risk is recommended.



Table of Contents

EXECULIVE SUMIMEIY ...ttt ettt et sttt et e s s e st e entesaeesteenseeneeaseentesneesseenseeneeaneenseenns i
L o =0 00 g = 01O Y
R 1 0110 [F o1 o o SRR RRRRS 1
00 A = 7= o (o {011 o S 1
1.2  TaskSand ODJECHIVES.......ccouiieiieieeeseese ettt e st ae e e te e e reenteeneennes 2

N o 115 o g o= IS (o] 1 1 I - - O 2
21  Design Level Windspeed, Exposure, Mean Recurrence Interval (MRI) .......cccvveeeeeee. 2
2.2 HisStorical SOrmM REPOIS......cc.eiiieiiiieieiie sttt b e sre e e 5
221 Hurricane Charl@y (2004) ........c.oooiieereeeeesee et ee e 6
222 HUrrican@ Harvey (2017) ....o..oeceececee ettt re e 7
223 Hurricane Michagl (2018)........c.coceiieiieieeiee et 8
224 HUITICaNE 18N (2022) ........oieeeee et stee st ee et ae et e et sreesneenesneennean 9

PG T 10 070 T< VAN 0= YA 10

3 DEDNISMOUEIING ..ottt bbb e 13
3.1 HURMIS MOGEL ......ooeeicieee ettt sttt s e e sneeenne s 13
311 DS o ] o (oo PP 13
3.1.2 Modeled WINA LOAOS........c.oouirieiieie ettt s 14
3.1.3 Missile Transport MOGE ..........cooiiieiieseccce e 17
3.14 LYz T = o] o USSP 17
3.15 Model Improvements Validation...........cccceeereeieneese e 21

3.2  Overview of Phase | MOGeliNg .......ccceivrieiieieee et 22
321 Florida NeighborhROOdS ..........ccoiiiiree e 23
3.2.2 DT = ot (0] /4 O PR 23
323 Modeled NeighborROOd ............ooiiiiiiieeee s 24
324 Summary of Phase | RESUILS.........coceiiiieeeee e 25

GG I Tz S SR LY/ ol [ T o PSR 26
3.3.1 Neighborhood CharaCteristiCs.........oouiiiriirieiiere e e 26
332 ANalYSIS Of WBD RISK.......ccoiiiiiieciieie ettt sttt nas 33
333 Neighborhood MOEliNg.........ccveiiiiiiesececee e e 36

I N = VS TSy =S U (R 42

34.1 Coastal vs. Inland Comparisons. Similar Relative RisKS.........ccccevevvvieveeiiennnn, 44



4
5

6
7

34.2 SenSItiVItIeS.....cooeverireieiens
Impact of Neighborhood Characteristics..
Conclusions and Recommendations.........
51 Recommendations............cccccreruennenn
REFEreNnCeS........cevveeevieiece e
Appendix A: Representativeness Analysis



List of Figures

Figure 1. Estimated extent of WBDR in ASCE 7-22. Light blue represents areas between the 130
and 140 mph contours estimated by ARA to be within the WBDR as defined in ASCE 7-

Figure 2. Tracks of hurricanes with maximum winds exceeding Category 3 that have passed
through the lake region in central Floridain the past 105 years. The ASCE 7-22 Risk
Category Il wind map contours for 130 and 140 mph, respectively, are as indicated.

(NOAA Historical HUrricane TraCks) ..........eeeeeririierieriesie st 5
Figure 3. Windows damaged by aggregate at a hospital in Arcadia (inland). Estimated wind
speeds between 110-120 mph. (FEMA, 2005) ......ccceieeieieeseceie e 7

Figure 4. Missile impact damage to roll down shutter, located on an inland bay 10 miles from the
coast (left) and glazing damage 5 miles from the coast on inland bay. The estimated wind

speed was 120 mph (Exposure C). (FEMA, 2019) .......ccceiieieeeereeie e eee e e 8
Figure 5. Bank in Panama City with extensive glazing damage. The estimated wind speed was
126 MPh. (FEMA 2020). ......c.ccueiiieiieieiestesiee e st seese et e et sa e besse e sessesaesessessessesessessenes 8
Figure 6. WBD damage to windows in houses in Panama City. The estimated wind speeds were
128 mph (left) and 134 mph (right). (FEMA, 2020).........ccecceiieieciereeee e 9
Figure 7. WBD damage to glazing in St. James City (on an inner barrier island in Lee County).
The estimated wind speed was 114 mph. (FEMA, 2023) ......cccooooiiieienieneereeesee e 9
Figure 8. Low resolution post-storm aerial imagery showing residential building damage and
scattered debris. (NOAA National Geodetic Survey, 2017) .......cccoveverieereeierseeseeseeseens 10

Figure 9. Low resolution pre (left) and post-storm (right) satellite imagery showing damage to
buildings near inland water bodies with scattered debris. (NASA Earth Observatory,

2200 SRS 11
Figure 10. Post-storm agerial imagery with debris obscuration caused by complex background

surface conditions. (Li €t al., 2024) .........cceeieieeieeie e st 11
Figure 11. Visual occlusions from streetscape elements. (Li et al., 2024).......cccoooevvicvieniennns 12
Figure 12. Schematic of HURMIS MOGE ..........cooiiiiiiiieeee e 14
Figure 13. Roof zones for wind loads for gable roof ............ceovvevecce e 15

Figure 14. Roof zones for wind loads for hip roof ...........cccceeiieiiiie i 16



Figure 15. Roof GCp as afunction of wind direction and roof zone for gable roofed buildings

WItN @SIOPE OF 4112, sttt sae e e et esne e e 16
Figure 16. Roof GCp as a function of wind direction and roof zone for hip roofed buildings with

oS (0] 0 <o 2 O 17
Figure 17. Missile characteristics and source location for Case 2..........ccvvevuveeeveeceveeseece e 20

Figure 18. Experimental configuration for shingle and tile experiments at UWO (ARA, 2008). 22
Figure 19. Comparison simulated shingle debris for shingle and tile experiments at UWO (ARA,

200 ) IS 22
Figure 20. Cumulative distribution of minimum average directional surface roughness length,
Z0.ASCE 7-22 , Z0 ranges are shaded for reference. ..........ccoceveeveneenenin e 24
Figure 21. Plan view of the phase | modeled neighborhood..............cccooeeeiieiicie e 25
Figure 22. Roof material type distribution for the coastal neighborhoods............ccccceveiiniennenns 28
Figure 23. Roof material type distribution for the inland neighborhoods.............cccccooiieiiienene 28
Figure 24. Average of roof material type for coastal and inland neighborhoods..............c........... 29
Figure 25. Story distribution for the coastal neighborhoods.............ccccoooevieiiieieccecece, 29
Figure 26. Story distribution for inland Nneighborhoods............ccocoieiiiiie e 30
Figure 27. Average number of story distribution for coastal vsinland neighborhoods................ 30
Figure 28. Nearest neighbor edge-to-edge spacing between building footprints for coastal
NEIGNDOTNOOMS. .......ceeeeece e et r e e e e e naeeneeens 31
Figure 29. Nearest neighbor edge-to-edge building spacing for inland neighborhoods............... 32
Figure 30. Impact of impact energy screening on the CDF relative mean hits at origin and offset
distances for 30 locations based on 130 mph reference wind speed...........ccccevvevveceernnnns 35
Figure 31. Impact of impact energy screening on the CDF relative mean hits at origin and offset
distances for 30 locations based on 139 mph reference wind speed...........ccccoeeevvriennenne 36
Figure 32. Google Map view of Lake Louisaneighbornood..............ccoceveririeeienenenencsenee 37
Figure 33. 2D representation of the Lake Louisamodel ...........cccveeeveeieieeriece e 38
Figure 34. 2D Lake L ouisa expansion neighborhood sensitivities models..........ccccveeeieeiecnens 39
Figure 35. Aw for expanded neighborhood compared to Aw for the base neighborhood ............ 40
Figure 36. Relative Aw compared to the next smallest neighborhood...........cccccovvevnrciincecnnee 41

Figure 37. Final modeled L ake L ouisa neighborhood with expansion 2 WBD sources.............. 42



Figure 38. CDF of Ar at origin and offset distances for 30 locations with reference windspeed

G0 0T o o TSP 43
Figure 39. CDF of Ar at origin and offset distances for 30 locations with reference windspeed

IR N 0T o TS 44
Figure 40. Reclassified neighborhood locations from coastal to inland..............ccceveieieeieennns 45
Figure 41. CDF of Ar at origin and offset distances based on 130-mph design wind speed for

[ora= Stz I oo 1 o 1TSS 46
Figure 42. CDF of Ar at origin and offset distances based on 130-mph design wind speed for

([ =g o oo o] ST UPRTRR 47
Figure 43. CDF of Ar at origin and offset distances based on 139-mph design wind speed for

(o072 S = I oo 1 o 1S XS 48
Figure 44. CDF of Ar at origin and offset distances based on 139-mph design wind speed for

(1 =g o oo o] TSP 49

Figure 45. Comparison of Ar at origin and offset distances for 30 locations for 130 mph design

wind speed for tile and shingle roof COVEINGS........cccovirerirereee e 51
Figure 46. Comparison of Ar at origin and offset distances for 30 locations for 139 mph design
wind speed for tile and shingle roof COVENNGS........cooveivieeiecie e 51
Figure 47. Ar versus Z0 for 130 mph design Wind SPEEd ..........cooeeiiiiineniiinee e 53
Figure 48. Ar versus Z0 for 139 mph design Wind SPEEd ........cccoveviiinenienieeiese e 54
Figure 49. CDF of Ar at origin and offset distances based on 130-mph design wind speed for
(1= o [e o= o] TSR 55
Figure 50. CDF of Ar at origin and offset distances based on 130-mph design wind speed for
COBSLAl |OCALIONS.......oviieeisieeieeieee ettt st sttt ettt b et e b e se e e e 55
Figure 51. CDF of Ar at origin and offset distances based on 130-mph design wind speed for
(1= o [e o= o] TSR 56
Figure 52. CDF of Ar at origin and offset distances based on 139 mph design wind speed for
COBSLAl |OCALIONS.......eviieieiiteeieeieeee ettt sttt e et b bbb e e e e 57
Figure 53. CDF of Ar at origin and offset distances based on 139 mph design wind speed for
(1= o Fe o= o] SRR 58

Figure 54. Sensitivity NeighbOrNOOMS...........cc.ooiiiiiii e 59



Figure 55. Comparison of Aw for Mexico Beach by relative wind direction for three distances
moving inland from the OrigiN ..o e 61

Figure 56. Comparison of Ar for Mexico Beach by relative wind direction for three distances
moving inland from the OrigiN .........cceoriii e 62

Figure 57. Ratio of gable Ar to hip Ar at the origin for areference wind speed of 139-mph for the

selected NEIGhDOrNOOMS..........ccv i e 63
Figure 58. Ratio of gable Ar to hip Ar at 3,000 ft offset from the origin for areference wind speed
of 139-mph for the selected NeighDOrNOOUS...........ccoiiiiiiei e 63
Figure 59. Low density model NOUSE |aYOUL. .........ccoeeiieiiiereee e 66
Figure 60. Expanded neighborhood for the low-density model. ..........ccccooevieivicecicce e 67

Figure 61. Comparison of Awfor Mexico Beach by relative wind direction for 3 distances
moving inland from the origin for housing density ..........cccccveveiere e 68

Figure 62. Comparison of Ar for Mexico Beach by relative wind direction for 3 distances moving
Inland from the origin for NOUSING deNSITY ........ccceiveriiiiriiere e 69

Figure 63. Ratio of high density Ar to low density Ar at the origin for areference wind speed of

139-mph for the selected Neighborhoods.............ccoviieiicie e 70
Figure 64. Ratio of high density Ar to low density Ar at 4,000 foot offset from the origin for a

reference wind speed of 139-mph for the selected neighborhoods............ccccecveeevnenennee. 70
Figure 65 - One-mile study buffer for Lake Louisawith residential building polygons (yellow)

and spatial quadrants (Q1—Q4) used in the representativeness analysis.........ccoeeevevveenee. 78
Figure 66 - Percentage missing data for all neighborhoods..............ccooviiiiiniiiie 81

Figure 67 - Representativeness spider plot for al study neighborhoods showing standardized bias
([0 [Tor= 0] £SO PRPRTRPRP 81
Figure 68 - Overall representative flag for the neighborhoods............ccccoeeevieiiccecevecce e 82



1 Introduction

1.1 Background

In 2024, the Florida Building Commission initiated an eval uation to support potentia refinements
to the definition of wind-borne debris region (WBDR) for adoption in the 2026 Florida Building
Code (FBC). The central question is whether inland areas adjacent to large lakes that create
Exposure D wind conditions should be designated as WBDRs for basic design wind speeds of
130-139 mph, and if so, how far inland that designation should extend. Because WBDR
designation requires enhanced building-envel ope protection, including impact-resistant glazing or
protective systems for exterior openings, any change to WBDR boundaries must be supported by
technically defensible evidence showing that inland Exposure D regions pose awind-borne debris
(WBD) risk comparable to the established American Society of Civil Engineering (ASCE)
statewide WBDR threshold.

In response to this regulatory need, a team from the University of Florida (UF) and Applied
Research Associates, Inc. (ARA) conducted a multi-phase study to evaluate WBD risk in inland
regions adjacent to large water bodies subject to Exposure D conditions and design wind speeds
between 130 and 139 mph. Phase | evaluated WBD risk through acombination of literature review,
historical storm damage assessments, and numerical simulation of debris impacts within
representative residential neighborhoods. Results from thisinitial phase indicated that residential
structures located near large inland water bodies under Exposure D conditions may experience
WBD risk comparable to that associated with the established WBDR threshold of 140-mph design
wind speed under Exposure B conditions. Initial ssimulation comparisons suggested that this
equivalency occurs when homes are located within approximately 3,000 ft of the shoreline,
providing a preliminary basis for considering inland WBDR designation and setback distance. In
addition, when the upwind direction with the lowest surface roughnessis considered for abuilding
site, the risk for impacts from WBD are the same for coastal and inland regions.

The second phase of this research was initiated to further establish the scientific basis for WBDR
definitionsin Florida, with afocus on amorein-depth analysis of observational evidence of inland
WBD damage following design-level storm events, and a more refined and representative
modeling framework that accounts for a range of neighborhood characteristics. The objective of
Phase 11 isto provide a more robust analysis to determine whether inland Exposure D conditions
produce WBD risk equivalent to that associated with the established 140-mph WBDR threshold
defined in ASCE 7-22 and to inform potential decisions regarding inland WBDR designation and
appropriate setback distances from large inland water bodies. To achieve this objective, Phase 1
work was structured into the tasks and deliverables described in section 1.2.



1.2 Tasksand Objectives

e Task 1. Data Collection and Analysis
The objective of Task 1 isto collect data from published, post-storm imagery to assess the
generation and transportation of WBD relative to wind field and upwind terrain conditions
for storm events with overland wind speeds between 130 and 140 mph.

e Task 2: Damage Assessment
The objective of Task 2 is to assess WBD generation and resulting damage in
neighborhoods adjacent to Exposure D conditions following a hurricane and to document
the distances from the waterline over which debris damage is observed.

e Task 3: WBD modelling
The objective of Task 3 isto refine the stochastic WBD model developed in the first phase
of thisresearch to account for variation in neighborhood makeup and to validate simulation
results with debris damage observations.

2 Historical Storm Data

Several agencies, including the Federa Emergency Management Agency (FEMA) and the
National Oceanic and Atmospheric Administration (NOAA), document hurricanes that make
landfall in the United States. Although many of these storms produce damaging winds, relatively
few generate wind speeds that approach or exceed ASCE 7 design-level wind speeds at the
locations where damage is assessed.

Although design-level events are rare, historical storm events for which damage was documented
provide the opportunity to correl ate observed damage with the wind speeds measured or estimated
at the same location. For this project, the objective of reviewing historical damage reports was to
eval uate the wind speeds at which WBD damageisobserved and, if possible, assesswhether inland
regions near bays and lakes have a higher risk for WBD damage than areas with less open
exposure. Historical storm events were selected for review based on their relevance to current
inland WBDR design considerations, with emphasis on storms that produced estimated wind
speeds in the 130-140 mph range. This range closely aligns with the regulatory threshold being
evaluated for potential inland WBDR designation. The following subsections discuss design-level
wind speeds and their statistical likelihood of occurrence, summarize historical stormsthat reached
or exceeded design-level conditions, and discuss the limitations of using post-storm imagery to
trace WBD from source locations to points of impact.

2.1 Design Level Windspeed, Exposure, Mean Recurrence Interval (MRI)

According to ASCE 7 (ASCE, 2022), design-level wind speed refers to the basic wind speed used
for determining wind loads on buildings and other structures. It is a probabilistic wind hazard
parameter expressed as a 3-second gust 33 ft above ground in Exposure C terrain, rather than a
direct measure of hurricane sustained wind speed at landfall.



The effect of terrain on design wind speeds and resulting pressures is represented in ASCE 7 by
Surface Roughness categories (Table 1), which are, in turn, used to determine the Exposure
Category (Table 2). Lower surface roughnessis represented by lower roughness length values (Zo)
and resultsin higher wind loads.

Table 1. ASCE 7-22 Surface roughness categories

Surface ASCE 7-22 Description
Roughness
B Urban and suburban areas, wooded areas, or other terrain with closely spaced
obstructions that have the size of single-family dwellings or larger
C Open terrain with scattered obstructions that have heights generally less than 30
ft. Includes flat, open country and grasslands.
D Flat, unobstructed areas and water surfaces. Includes smooth mud flats, salt flats,
and unbroken ice.
Table 2. ASCE 7-22 Exposure categories
Exposure Abbreviated ASCE 7-22 Description ASCE 7-22 Roughness
Category Length, Zo (m) range
B Surface Roughness B prevails in the upwind direction | 0.15-0.7
for at least 1,500 ft.
C Where Exposure B and D do not apply 0.01-0.15
D Surface Roughness D prevails in the upwind direction | < 0.01
for at least 5,000 ft.

Figure 1 shows the basic wind speed map adapted from ASCE 7-22 for Risk Category I1. In both
ASCE 7 and FBC 2026, any region with basic wind speeds above 140 mph are designated as
WBDR and are shown shaded in blue. Between the contours that bound the 130-139 mph design
wind speeds, the inland WBDR resulting from the definition in ASCE 7-22 are indicated. These
are regions within one mile of Exposure D condition.



Figure 1. Estimated extent of WBDR in ASCE 7-22. Light blue represents areas between the 130
and 140 mph contours estimated by ARA to be within the WBDR as defined in ASCE 7-22.

The statistical basisfor the basic wind speedsisthe Mean Recurrence Interval (MRI). For ordinary
buildings (e.g. residential) classified as Risk Category II, ASCE 7 uses a 700-year recurrence
interval wind speed. Lower-risk structures use a 300-year wind speed, while higher-consequence
structures use longer return periods of 1700 years for Risk Category 111 and 3000 years for Risk
Category IV. An MRI does not mean that the wind event will occur exactly once every 700 years.
Rather, it means that, in any given year, there is approximately a 1/700 probability, or
approximately 0.14% annual chance, that the mapped design wind speed will be exceeded. Over a
typical 50-year residential building life, this corresponds to roughly 6.9% chance of exceedance.
This probability illustrates that design-level wind speeds represent rare, high-consequence wind
events rather than routinely observed storm conditions. Consequently, only a small subset of
historical hurricanes is expected to produce winds that approach or exceed these design-level
values at a given location.

Figure 2 shows the tracks of major hurricanes that have passed over central Floridain the last 105
years. Only Hurricane Charley (2004) had estimated wind speeds that even approached design
levels (e.g., the high estimate near Zolfo Springs for Exposure C was 130 mph (FEMA, 2005)).
No other recorded storms reached ASCE 7-22 design wind speeds for Risk Category |1 buildings
between the 130 and 140 mph contours.



Figure 2. Tracks of hurricanes with maximum winds exceeding Category 3 that have passed
through the lake region in central Floridain the past 105 years. The ASCE 7-22 Risk Category ||
wind map contours for 130 and 140 mph, respectively, are as indicated. (NOAA Historical
Hurricane Tracks)

2.2 Historical Storm Reports

Historical storm observations provide useful evidence that WBD damage is governed by wind
intensity, terrain exposure, debris availability, and building vulnerability, rather than by distance
from a coastal or inland Exposure D boundary alone. Post-hurricane damage assessments have
shown that debris-related glazing damage can occur well beyond conventional WBDR limitswhen
local wind speeds and at wind speeds as low as 115 mph.

Because design-level wind speeds correspond to rare, low-probability events, as discussed in
Section 2.1, only alimited number of historical storms are expected to produce conditions severe
enough to generate comparable WBD damage at a specific inland lake location. We have not
identified post-storm reports documenting WBD damage during design-level wind eventsininland
areaswith lake-related Exposure D conditions and wind speeds between 130 and 139 mph, asthere
has only been one event in over 100 years that generated winds approaching 130 mph in the region
(Hurricane Charley in 2004). Damage assessments are generally intended to provide representative
observations of building performance rather than comprehensive documentation of al affected
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locations, and they are often prioritized toward coastal landfall areas, heavily damaged regions,
infrastructure impacts, or broad building-performance patterns. As a result, available reports do
not provide the detailed information needed to isolate |ake-related WBD effects, including debris
source, debris path, opening type, site-specific exposure, distance from the water body, and local
wind speed at the damaged structure. Therefore, the absence of extensive lake-adjacent WBD
observations should not be interpreted as evidence of negligible hazard; rather, it reflects both the
low likelihood of observing design-level wind conditions at a specific inland lake location and the
limited scope of available post-storm documentation.

While WBD damage data adjacent to lakes during design level wind events is not available,
historical storm reports do provide evidence of the wind speeds at which such damage occurs, in
coastal regions and inland, across a range of Exposure Categories. Damage assessment reports
from four hurricanes demonstrate that WBD damage to glazing occurs when wind speeds are lower
than 140 mph.

2.2.1 Hurricane Charley (2004)

Estimated wind speeds from Hurricane Charley at different locations as the storm moved inland
are shown in Table 3 (FEMA, 2005).

Table 3. Estimated wind speeds during Hurricane Charley asit travelled across Floridain the
northeast direction (FEMA, 2005)

Estimated Wind Speeds (mph)
Location Exp. B Exp. C

Low | High | Low | High
Port Charlotte 125 140 140 160
Arcadia 110 120 125 140
Zolpho Springs 100 115 115 130
Lake Wales 95 110 110 125
Orlando 90 105 105 120

WBD damage was documented by the FEM A Mitigation Assessment Team (MAT) asfar as 40
milesinland, in Arcadia, where 3-second gust wind speeds in Exposure B conditions were
estimated at 110-120 mph (Figure 3). (FEMA, 2005).



Figure 3. Windows damaged by aggregate at a hospital in Arcadia (inland). Estimated wind
speeds between 110-120 mph. (FEMA, 2005)

The FEMA MAT report for this storm noted:

“In addition, windborne debris caused significant envel ope damage (and virtually all of
the glazing damage) that the MAT observed where wind speeds from the event were
thought to be 120 mph 3-second peak gust and greater .... Many homes and businesses
that experienced only contents damage could have prevented these losses if their
openings had been protected. Successin designing the structural frameto resist wind
loads and internal pressures was negated by significant losses to building interiors and
contents.” (FEMA, 2005).

2.2.2 Hurricane Harvey (2017)

WBD damage was reported following Hurricane Harvey from 120 mph gusts (Exposure C) on the
coast as well as on the inland side of the bay (5-10 miles from the coast). While impact resistant
windows and shutters mitigated some glazing damage, evidence of debris impacts to opening
protections was still observed (Figure 4) (FEMA, 2019).



Figure 4. Missile impact damage to roll down shutter, located on an inland bay 10 miles from the
coast (left) and glazing damage 5 miles from the coast on inland bay. The estimated wind speed
was 120 mph (Exposure C). (FEMA, 2019)

2.2.3 Hurricane Michael (2018)

Extensive WBD damage was observed following Hurricane Micheal. In Panama City, a bank and
several homes suffered significant glazing damage due to debris at wind speeds between 126 and
134 mph (Figure 5 and Figure 6). Notably, Panama City islocated on the inland side of St.
Andrew’s Bay and therefore not directly on the coast. (FEMA, 2020).

Figure 5. Bank in Panama City with extensive glazing damage. The estimated wind speed was
126 mph. (FEMA 2020).



Figure 6. WBD damage to windows in houses in Panama City. The estimated wind speeds were
128 mph (left) and 134 mph (right). (FEMA, 2020)

The FEMA MAT report for Hurricane Michael concluded that: “ Damage to glazing is not limited
to within the 1-mile area of the coast and can occur much farther inland.” (FEMA, 2020).

2.24 Hurricane lan (2022)

Hurricane lan impacted southwest Florida near Fort Myers. While the coastal region impacted is
in an established WBDR with a design wind speed of 160 mph, the measured and estimated wind
Speeds provide insight to the conditions that can result in WBD damage. Homes in this area are
required to have opening protections; however, damage to glazing attributed to WBD was still
observed, notably at an estimated wind speed of 114 mph. (FEMA, 2023)

Figure 7. WBD damage to glazing in St. James City (on an inner barrier island in Lee County).
The estimated wind speed was 114 mph. (FEMA, 2023)

This field evidence from these four hurricanes indicates that WBD risk should not be evaluated
solely as afunction of distance from a coastline or inland water body. Factors such aswind speed,
terrain exposure, debris-source characteristics, and the vulnerability of glazed openings can



influence debrisrisk. The results of these damage assessment reports support designating WBDRs
where the basic wind speed is greater than 120 mph, regardless of Exposure category.

2.3

Imagery Analysis

The research team investigated image analysis methods that may provide further insights on the
generation, trgjectory, and impact of WBD to inform risk characterization. However, imagery
analysis was limited by severa constraints that reduced the chances of identifying and tracking
WBD at the building scale. These constraints include the following:

Image resol ution, typically 15-30 cm ground sampling distance at zoom levels 19-20, was
too low to reliably detect most building-scale WBD. Although these zoom levels (scale at
which objects are viewed) alow roads, intersections, and medium-sized buildings to be
viewed, they generally do not provide enough detail to identify smaller debris objects. As
aresult, observations were largely limited to larger debris, approximately 1-3 min size or
greater (See Figure 8-9).

In urban environments, complex background surfaces such as pavement and vegetation
reduce image contrast, while trees and other vegetation can physically obscure debris,
making WBD difficult or impossible to distinguish from surrounding surfaces in aerial
imagery (see Figure 10).

Aerial images mostly show roofs and horizontal surfaces, while walls, windows, and areas
under overhangs are hidden, making it difficult to see debris or resulting damage on
buildings or areas beneath overhangs.

Some images are restricted by maximum zoom levels set by original sensor resolution,
reducing access to fine spatial detail.

Discontinuity and temporal gaps in available imagery, hindering the ability to establish a
continuous sequence linking debris generation, transport, and resulting damage.

Figure 8. Low resolution post-storm aerial imagery showing residential building damage and

scattered debris. (NOAA Nationa Geodetic Survey, 2017)
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Figure 9. Low resolution pre (left) and post-storm (right) satellite imagery showing damage to
buildings near inland water bodies with scattered debris. (NASA Earth Observatory, 2004)

Figure 10. Post-storm aerial imagery with debris obscuration caused by complex background
surface conditions. (Li et al., 2024)

Prior studiesincorporating machine learning and aerial imagery for debris assessment indicate that
such imagery isgenerally morereliable for identifying debris zones or accumulation areas than for
detecting and tracking individual debris objects, particularly smaller items at the building scale
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(Jiang and Friedland, 2016; Womble et al., 2008; Cheng et al., 2024). Limitations related to spatial
resolution, roof-dominant viewing angles, background complexity, and temporal gaps between
image captures further constrain the ability to establish direct source-to-impact relationships
linking debris generation, transport, and facade-level damage (Ghaffarian and Kerle, 2019; Winans
et al., 2023).

Key constraintsin street view images include the following:

e Street-level, post-storm imagery predominantly documents the street-facing elevations;
consequently, damage on side and rear fagades, where WBD impacts may also occur, are
frequently unobserved.

e Visua occlusionsfrom vegetation, parked vehicles, fencing, and other streetscape elements
routinely obscure openings and potential debris sources, making it difficult to track WBD
damage (see Figure 11)

e Imageacquisitionisrestricted to roads that remain accessible following the event, resulting
in uneven spatial coverage and the potential omission of critical WBD indicators in
inaccessible blocks, dead-end streets, and interior parcels.

Figure 11. Visua occlusions from streetscape elements. (Li et al., 2024)

Some of these limitations are also acknowledged in prior research. For example, Zhai and Peng
(2020) used Google Street View (GSV) imagery to assess damage from Hurricane Michael in
Mexico Beach, Florida, following the 2018 landfall. They note that imagery is only available
where Street View coverage exists and where roads remain accessible after an event, which can
produce uneven spatial coverage and lead to omission of damage in areas that cannot be reached.
Other limitations encountered in our study include rapid post-landfall debris removal and cleanup
operations, which often eliminated physical evidence of WBD before ground-based documentation
could be collected. In addition, available post-storm imagery was not taken with the intent to
capture WBD; therefore, details needed for WBD identification or tracking were inadequately
captured. Collectively, these limitations restrict the extent to which available post-storm imagery
alone can be used to quantify WBD generation and transport and highlight the need for
complementary approaches.
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3 DebrisModeling

Validated simulation tools and statistical models are widely used to explore the likelihood and
potential impacts of rare and extreme natural hazard events. Such tools underpin design
standards and building codes and inform the insurance industry and policy making. In this
project, modeling is used to evaluate the risk for WBD damage under arange of scenarios related
to wind speed, terrain conditions, and neighborhood characteristics. The ability to
comprehensively explore these scenarios when observational datais limited—asis the case with
hurricane data—enabl es the development of rigorous conclusions on the risk of WBD damage.

The objective of the modeling was not to evaluate the general conditions that result in the
generation of damaging WBD. Rather the objective was to evaluate the risk of WBD damage for
houses near large water bodies (coast, lakes, inland bays) subject to 130 and 139 mph wind
speeds relative to houses subject to the conditions in accepted WBDRs: 140 mph wind in
Exposure B conditions. All conclusions of the simulations are provided within this relative risk
framework.

The following sections provide a description of the modeling tool used in this research, an
overview of the modeling objectives and results from the first phase of this research, and a
detailed description of the modeling improvements and results from the second phase of this
research.

3.1 HURMisModd

3.1.1 Description

The HURMis modeling tool was developed by ARA in the 1990s and early 2000s to simulate
WBD trajectories and impacts in residential neighborhoods during hurricane events. The model
uses a three-dimensional, physics-based simulation framework in which debris missiles generated
from failed components of upstream structures are individualy tracked by integrating their
equations of motion. The resulting trajectories, impact locations, and impact characteristics are
then evaluated for building envelopes and glazed openings. A schematic of the HURMis Model
componentsis shown in Figure 12.
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Figure 12. Schematic of HURMis model

3.1.2 Modeed Wind Loads

3.1.2.1 Mean \elocity Profile and Turbulence Modeling

In HURM s, the boundary layer wind field (in hurricane and straight-line winds) was modeled
using established boundary layer formulations based on Engineering Sciences Data Unit (ESDU)
methods. The approach assumes that, near the ground, the wind flow characteristics are primarily
governed by the local surface roughness. For homogeneous terrain, the mean wind speed profile
varies with height as a function of friction velocity and surface roughness length.

The turbulence characteristics were a so model ed as height-dependent quantities. The longitudinal
turbulence intensity was defined based on the mean wind speed, friction velocity, surface
roughness, height above ground, and the Coriolis parameter. The vertical turbulence component
was related to the longitudinal component, and the Reynol ds stress parameter was evaluated using
the turbul ence components and boundary layer height. In addition to defining the vertical variation
of mean wind speed and turbulence intensity, the simulation of boundary layer wind speed time
histories requires a representation of the frequency content and spatial correlation of turbulence.
These characteristics were incorporated through auto-spectral and cross-spectral density functions.
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The spectral formulations used in the model were based on ESDU (1974a, 1974b) guidance and
provide the necessary information to simulate correlated turbulent wind components for boundary
layer flow.

3.1.2.2 Roof Pressure Coefficients

The pressure-coefficient models used in HURMis to model load for roof components are shown
in Figures 13 to 16. Figures 13 and 14 show the roof zones for wind loads for gable and hip roofs
respectively. Figures 15 and 16 show the roof pressure coefficient as a function of wind direction
for one quadrant of a given roof shape for gable and hip roofs respectively. The roof zones and
pressure-coefficient were developed using data from wind tunnel testing conducted at the
University of Western Ontario (UWO). For gable-roof buildings, the GCp values were derived
using a combination of data reported in Stathopoulos (1979) and the methodology described in
Vickery, Kopp, and Twisdale (2011). For hip-roof buildings, the GCp values were devel oped using
datafrom Meecham (1988), also following the procedures outlined in Vickery, Kopp, and Twisdale
(2011).

Figure 13. Roof zones for wind loads for gable roof
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Figure 14. Roof zones for wind loads for hip roof

Figure 15. Roof GCp as afunction of wind direction and roof zone for gable roofed buildings
with aslope of 4:12
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Figure 16. Roof GCp as a function of wind direction and roof zone for hip roofed buildings with
aslope of 4:12

3.1.3 Missile Transport Model

The missile transport methodology consists of two main components. a missile trajectory model
and a missile interaction model. The trajectory model uses the missile release or injection
conditions asinitial inputs, including the time of release, position, orientation, and initial velocity.
Missile geometry and mass are also included as key input parameters. The trajectory model
describes the free-flight motion of windborne debris using aerodynamic models, dynamic and
kinematic equations, and numerical solution procedures. For a given set of initial conditions, the
equations of motion are integrated over time to predict the missile flight path, impact location,
impact conditions and density of impacts. The overall transport process beginswith missilerelease
or injection, which may involve restrained missiles such as those from house components or
unrestrained missiles such as accessories and miscellaneous debris. The missile trgjectory model
then combines the wind field model with the missile’'s dynamic, kinematic, and aerodynamic
behavior to generate a flight time history. The missile interaction model evaluates whether the
missile is lofted, what it impacts, and the resulting impact conditions. It also accounts for ground
interaction behavior, where heavier or low length-to-diameter missiles may roll or dide after
ground contact, while slender missiles generally have limited ground rolling or dliding. The basic
model and the data were described in Twisdale (1979, 1981 and 1984).

3.1.4 \alidation

This section summarizes validation studies performed for the HURMis debris generation and
transport models. These validations were described in an ARA report on WBD impact risk for
residential structures (ARA, 1996) and in subsequent briefingsto the Florida Building Commission
Hurricane Research Advisory Council in 2006 and 2008.

The development of areliable WBD risk model requires validation against observed field data to
confirm that the underlying physical assumptions and computational formulations reasonably
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represent real-world behavior. In ARA (1996), the validation effort focused on two primary
components of the modeling framework: (1) the debris generation model, which predicts the
guantity and characteristics of debris produced by damaged structures; and (2) the debristragectory
model, which simulates the transport, impact location, and impact momentum of WBD.

Validation was performed by comparing model predictions with documented damage and debris
transport observations from Hurricane Andrew in 1992 and Hurricane Erin in 1995. Post-storm
damage surveys conducted by ARA engineers provided detailed datasets of residential building
damage and debris fields, including roof sheathing loss, structural failures, and measured debris
weight and transport distances. These datasets allowed the model to be evaluated for its ability to
reproduce both the initiation of debris sources and the subsequent transport of debris under high-
wind conditions.

The validation approach considered model performance in two stages. First, the debris generation
model was evaluated by comparing simulated damage states and failure mechanisms with
observed roof damage patterns for different residential building configurations. Second, the
trgectory model was evaluated by comparing predicted debris transport distances, distributions,
and variability with field measurements for representative debris types, including roof sheathing
panels, roof tiles, and framing members. These comparisons provided insight into both the average
transport distances and the variability of modeled debris behavior relative to the observed data.

The following subsections summarize the validation of the debris generation and traectory
models, identify areas of agreement and discrepancy, and discuss the implications of these findings
for the reliability and applicability of the modeling framework.

3.1.4.1 Debris Generation Model Validation

The debris generation model was validated by comparing simulated roof sheathing damage states
with observed field data from post-hurricane damage surveys.

3.1.4.1.1 Hurricane Erin

Observations of WBD debris data collected during field surveys after Hurricane Erin indicated that
roof components were the largest single contributor to the debrisinventory. Therefore, the damage
survey focused primarily on roof sheathing performance for hip and gable roof houses, with
particular attention given to building orientation relative to the shoreline.
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Table 4. Comparison of observed and simulated roof sheathing failures from Hurricane Erin

Observed | SMulated | o o ved | Smulated
No. of . Mean No. . .
Case No. with . % with % with
Structures : with . .
Failures . Failures | Failures
Failures
One-story gable roof,
oriented parallel to 10 0 0 0 5.7
beach
One-story gable roof,
oriented perpendicular 5 0 0 0 0
to beach
Two-story gable roof,
oriented parallel to 56 12 10 21 18.1
beach
Two-story gable roof,
oriented perpendicular 20 0 2 0 13.3
to beach
Hip roof houses 43 0 1 0 3.7

3.1.4.1.2 Hurricane Andrew

Following Hurricane Andrew, atotal of 466 homes were surveyed across nine neighborhoods that
experienced high levels of damage. Building damage was categorized into four damage states: no
damage, minor damage, moderate damage, and severe damage. ARA obtained detailed house-by-
house survey results, including information on roof sheathing loss and structural damage. Table 5
summarizes a comparison of observed and simulated damage fractions for one of the surveyed
neighborhoods.

Table 5. Comparison of observed and simulated damage states for Hurricane Andrew

Damage . Observed
State Description Fraction Model Range
1 No sheathing loss ~0.34 0.06-0.37
2 One or more panels 095 0.44-0.67
lost
3 Structural damage ~0.41 0.05-0.50

The results indicate that the model captured the general damage trends observed in the field.
However, the comparison also suggests some overprediction of moderate damage, particularly for
casesinvolving one or more lost roof sheathing panels. These differences may reflect uncertainties
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in construction quality, local wind exposure, field classification of damage states, and limitations
in representing structural failure mechanisms within the model.

3.1.4.2 Trajectory Model Validation

The debris trajectory model was validated by comparing simulated and observed debris transport
distances for different debris types. The validation used field observations from Hurricane Erin
and compared measured debris transport distances with corresponding simulated transport
distances. Table 6 summarizes the statistics of observed and simulated transport distances for the
four individual test cases, as well as for a combined dataset that includes all four cases. 17 shows
the missile characteristics and corresponding source locations for Case 2.

Table 6. Comparison of observed and simulated debris transport distances from Hurricane Erin

No.of | Observed Observed Obsgrved Simulated Simulated Simglated

Case Missiles | Mean (ft) Std. Dev. | Maximum Mean (ft) Std. Dev. | Maximum
(ft) (ft) (ft) (ft)
1 3 42 42 90 68 58 240
2 4 80 33 120 113 89 400
3 4 130 81 200 68 73 330
4 8 68 26 91 72 81 508
Combined 19 79 50 200 80 80 508
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Figure 17. Missile characteristics and source location for case 2

The comparison shows that the model predicted the combined mean debris transport distance very
well, with an observed mean of 79 ft and asimulated mean of 80 ft. However, the model tended to
predict greater variability in transport distances, as indicated by the higher simulated standard
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deviation and maximum transport distance. This suggests that the model reasonably captured the
average transport behavior but may overestimate the upper-tail variability of debris travel
distances.

It isrecognized that uncertainties exist in both field data and modeling assumptions. These include
variability in construction quality, incomplete documentation of debris inventories, uncertainty in
the original debris source locations, and simplifications in aerodynamic and structural modeling.
Therefore, the objective of the validation was not to achieve exact agreement with observations,
but to demonstrate that the model captures the dominant physical and statistical characteristics of
debris generation and transport with sufficient accuracy for engineering risk assessment
applications. Overall, the validation cases indicate that the model predictions of component
failures and debris transport distances are reasonable.

3.1.5 Model Improvements Validation

The missile simulation model used in the Hurricane Erin and Hurricane Andrew validation studies
was subsequently improved by incorporating experimental data from the Boundary Layer Wind
Tunnel Laboratory (BLWTL) at the University of Western Ontario (UWO). The testing program
was conducted as part of a research collaboration between UWO and ARA. The experiments
included shingle and tile debris tests, which provided additional information on debris
aerodynamic behavior, flight characteristics, and transport distances. The results of these model
improvements were presented to the Florida Building Commission, Hurricane Research Advisory
Committee in 2008. Figure 18 shows the experimental setup at UWO, and Figure 19 presents a
representative model validation case comparing simulated debris transport results with data from
the corresponding UWO experiment. Overall, the model predictions of mean debristravel distance
and the variability of landing locations were found to compare reasonably well with the
experimental data.
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Figure 18. Experimental configuration for shingle and tile experiments at UWO (ARA, 2008)

Figure 19. Comparison simulated shingle debris for shingle and tile experiments at UWO (ARA,
2008)

3.2 Overview of Phase | Modeling

Phase | of the study evaluated WBD risk for neighborhoods located near large water bodies in
Florida, focusing on regions within the 130-139 mph design wind-speed contours. The primary
objective was to determine how proximity to open water, directional terrain exposure, and wind
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direction influence debris impact risk relative to the pre-ASCE 7-22 WBDR minimum risk
threshold (140 mph, Exposure B). A uniform modeling framework was employed to isolate
terrain-driven effects, utilizing the HURMis debris simulation tool to quantify debris generation,
transport, and wall impacts across aresidential neighborhood. The results of this phase established
the baseline for evaluating inland vs. coastal debris hazards and inform risk-equivalent boundary
distances.

The stochastic WBD simulation framework developed by ARA, HURMis, was applied to asingle
prototype neighborhood subject to the terrain conditions of 30 representative Florida
neighborhoods located near large inland and coastal water bodies. The modeling approach
compared “subject” cases, representing terrain conditions near large bodies of water in the 130—
139 mph wind-speed band, against a “reference” case representing the established WBDR
threshold of 140 mph in Exposure B terrain. Results were expressed using a relative hit metric,
defined as the ratio of debrisimpact on walls in the subject case to debris impact on wallsin the
reference case. A relative hit value of 1.0 therefore represents equivalent WBD risk to the reference
WBDR condition, while values above or below 1.0 indicate higher or lower relative risk,
respectively.

3.2.1 Florida Neighborhoods

A total of 30 Florida neighborhoods were selected for analysis in Phase I—23 inland lake or bay
locations and seven coastal locations—all situated within the 130-139 mph design wind-speed
band defined by ASCE 7-22 and within one mile of alarge waterbody (inland lake, bay or coastal)
with at least 5,000 ft of upwind open-water fetch consistent with Exposure D conditions. The
neighborhoods were chosen to provide broad representation of Florida's inland and coastal water-
adjacent residential development patterns. Across al 30 locations, the only site-specific
characteristics incorporated into the modeling effort were the directionally dependent surface
roughness lengths (Z,) extracted from NLCD land-use data; all other neighborhood features—
including housing layout, construction type, and building spacing—were held constant, enabling
an unbiased evaluation of how directional terrain variationsinfluence WBD exposure under ASCE
7-22 criteria

3.2.2 Directional Z,

Directional surface roughnesslength (Z,) was characterized for each neighborhood to quantify the
effect of terrain on the near-surface wind field. Z,, was computed across 36 wind directionsin 10-
degree increments using a 5,000-ft upstream fetch, selected based on ASCE 7 exposure guidelines
and a sensitivity analysis that identified the 1,500-m fetch as most appropriate for capturing
extended open-water influence. Values were derived from NLCD 2019 land-cover data mapped to
roughness lengths following FEMA Hazus methodology, and evaluated at six inland offset
distances (0, 1,000, 2,000, 3,000, 4,000, and 5,000 ft). For directions crossing large water bodies,
Z, typically falls below 0.03 m, consistent with the lower bound of Exposure C in ASCE 7-22,
while inland directions reflect higher roughness from suburban or vegetated land cover. At each
location and offset, the minimum directional Z, was used as the controlling upwind condition —
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a conservative choice since smoother terrain produces higher wind speeds and greater debris
transport potential. These directional roughness profiles form the basis for the subsequent debris-
risk calculations.

Figure 20 shows the cumulative distribution of the minimum directional surface roughness values
for each neighborhood assessed in this study as the offset distance increases. The results
demonstrate that inland and coastal neighborhoods have similar surface roughness conditions.

Figure 20. Cumulative distribution of minimum average directional surface roughness length, Z,,.
ASCE 7-22, Z, ranges are shaded for reference.

3.2.3 Modeled Neighborhood

Phase | WBD simulations were conducted within the HURMis modeling framework using a
generic, idealized 1,000 ft x 1,000 ft residential grid containing 84 identical one-story wood-frame
homes arranged in seven rows and twel ve columns (see Figure 21). Buildings were treated as both
debris sources and impact targets, with discrete missiles generated from failed roof cover,
sheathing, and framing components. This controlled uniform layout was intentional — it isol ated
the effects of terrain exposure, wind speed, wind direction, and distance from the waterline across
all 30 neighborhoods without introducing variability from site-specific building characteristics.

Simulations were run at straight-line wind speeds of 130 and 139 mph for three wind orientations
relative to the direction of minimum Zo (0°, 215°, and 270°), capturing the most critical open-
water-fetch exposures. Each scenario was evaluated at six offset distances from the waterline (0,
1,000, 2,000, 3,000, 4,000, and 5,000 ft), with ten stochastic runs per scenario and wall impacts
averaged across the model ed neighborhood.

24



The principal output metric is the mean number of wall impacts per structure, normalized against
a 140 mph Exposure B reference condition consistent with pre-ASCE 7-22 WBDR criteria. A
normalized value greater than 1.0 indicates higher debris risk than the reference; avalue less than
1.0indicateslower risk. Thisrelative hit metric formsthe basisfor determining theinland distances
at which debris risk is equivalent to the pre-ASCE 7-22 coasta WBDR definition. While the
idealized neighborhood enabled consistent cross-site comparisons, it also motivated the Phase 11
analysis, which replaces the generic layout with realistic neighborhood-specific building spacing
and construction characteristics.

Figure 21. Plan view of the phase | modeled neighborhood.

3.24 Summary of Phase | Results
Phase | modeling demonstrated several key trends relevant to inland WBDR designation:

e Risk decreases with distance from open water: For nearly all neighborhoods and wind
orientations, relative hit values decline consistently as offset distance increases. This
reflects the influence of rising Zo and the shielding effect of inland terrain.

e A ~3000 ft distance represents risk equivalence to WBDR thresholds: For 130 mph within
2,000 ft, and 139 mph analyses, within 3000 ft of open water, approximately 50% of
neighborhoods produce relative hits greater than or equal to 1.0, indicating risk comparable
to the 140 mph Exposure B WBDR. Beyond 3000 ft, the proportion of cases exceeding
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relative hit equal to 1.0 drops sharply. By 5000 ft, approximately 90% of cases show risk
below the 140 mph Exposure B reference.

e Inland and coastal neighborhoods behave similarly under Exposure D: When directional
roughness conditions are equivalent, inland lake communities exhibit debris risks
comparableto coastal sites. Geography (coast vs. inland) isnot areliable predictor of WBD
hazard, terrain exposure and open-water fetch dominate the risk profile.

e Implications for ASCE 7-22 WBDR boundaries: Findings suggest that the 1-mile WBDR
buffer is conservative in inland locations and that a 3,000-ft boundary more accurately
represents equivalent WBD risk. This evidence supports refining exposure-based criteria
in future code updates.

3.3 Phasell Modeling

In Phase |1, amore readlistic neighborhood was used in place of the idealized model used in Phase
|. The goal was to model actual construction practices in residential neighborhoods located near
large open water bodies, where Exposure D conditions exist, and the design wind speeds range
from 130 mph to 139 mph. The Phase II model represents an actual inland lake neighborhood
identified in Phase | study that includes a mix of one- and two-story houses with hip and gable
shaped roofs. The Phase Il study evaluates the same 30 representative locations as used in Phase |
across central Florida and the Florida panhandle area, including both coastal and inland sites.
Directional surface roughness lengths (Z,) calculated in Phase | for the 30 locations were used in
this analysis. The HURMis modeling tool was used to simulate debris generation, transport, and
impact frequencies across a modeled single-family residential neighborhood.

The simulations incorporate directionally dependent, Z, values, directiona straight wind trace
with turbulence characteristics, and detailed component-level failure modeling for typical
residential construction. For each site, simulations were conducted across multiple relative wind
directions and at offset distances ranging from 0 to 5,000 ft inland from the Exposure D condition,
to capture the influence of surface roughness gradients on WBD risk. Debris impact results were
normalized against a benchmark Exposure B scenario at 140 mph, producing “relative risk”
metrics that quantify WBD risk on a consistent basis across locations. The modeling framework
and detailed analysis results are presented in the following sections.

3.3.1 Neighborhood Characteristics

The Phase | analysis showed that many inland neighborhoods adjacent to large lakes exhibited
surface roughness conditions similar to those observed in coastal neighborhoods. This finding
suggests that from an exposure standpoint, some inland lake-adjacent neighborhoods may
experience wind field characteristics comparable to a coastal environment. However, WBD
generation is not controlled by terrain exposure alone. Building and neighborhood characteristics,
including spacing between houses, roof material type, and the number of stories, can also influence
debris generation, transport, and impact potential.
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To extend the Phase | exposure-based comparison, we compare the neighborhood characteristics
of inland lakes to coastal neighborhoods. The objectiveisto determineif there are any differences
in neighborhood characteristics that may affect WBD generation and transport behavior.

The comparisons provided in the subsequent sections use an updated classification of which of the
30 neighborhoods are coastal and which are considered inland. This reclassification is discussed
further in Section 3.4.1 and results in only five neighborhoods with direct coastal exposure;
neighborhoods located on inland bays and inland waterways are grouped with the inland
neighborhoods.

3.3.1.1 Extracting Neighborhood Characteristics

To support the analysis, tabular housing-characteristics data from the Zillow Transaction and
Assessment Database (ZTRAX) (Zillow, 2026) database were joined to Florida statewide parcel
geometriesin ArcGIS Pro. Shoreline baselines were delineated for each study neighborhood using
the neighborhood area bounding extents established in Phase I. From each shoreline baseline, a
one-mileinland buffer was generated to define the neighborhood study area. The one-mile distance
was selected to maintain consistency with the wind exposure considerations used in ASCE 7.

Within each one-mile buffer, residentia parcels were extracted and screened using Florida
Department of Revenue (FDOR) land-use classifications. The analysis focused on single-family
and mobile-home parcels because these building types are most relevant to residential WBD
generation. The extracted dataset was used to evaluate roof material type and number of stories.

Given that several study areas contained incomplete ZTRAX attributes records, a
representativeness analysis was conducted before comparing housing characteristics. Thisstep was
necessary to determine whether the subset parcels with usable housing-attribute data were
reasonably representative of the full-parcel population within each neighborhood. The
representative analysis results showed that the parcels with data for all the neighborhoods were
representative except Lake Tibet, Panasoffkee, Lake Butler, and Lake Down. See details of
methodology in Appendix A.

3.3.1.2 Roof Material Type

Theroof material types were aggregated into six broader categories that capture the dominant roof
construction material. The results are shown in Figure 22-24.
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Figure 22. Roof material type distribution for the coastal neighborhoods

Figure 23. Roof material type distribution for the inland neighborhoods
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Figure 24. Average of roof material type for coastal and inland neighborhoods

The roof material comparison shows that asphalt shingles are the dominant roofing materia type
across both coastal and inland neighborhoods. Although some coastal neighborhoods contain
notable fractions of tile and metal roofing (Mexico Beach, Hernando Beach, and Coconut Palms),
asphalt shingles remain the majority material in most coastal sites and are the dominant material
at every inland site, suggesting that that roof material composition is broadly similar across the
two study domains.

3.3.1.3 Number of Sories

For the 30 neighborhoods, the story type for residential houses in the coastal neighborhoods were
compared with that of the inland neighborhoods. The results as shown in Figure 25-27.

Figure 25. Story distribution for the coastal neighborhoods

29



Figure 26. Story distribution for inland neighborhoods

Figure 27. Average number of story distribution for coastal vsinland neighborhoods

The comparison shows that inland neighborhoods are overwhelmingly single-story. Most inland
sites contain roughly 80-100% one-story houses with only a few inland exceptions exhibiting
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appreciable two-story shares. Coastal neighborhoods are more heterogeneous: some coastal sites
are almost entirely one story, while others contain substantial proportions of two- and three-story
buildings. This difference implies inland areas have a lower vertical profile than coastal areas.
From WBD perspective, differences in building height may affect debris source height, exposure,
shielding, and potential debris trgjectories.

3.3.1.4 Neighborhood Spacing
House spacing was evaluated using nearest-neighbor edge-to-edge distances between residential

building polygons within each one-mile buffer.

Figure 28. Nearest neighbor edge-to-edge spacing between building footprints for coastal
neighborhoods
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Figure 29. Nearest neighbor edge-to-edge building spacing for inland neighborhoods

Coastal neighborhoods are marginally more compact than inland neighborhoods, with a median
nearest-neighbor edge-to-edge spacing of approximately 16 ft for coastal sites compared to
approximately 23 ft for inland sites, arelatively modest difference suggesting broadly comparable
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residential densities across both groups. Closer or small house spacing increases the likelihood of
neighbor-to-neighbor debris interactions and cascading damage pathways, whereas larger spacing
reduces direct house-to-house impact but changes exposure patterns (e.g., more open fetch for
debris trajectories and different shielding effects).

3.3.1.5 Summary of Neighborhood Characteristics

Oveadll, the anaysis shows that inland lake- and bay-adjacent neighborhoods and coastal
neighborhoods share several important housing characteristic similarities, particularly in roof-
material composition. Asphalt shingles dominate both groups (86.3% for inland and 53.4% for
coastal), suggesting that roof-cover material alone may not strongly distinguish inland and coastal
residential debris-source conditions.

While some differences were observed in building height distribution and neighborhood spacing,
these distinctions are modest and unlikely to materially alter overall WBD risk assessments. Inland
neighborhoods are predominantly one story and exhibit relatively uniform spacing, with amedian
nearest-neighbor center-to-center spacing of approximately 23 ft across most inland sites. Coastal
neighborhoods display greater variability in building height and are marginally more compact,
with median spacings approximately 16 ft— a difference that, while measurable, is not substantial
enough to warrant a fundamentally different treatment of WBD risk beyond what is already
captured by design wind speed and exposure category. Taken together, the housing characteristics
across coastal and inland neighborhoods are sufficiently similar that design wind speed and terrain
exposure remain the primary drivers of differential WBD risk between the two groups.

3.3.2 Analysisof WBD Risk

In Phase |1, HURMis simulations were performed similar to the Phase | approach. For each of the
30 neighborhoods and associated offset points, all applicable roughness lengths (Z,) were
evaluated under three wind directions: 0°, 215°, and 270°. These directions represent winds
parallel, oblique, and perpendicular, respectively, to the neighborhood's north—south axis,
measured clockwise from neighborhood north. For each offset position, asingle Z, value was used
consistently across all threewind directions. The Z,, values for each location are given in the Phase
| report.

In Phase I, the “relative risk” or relative hit metric was defined by computing normalized mean
wall impacts for each neighborhood at the offset locations identified. The relative hits were used
to develop directional relative hits metric to provide acomparative index of debrisrisk under local
exposure conditions relative to standard WBDR criteria. This metric is defined as the ratio of the
mean wall impacts at reference wind speeds of 130 mph and 139 mph using the minimum
directional Zo identified in Phase |, to the corresponding mean wall impacts at a reference wind
speed of 140 mph in Exposure B terrain (Z,= 0.35 m). For reference, this relative hit metric is
denoted as Ar.
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In Phase |1, the relative hit metric developed in Phase | was further refined to quantify mean
window and door breaking impacts. This updated metric considers the impacts that will likely
cause damage to the vulnerable wall area, rather than counting all wall impacts as a measure of
risk. The revised criterion for cal cul ating mean window-breaking impacts is shown in Equation 1:

n i
— i= *qn
L 1NSim

Ty = —sim &

n

where, 1,, = mean window-breaking impacts; n = number of structures within the 1,000 ft x 1,000
ft base neighborhood; Ai = number of wall impacts that exceed the impact energy in i™" structure;
Ns;,, = number of simulations; q,, = fenestration areafraction (window, door, and garage door area
divided by total wall area) for structure n.

The Aw uses the energy imparted by missiles on wall surfaces and screensimpacts using the impact
energy required to break annealed glass (18 ft-Ib). Consistent with ARA (1996), missile hits are
assumed to be uniformly distributed on the wall surfaces, the fenestration fraction g, reduces the
total impact count to those likely to strike windows, doors, or garage doors. The number of
structures considers all structures within a base neighborhood size of 1,000 x 1,000’ areathat was
used in Phasell.

To compute the relative mean window-breaking impacts, Aw, values for windspeeds in the 130—
139 mph range are divided by the corresponding value at 140 mph with Exposure B conditions,
Aw weDR, evaluated separately for each of the three wind directions analyzed in Phase I. This
produces a dimensionless comparison metric in which values greater than 1 indicate a higher mean
number of damaging window impacts than would be expected for a neighborhood located in an
accepted WBDR. Equation 2 presents the formulation of thisratio in terms of Aw for the 130-mph
wind speed.

Relative mean window damaging impacts, 1 = Aw130 mph 2

Aw WBDR
Where; Aw wepr = mean window-breaking impacts for the accepted WBDR; /Tw130mph = mean
window-breaking impacts for 130-mph reference windspeed. For the 139-mph wind speeds the
numerator would be replaced with 4,139 mpn.-

The influence of impact energy screening on the Phase | results is illustrated in Figure 30 and
Figure 31 for reference wind speeds of 130 mph and 139 mph, respectively. In both wind speed
scenarios, the resulting cumulative distribution function (CDF) of therelative hit shifts higher with
respect to the Phase | results for the first three offset locations (origin, 1000 ft, and 2000 ft). This
increase in the relative hit metric is caused by lower impact energies observed for missiles
simulated under Exposure B conditions at 140 mph than those observed for lower reference wind
speeds with smoother terrains. In contrast, the Phase | approach counted all missile strikes on



building walls, including those associated with very low impact energies. Consequently, the
refined approach better differentiates between low-energy, non-damaging and damaging impacts.

10 —-Phase | Ar-1 Origin
0.9 —e—Phase| Ar-1 1,000 ft
0.8 —e—Phase| Ar-1 2,000 ft
0.7 —e—Phase| Ar-1 3,000 ft
0.6 —e—Phase| Ar-14,000 ft

L

8 0.5 -o-Phase| Ar-1 5,000 ft
04 ~~Phase | Ar Origin
0.3 4-Phase | Ar 1,000 ft
0.2 ~~Phase| Ar 2,000 ft
0.1 ~~Phase | Ar 3,000 ft
0.0 ~~Phase | Ar 4,000 ft

0.0 . . 15 20 25 30 35 40 45 50

Relative Risk Value Phase | Ar 5,000 ft

Figure 30. Impact of impact energy screening on the CDF relative mean hits at origin and offset
distances for 30 locations based on 130 mph reference wind speed
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0.0 0.5 1.0 15 2.0 2.5 3.0 35 4.0 45 5.0
Relative Risk Value Phase | Ar 5,000 ft

Figure 31. Impact of impact energy screening on the CDF relative mean hits at origin and offset
distances for 30 locations based on 139 mph reference wind speed

In Phase 11, the number of straight-wind simulations per direction, per neighborhood, and for each
offset case was increased from 10 (used in Phase I) to 30. This increase provides a larger sample
size that reduces variance in the estimated mean number of hits while maintaining a reasonable
balance with the added computational time and cost.

3.3.3 Neighborhood Modeling

For Phase |1, housing characteristics described in Section 3.3.1 were used in the development of a
more realistic neighborhood model, replacing the generic neighborhood representation used in the
Phase | HURMis simulations. The Lake Louisa neighborhood shown in Figure 32 was selected
because it represents a post FBC construction neighborhood along an inland lake characterized by
Exposure D conditions on its southern side. Since the focus of this project ison FBC requirements,
the ssimulation assumed post-FBC construction. Figure 32 shows an overview of the Lake Louisa
Neighborhood with the modeled neighborhood inside ared square.
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(a) Overview (b) Modeled Section
Figure 32. Google Map view of Lake Louisa neighborhood

The Lake Louisa neighborhood consists of 81 houses within an approximately 1,000 ft x 1,000 ft
area, including 79 houses with hip roofs and two houses with gable roofs. Of these, 55 are one-
story houses and 26 are two-story houses. Three representative house models were used in
HURM:is to model the Lake Louisa neighborhood: a one-story gable-roof house, a one-story hip-
roof house, and a two-story hip-roof house. The characteristics assigned to these representative
house models are summarized in Table 7. For all houses in the neighborhood, the roof system was
modeled as an average-quality FBC asphalt shingle roof covering installed over plywood roof deck
panels. The roof deck panels were assumed to be attached to the roof framing using 8d nails with
6 in./12 in. edgef/interior spacing. Windows, garage doors, and entry doors were assumed to be
non-impact resistant.

Only roof-related components, including the roof covering, roof deck panels, and roof framing
members, were considered as potential sources of WBD debris. Figure 33 shows the two-
dimensional modeled layout of the neighborhood and the locations of the representative house
types. Although the actual neighborhood occupies an approximately 1,000 ft by 1,000 ft area, the
modeled neighborhood covers an 800 ft by 900 ft area. This adjustment was made because the
representative modeled structures have, on average, footprints approximately 950 ft2 smaller than
the actual houses in the Lake Louisa neighborhood. However, the on-center spacing between
structures was preserved to maintain representative debris flight distances between neighboring
houses. The preserved spacings include approximately 70 ft in the X-direction, 170 ft in the Y-
direction across the street, and 120 ft in the Y-direction along the same side of the street.
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Table 7. Lake Louisa house modd characteristics

House Number Mean Number Number of ‘ Number | Number | Number of
House Dimensions of Stories Modeled Roof Roof of Modeled |Wall Area| Window of of Modeled
Model (ft x ft) Modeled Roof Shape Material Shingles Roof Deck |  (ft2) Area M_odeled Modeled | Garage
Structures Height (ft) Panels Windows| Doors Doors
GR1 60 x 30 2 1 12 Gable | FBC Shinge| 1920 64 2011 261.4 27 2 1
HR1 60 x 30 53 1 12 Hip FBC Shinge| 2024 84 1710 256.5 27 2 1
HR2 60 x 30 26 2 21.5 Hip FBC Shinge| 2024 84 3420 444.6 54 2 1

Figure 33. 2D representation of the Lake L ouisa model

In the neighborhood model, the houses are oriented such that the long axis of each structure is
either 90° or 270° relative to the east, matching the predominant orientation of homes within the
neighborhood. Each of the 81 houses serves as both a potential source of windborne debris and a
potential debris target. When damage occurs and debrisis generated, its trgjectory is tracked, and
all resulting impacts on exterior wall surfaces are recorded and screened as described in Section
332

3.3.3.1 Neighborhood Expansion

The base neighborhood, represented by the 81 houses of Lake Louisa described above, is used to
score Ar. As part of Phase 11, the potential influence of additional WBD debris sources, such as
surrounding neighborhood structures, was evaluated. This assessment was carried out through a
series of sensitivity simulations. In these simulations, houses were incrementally added around the
base neighborhood to determine how much surrounding development is required to adequately
capture the effects of externally generated window-damaging debris. Four additional
neighborhood sizes were considered in this sensitivity as pictured in Figure 34. Table 8.
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Neighborhood sizes for expansion sensitivity Table 8 summarizes the total number of houses
modeled for each case and the corresponding overall neighborhood footprint.

Figure 34. 2D L ake L ouisa expansion neighborhood sensitivities models

Table 8. Neighborhood sizes for expansion sensitivity

Model Total Houses Neighborhood Footprint (ftz)
Base Neighborhood 81 800 x 900
Expansion 1 123 940 x 1,220
Expansion 2 195 1,220 x 1,510
Expansion 3 283 1,500 x 1,800
Expansion 4 387 1,780 x 2,090

To determine the amount of additional surrounding housing needed to adequately represent
external debris sources, each expanded neighborhood model was simulated for the origin Zo value
of 0.037 at 130 mph for each of the three wind directions used in Phase |. The Aw was calculated
for the 81 structures in the core neighborhood regardless of the expansion size. This approach was
used because only the houses in the base neighborhood were considered in the window damage
calculations, while the added houses in the expanded neighborhoods were included solely as
additional sourcesof WBD. All additional housesin these modelswere modeled as HR1 structures
based on the characteristics in Table 7. Modeling the added structures as one-story houses alows
a greater number of missiles to pass over the surrounding structures, reducing shielding or

39



interception effects from the expansion houses and providing a more direct estimate of debris
impacts on the base neighborhood.

The ratio of Aw for agiven neighborhood size to the Aw for the base neighborhood evaluated at 130
mph was calculated to quantify the relative increase in impacts over the base neighborhood size.
Theresultsindicate ageneral increasein the Ar compared with the base neighborhood, as expected.
However, theincremental increase diminishes as the neighborhood expansion extends farther from
the core area. Among the three wind directions evaluated, the largest and continued increase was
observed for the 215° wind direction, as shown in Figure 35.

Figure 35. Aw for expanded neighborhood compared to Aiw for the base neighborhood

A second relative comparison was performed by calculating a relative Aw to quantify the
incremental increase in risk associated with each additional neighborhood expansion. The results
shown in Figure 36, indicate that after the second neighborhood expansion size, the relative
increase in the relative Aw becomes negligible. The 215° wind direction, which showed the largest
and most sustained increase in Figure 35, also exhibits a noticeable drop-off at Expansion 3 when
the relative increase in relative Aw is compared with the Expansion 2 neighborhood.
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Figure 36. Relative A\w compared to the next smallest neighborhood

For the remaining models and discussion in this report, all results are based on the Expansion 2
neighborhood size as shown in Figure 37. This neighborhood size was selected because further
expansion produced only a marginal increase in relative Aw compared with the next smallest
neighborhood size. Expansion 2 was aso preferred to maintain reasonable computational run
times. The typical runtime for thismodel was approximately 16 hours, whereas the runtime for the
Expansion 4 model approached 72 hours. Subsequent sensitivity analyses described in Section
3.4.2 further increased runtimes, with FBC tile roof simulations requiring approximately 48 hours
for Expansion 2 and more than aweek for Expansion 4.

Expanding the missile sources as described above also accounts for missile impacts on structures
on the perimeter of the base neighborhood. The maximum mean flight distance at the 139-mph
reference wind speed for shingles by distance from originis presented in Table 9. Given the overall
maximum mean flight distance is 243 ft for the origin in the 0° relative wind direction, size of the
neighborhood footprint of Expansion 2 adequately covers the region in which these additional
missiles would spawn from neighboring structures. Note that the mean flight distance is based on
the entire neighborhood simulation and does not capture the flight of an unobstructed missiles
which would fly further. However, given the study is observing WBDR missile hits, this reduced
distance was deemed acceptable.
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Figure 37. Fina modeled L ake L ouisa neighborhood with expansion 2 WBD sources

Table 9. Maximum mean flight distance by wind direction and distance from origin

Relative Wind Maximum M ean Flight Distance by Distance from Origin (ft)
Direction (°) Origin | 1,000 ft 2,000 ft 3,000 ft 4,000 ft 5,000 ft
0 243 197 177 166 165 151
215 216 176 158 148 148 136
270 214 174 156 147 147 133
34 Results

Figures 38 and 39 present simulation resultsfor al 30 neighborhoods and all three wind directions,
for reference wind speeds of 130 mph and 139 mph respectively. Each valuein the CDF represents
ARr. A Ar value of one indicates that the risk of WBD hits is the same as the neighborhood in an
established WBDR.

For areference wind speed of 130 mph, approximately 40 percent of the 90 simulation cases at the
originfall below the WBDR threshold (i.e., Ar< 1). By 1,000 ft from the origin, 100 percent of the
simulated casesindicate conditions|ess severe than the established WBDR criteria. For areference
wind speed of 139 mph, approximately 50 percent of the simulation cases fall below the 140-mph
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Exposure B WBDR risk level at an offset distance of 3,000 ft. At the 4,000-ft offset distance,
approximately 90 percent of the cases fall below the same risk threshold.
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Figure 38. CDF of Ar at origin and offset distances for 30 locations with reference windspeed
130 mph.
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Figure 39. CDF of Ar at origin and offset distances for 30 locations with reference windspeed
139 mph.

3.4.1 Coastal vs. Inland Comparisons: Smilar Relative Risks

Phase |1 also reclassified two neighborhood locations from coastal to inland. The Apalachicolaand
Daytona Beach sites were situated on the landward side of barrier islands and intracoastal
waterways. Because these locations are shielded from direct ocean exposure by intervening
landmasses in all directions, they were reclassified as inland for the Phase Il analysis. Figure 40
shows the two reclassified neighborhoods, shown as green pins on Google Earth images. In Figure
40 (b), the blue pin denotes the Daytona 2 site, which remains classified as coastal, while the
Daytona neighborhood located West of the intracoastal waterway has been reclassified asinland.



(a) Apalachicola (b) Daytona
Figure 40. Reclassified neighborhood locations from coastal to inland

To compare coastal and inland debris risk, the datain Figure 38 was filtered by coastal vs. inland
location. Figure 41 presents the CDFs of relative WBD risk for the five coastal locations while
Figure 42 presents corresponding CDFs of the twenty-five inland locations, all evaluated using a
reference wind speed of 130-mph. The results indicate that, beyond an offset distance of 1,000 ft
from the water body, al modeled coastal locations exhibit relative risk values below 1.0. This
indicates alower WBD risk than the baseline 140-mph Exposure B condition, atrend observed for
both coastal and inland sites. For inland locations, approximately 40 percent of the sites at the
origin fall below the 140-mph Exposure B baseline.
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Figure 41. . CDF of Ar at origin and offset distances based on 130-mph design wind speed for
coastal locations
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Figure 42. CDF of Ar at origin and offset distances based on 130-mph design wind speed for
inland locations

Figures 43 and 44 present the corresponding CDFs for the same locations under a 139-mph wind
condition for coastal and inland locations respectively. In this case, beyond an offset distance of
3,000 ft, approximately 40% of coastal and 55% of inland simulation cases show Ar values below
1.0.
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Figure 43. CDF of Ar at origin and offset distances based on 139-mph design wind speed for
coastal locations.
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Figure 44. CDF of Ar at origin and offset distances based on 139-mph design wind speed for
inland locations.

The relative risk metric, Ar, demonstrated similar directiona trends and magnitudes across both
coastal and inland neighborhoods, indicating that geographic classification (coastal versusinland)
isnot necessarily ameaningful predictor of debrisrisk when terrain exposure is comparable. These
results support the removal of the “coastal” designation in ASCE 7-22 and reinforce the shift
toward criteria based on terrain roughness and exposure conditions.

As the distance between the neighborhood and the edge of the open water body increases, Ar
consistently decreases, particularly where the upstream terrain transitions from open-water
exposure to more suburban conditions. This behavior was observed across both inland and coastal
neighborhoods.

3.4.2 Senditivities

Several sensitivity analyses were performed to evaluate the effects of construction characteristics
on Ar as summarized in Table 10.
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Table 10. Sensitivity cases

Sensitivity Variable Comparison
Case
Case A Roof Material FBC Shi ng_:_(i'?‘l \éer sus FBC
Hip Roof versus Gable
CaseB Roof Shape e
' High Density versus Low
CaseC House Density Density Neighborhoods

34.21 CaseA: FBC Shinglevs. FBC Tile

For this sensitivity, the same Expanded L ake L ouisa neighborhood model was used, however the
FBC shingle roof covering for every house was replaced with average-quality FBC villa tiles.
Sensitivity simulations were performed for al thirty neighborhood locations using corresponding
z,values at each origin and offset points, and for the three wind directions examined in the study.
The objective was to evaluate the effect of tile roofing, relative to asphalt shingles, on the
frequency of window-breaking debrisimpacts.

Figure 45 comparestheresults of simulation presented in Section O for FBC asphalt shingleroofing
with the FBC villa tile roofing with all other housing characteristics and simulation criteria
remaining constant for the 130-mph wind reference speed. The results demonstrate that, for tile
roofing, approximately 50% of the | smulations at the 1,000 ft offset result in Ar values greater
than one compared to approximately 1% of that for shingles. As such, tile roofs substantially
increase debris generation and associated WBD risk at |ocations closer to open-water/Exposure D
conditions. At the 3,000-ft offset, the distribution of Ar for the two roof types are comparable, and
at locations further inland, areversal occursin which tile roofs having slightly lower debris-impact
rates relative to shingles.

Figure 46 presents the same comparison for the 139-mph reference wind speed. Approximately
50% of tile and shingle simulations at 3,000 ft from origin have aAr value greater than one. Similar
to the 130-mph results, impacts at the 3,000-ft offset are comparable for the two roof types, and
further inland, tile roofs again show slightly reduced debris-impact potential relative to shingles.

Table 11 and Table 12 provide percentile values corresponding to the CDFsin Figure 45 and Figure
46, respectively. Cells highlighted in red in these tables indicate Ar values greater than 1.0.
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Figure 45. Comparison of Ar at origin and offset distances for 30 locations for 130 mph design
wind speed for tile and shingle roof coverings
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Figure 46. Comparison of Ar at origin and offset distances for 30 locations for 139 mph design
wind speed for tile and shingle roof coverings
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Table 11. Ar percentiles for 130mph based on roof material and offset distance

Percentile — Tile — Shingle
Origin | 1,000 ft | 2,000 ft | 3,000 ft | 4,000 ft | 5,000 ft | Origin | 1,000 ft | 2,000 ft | 3,000 ft | 4,000 ft | 5,000 ft
5 1.21 0.60 0.40 0.25 0.18 0.13 0.81 0.49 0.36 0.30 0.24 0.21
25 1.64 0.82 0.47 0.32 0.23 0.20 0.94 0.62 0.45 0.38 0.33 0.30
50 2.04 0.92 0.59 0.39 0.29 0.25 1.07 0.70 0.52 0.44 0.38 0.35
75 2.41 1.05 0.66 0.49 0.35 0.32 1.27 0.75 0.59 0.49 0.41 0.41
95 3.15 1.24 0.85 0.71 0.66 0.62 1.54 0.86 0.69 0.60 0.59 0.55

Table 12. Ar percentiles for 139mph based on roof material and offset distance

Percentile Tile Shingle
Origin | 1,000 ft | 2,000 ft | 3,000 ft | 4,000 ft | 5,000 ft | Origin | 1,000 ft | 2,000 ft | 3,000 ft | 4,000 ft | 5,000 ft
5 2.52 1.44 0.97 0.64 0.44 0.40 1.85 1.28 0.92 0.71 0.60 0.59
25 3.42 1.78 1.16 0.90 0.60 0.52 1.99 1.42 1.04 0.92 0.77 0.68
50 411 2.13 1.30 1.00 0.72 0.64 2.38 1.56 1.17 0.99 0.86 0.79
75 5.11 2.41 1.50 1.09 0.84 0.78 2.67 1.74 1.26 1.06 0.92 0.88
95 6.09 2.79 1.90 1.66 1.36 1.28 3.19 1.90 1.44 1.33 1.06 1.16

To further assess the influence of roof-covering material on Ar, the valuesfrom all offsetsin Figure
45 were aggregated for both shingle and tile roofs. The same aggregation was performed for the
results shown in Figure 46. The combined Ar values were then plotted as afunction of Z, for each
roof-covering type. Figure 47 presents the resulting Ar— Z,, relationship for the 130-mph reference
wind speed, and Figure 48 presents the corresponding rel ationship for the 139-mph reference wind
speed. In both cases, the variation of Ar with Z,, iswell described by a power-law curve. Thefitted
relationships indicate the approximate Z, level at which Ar decreases below one, marking the
transition to debris-impact conditions less severe than those associated with Exposure B at 140
mph. These figures indicate that while tiles have larger effect on WBD risk for smoother terrains,
that effect is erased as surface roughness increases toward an exposure B condition (i.e., Z,= 0.35).
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Figure 47. \r versus Z, for 130 mph design wind speed
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Figure 48. \r versus Z, for 139 mph design wind speed

3.4.2.1.1 Coastal versus Inland Comparisons. Similar Relative Risks

The comparison between coastal and inland neighborhoods was performed for the FBC villatile
construction case in the same method as the FBC asphalt shingle case. To compare coastal vs
inland risk, the data in Figure 50 was divided into coastal and inland locations. CDFs of relative
WBD risk for the five coastal and 25 inland locations are presented in Figure 50 and Figure 51,
respectively, for the 130-mph reference wind speed. The results show that, beyond an offset
distance of 2,000 ft from the water body, all the modeled coastal simulation cases yield relative
risk values below 1.0 indicating alower WBD risk than the baseline Exposure B condition at 140
mph for both coastal and inland sites. For Inland sites approximately 40% of the simulations at the
origin are below the baseline Exposure B condition at 140 mph.
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Figure 49. CDF of Ar at origin and offset distances based on 130-mph design wind speed for
inland locations
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Figure 50. CDF of Ar at origin and offset distances based on 130-mph design wind speed for
coastal locations
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Figure 51. CDF of Ar at origin and offset distances based on 130-mph design wind speed for
inland locations

Figure 52 and Figure 53 present the corresponding CDFs for the same locations under for the 139-
mph reference wind speed for coastal and inland neighborhoods respectively. In this case, beyond
an offset distance of 3,000 ft, approximately 60% of the inland and 10% of the coastal simulation
cases show relative risk values below one.
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Figure 52. CDF of Ar at origin and offset distances based on 139 mph design wind speed
for coastal locations
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Figure 53. CDF of Ar at origin and offset distances based on 139 mph design wind speed for
inland locations.

Ar values in both groups follow similar directional patterns and magnitudes, reinforcing that
geographic location (coastal vs. inland) is not a meaningful indicator of debris risk when terrain
exposure is equivalent. Thisfinding supports the removal of the “coastal” referencein ASCE 7-22
and a shift toward terrain- and exposure-based criteria.

3.4.2.2 CaseB: Hip vs Gable Roof Shape

The base neighborhood model used for calculating all Aw values contains 81 houses, of which only
two have gable roofs. To evaluate the influence of roof shape on debris generation and
window-damage potential, a sensitivity analysis was conducted in which all structures retained
their original number of stories but were modeled with gable roof shapes while maintaining
FBC-compliant asphalt shingle roofs. To examine the effects across a representative range of
conditions, a subset of neighborhoods was selected based on the maximum and minimum Ar from
the 139-mph CDF at origin locations.

Mexico Beach exhibits the highest Ar value across all neighborhoods, independent of wind
direction, whereas Lake Dora exhibits the lowest. To evaluate behavior in coastal and inland
settings, the maximum and minimum Ar neighborhoods were also identified within each
classification. Lake Dora and Palm Coast represent the minimum Ar cases for inland and coastal
neighborhoods, respectively, while Lake Tibet and Mexico Beach represent the maximum cases
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for inland and coastal areas. Figure 54 shows Google Earth imagery for each of the selected
neighborhoods for this sensitivity analysis.

(a) Lake Dora (b) Lake Tibet

(c) Palm Coast (d) Mexico Beach
Figure 54. Sensitivity neighborhoods

Figure 55 presents Aw for Mexico Beach at the first three offset distances (origin, 1,000 ft, and
2,000 ft). Theresults show that, for wind directions of 215° and 270° relative to the neighborhood's
north—south orientation, neighborhoods composed entirely of gable-roof structures produce
substantially higher mean impact counts than the corresponding hip-roof configuration, in contrast
to the 0° wind direction. This pattern is consistent with the wind-pressure coefficients shown in
Figures 4 and 5. For winds approaching from 0°, the pressure coefficients for gable roofs are lower
than those for hip roofs, resulting in reduced debris generation for that wind direction. For the
other wind directions evaluated, the pressure loads on gable roofs exceed those on hip roofs,
producing higher debris-generation rates and, consequently, higher damaging-impact counts for
gable-roof neighborhoods.
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Figure 56 presents Ar values or both gable-roof and hip-roof cases at reference wind speeds of 130
mph and 139 mph, for all three wind directions, at the three offset distances evaluated for the
Mexico Beach neighborhood. Figure 56 (a) shows the effect of the roof pressure coefficients for
gable roof structures for the 0° wind direction is not as pronounced asit appearsin Figure 55 when
comparing Aw values directly. All the Ar values for both roof types move closer to one as the offset
distance from the origin increases, indicating that the effect of roof shape on Ar diminishes with
increasing distance from the open-water boundary.

To further illustrate the influence of roof shape on Ar, theratio of the Ar valuesfor gable-roof cases
to those for hip-roof cases was computed for the three wind directions at the origin location for all
neighborhoods selected in the Case B sensitivity analysis. The resulting comparisons are presented
in

Figure 57 . A ratio of 1 indicates that roof shape has little to no effect on WBD risk. The 0° wind
direction shows a higher Ar ratio for gable structures due to the normalization applied to the Ar
values prior to computing the ratio with the corresponding hip-roof results. Lake Dora shows the
least sensitivity to roof-shape differences at the origin location. Overall, the variation in ratios
among thefour sensitivity neighborhoods does not indicate asystematic difference between coastal
and inland sites when comparing the neighborhoods associated with the maximum and minimum
Ar values.

Figure 53 shows that for the 3,000 ft offset, all locations exhibit little sensitivity to roof shape for
WBD risk for any of the selected neighborhoods. Since the effect of roof shape is shown to be
minimal for the 3,000 ft offset case and 139-mph reference wind speed, we conclude the that choice
of roof shape does not have a significant impact on this report’s conclusions.
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(a) 0° Relative Wind Direction

(b) 215" Relative Wind Direction

(c) 270° Relative Wind Direction

Figure 55. Comparison of 1,, for Mexico Beach by relative wind direction for three
distances moving inland from the origin
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() 0° Relative Wind Direction

(b) 215° Relative Wind Direction

(c) 270° Relative Wind Direction

Figure 56. Comparison of Ar for Mexico Beach by relative wind direction for three distances
moving inland from the origin
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Figure 57. Ratio of gable Ar to hip Ar at the origin for areference wind speed of 139-mph for the
selected neighborhoods

Figure 58. Ratio of gable Ar to hip Ar at 3,000 ft offset from the origin for areference wind speed
of 139-mph for the selected neighborhoods
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3.4.2.3 Case C: High Building Density versus Low Building Density Neighborhoods

A sensitivity analysis was conducted to evaluate the influence of neighborhood housing density on
damaging window impacts. Housing densities for Florida neighborhoods were characterized using
a houses-per-acre metric. These densities were derived by identifying neighborhood center points
and counting residential structures within polygonal regions that excluded large water bodies and
vegetated areas to avoid underestimating density. Using this method, the neighborhood densities
ranged from 0.90 houses per acre at Lake Down to 4.16 houses per acre at Lake Jessup. The Lake
L ouisa neighborhood has a measured housing density of 3.47 houses per acre.

The modeled Lake Louisa neighborhood, however, exhibits a higher density of 4.74 houses per
acre, exceeding al neighborhood densities listed in the table, and is therefore classified as a
high-density case. Thisdiscrepancy arises because the model ed homes have smaller footprints than
the actual homesin Lake L ouisaby approximately 950 ft?, while maintaining the original on-center
gpacing. As a result, more buildings fit within the same neighborhood footprint, increasing the
modeled housing density relative to real development. To create a low-density model, the low
bound of 0.90 houses per acrefor Lake Down was applied to the neighborhood area of Lake L ouisa
resulting in what should be 15.37 houses which was rounded up to 16 houses. The houses were
assigned building types matching the relative proportional amounts in the Lake Louisa
Neighborhood model as shown in

Table 14. To maintain the houses per acre the houses were al spaced equally within the
neighborhood as shown in Figure 59.



Table 13. House densities for Florida

Neighborhood Neighborhood Area Total no. of Houses/acre
(acres) houses
Lake Down 3104 28 0.90
Lake Tibet 58.67 54 0.92
Lake Butler 80.78 79 0.98
L ake Tohopekaliga 61.29 66 1.08
Lake Weir 25.44 31 1.22
Hernando beach 62.35 101 1.62
Little lake harris 26.57 50 1.88
L ake Panasoffkee 41.46 83 2.00
Deer point Lake 41.87 84 201
Apalachicola 32.77 67 2.04
Lake Alfred 21.93 46 2.10
Lake Apopka 43.08 91 211
St. Joseph's Bay 49.04 107 2.18
Lake Minnehaha 19.1 42 2.20
Daytona beach 47.59 105 221
L ake Eustis 40.48 0 2.22
Lake Conway 23.36 54 231
St. Andrew bay 42.43 106 2.50
Lake Monroe 40.8 102 2.50
East bay 19.11 49 2.56
Palm Coast 96.78 259 2.68
Big Lake Harris 17.37 47 2.71
Lake Ariana 32.84 89 2.71
John's Lake 29.29 80 2.73
Daytona beach 2 25.97 75 2.89
Lake Minneola 3152 A 2.98
Mexico beach 67.98 204 3.00
Lake Dora 28.04 93 332
Lake George 24.51 83 3.39
Lake Louisa 23.339 81 3.47
Coconut palms 16.99 62 3.65
Lake Jessup 24.527 102 4.16

Figure 60 shows the low-density model with an expanded neighborhood with two rows of
additional housing following the earlier analysis. The additional houses were added to the low-
density model based on the two rows of additional housing added to the base L ake L ouisa model
intheY-axisaspictured in Figure 37. In line with the Expanded L ake L ouisaNeighborhood model,
the 48 additional houses were modeled using the HR1 building characteristics.
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Table 14. Housing comparison between base neighborhood and low-density neighborhood

House
Model House Model | House Count | Percentage of
Neighborhood
HR1 53 65%
Base HR2 26 3%
Neighborhood
GR1 2 2%
Low Density HR1 10 63%
Neighborhood HR2 > 31%
GR1 1 6%

Figure 59. Low density model house layout.
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Figure 60. Expanded neighborhood for the low-density model.

As with the roof shape sensitivity analysis, the same four neighborhoods were evaluated using
their corresponding Z,, values and to compare results from the Lake Louisa (high-density) model
to those from the low-density configuration. Figure 61 and Figure 62 show Aw and Ar, respectively,
for the Mexico Beach neighborhood. Figure 61 shows that Aw s are approximately 6 to 11 times
higher for the high-density neighborhood at the origin across all wind directions at 139 mph.
Similarly, Figure 62 demonstrates an increase in Ar for high-density relative low-density
neighborhoods at 139 mph for most cases. This indicates that the WBD risk generally elevated in
high-density areas, such as the L ake L ouisa neighborhood.

Figure 63 presents the ratio of Ar between high- and low-density neighborhoods at 4,000 ft offset
fromtheorigin for all locations analyzed. A ratio of 1 indicatesthat housing density haslittle effect
on WBD risk. All locations show ratios higher than 1 in 0" and 215’ relative wind directions and
less than 1 for 270° wind directions. The similarity in ratios across the four sensitivity
neighborhoods indicates limited sensitivity to coastal versus inland conditions when examining
the maximum and minimum Ar locations at the origin.

Figure 64 shows the ratio of Ar between high and low density neighborhoods at 4,000 ft from the
origin for al locations analyzed. All cases demonstrate an increase in Ar with higher housing
density, confirming that increased neighborhood density elevates WBD risk. This observed trend
supports the conclusion that the selection of the Lake Louisa neighborhood (representing a
high-density configuration) was a conservative choice for this analysis.
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() 0’ Relative Wind Direction

(b) 215° Relative Wind Direction

(c) 270° Relative Wind Direction

Figure 61. Comparison of 4,,for Mexico Beach by relative wind direction for 3
distances moving inland from the origin for housing density
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() 0° Relative Wind Direction

(b) 215" Relative Wind Direction

(c) 270° Relative Wind Direction

Figure 62. Comparison of Ar for Mexico Beach by relative wind direction for 3 distances
moving Inland from the origin for housing density
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Figure 63. Ratio of high density Ar to low density Ar at the origin for areference wind speed of
139-mph for the selected neighborhoods

Figure 64. Ratio of high density Ar to low density Ar at 4,000 foot offset from the origin for a
reference wind speed of 139-mph for the selected neighborhoods
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4 Impact of Neighborhood Characteristics

The Phase Il analysis provides a more realistic evaluation of WBD risk by incorporating detailed
residential construction characteristics and refined Ar definition. Compared with the idealized
Phase | model, the Phase I framework indicates that:

e Distance from open water remains the dominant predictor of debris risk. Across all
neighborhoods, Ar decreases steadily with inland distance. For typical Floridainland-lake
and coastal sites, WBD risk generaly falls below the ASCE 7 Exposure B at 140-mph
reference condition by approximately 3,000 ft from open water for both 130-mph and
139-mph reference wind speeds.

e Coastal versus inland geographic classification is not a meaningful distinguishing
factor. When adjusted for directional terrain roughness and fetch, coastal and inland
locations exhibit comparable WBD risk profiles. This is consistent with the directional
Zy-based analysisin Phase |1 and supports the ASCE 7-22 decision to remove the “ coastal”
designation for WBDRs.

e Roof coveringtype substantially affectsdebrisrisk near open water. Tileroofing produces
markedly more debris than shingles in smoother terrain conditions. Differences diminish
with increasing roughness and are nearly erased at Exposure B (Z, = 0.35).

e Roof shape effects are directional and diminish inland. Gable roofs produce more debris
than hip roofs for wind directions associated with higher roof pressure coefficients;
however, Ar differences become negligible by the 3,000-ft offset for al sensitivity
neighborhoods.

¢ Neighborhood housing density significantly influences debris production. High-density
neighborhoods exhibit Aw values 6 to11 times higher than low-density neighborhoods under
139-mph winds, and Ar values consistently higher at both origin and inland offsets. This
indicates that Phase |1 results using the Lake Louisa (high-density) base case represent a
conservative estimate of WBD risk.

Overall, these findings support aterrain- and distance-based approach to WBDR designation and
indicate that the current one-mile criterion is conservative for inland-lake and coastal settings.

5 Conclusions and Recommendations

The results presented in this report provide an assessment of the risk for WBD damage in Florida
as afunction of terrain-dependent exposure for buildings subject to wind speeds below 140 mph.
Hurricane damage assessment reports observe that WBD damage occurs at wind speeds well
below 140 mph, regardless of exposure conditions and distances from the coast. Based on the
widespread WBD damage observed following Hurricane Charley (2004) the FEMA MAT team
recommended that 120 mph would be an appropriate threshold wind speed for the designation of
WBDRs. Observations of WBD damage following Hurricane Michael (2018) highlighted that it
can occur well beyond one mile of the coast, indicating that wind speed is a dominant factor in
the generation of damaging WBD. These damage assessments support lowering the WBDR
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threshold wind speed below the current ASCE 7 level of 140 mph and removing proximity to the
coast (or any large water body creating an Exposure D condition) as a factor in the designation.

Design-level hurricane events are, by definition, rare. For a 700-year mean recurrence interval
(used for the design wind speed maps for Risk Category |1 buildings) thereis lessthan a 7%
probability that one will occur over 50 sequential years, and there has been only one event
approaching design-level in the central region of Florida with wind speeds between 130 and 139
mph in over 100 years. As aresult, simulation was used to compare the risk for WBD damage
when houses are subject to wind speeds from 130 to 139 mph and have terrain exposures
associated with proximity to large water bodies to the risk for WBD damage in conditions that
are already accepted in ASCE 7 to designate WBDR: 140 mph wind in Exposure B conditions.

When neighborhoods are adjacent to large bodies of water that create Exposure D conditions
(>5,000 ft of fetch int the upwind direction), the smoother terrain results in higher wind speeds
that can impact the generation and transport of WBD. As the distance from the Exposure D
condition increases, the terrain roughness increases and wind speeds are reduced. Theterrain
conditions surrounding 30 Florida neighborhoods located on large inland and coastal water
bodies were evaluated to assess the difference between coastal, inland bay, and inland lake
proximity. When the direction of the smoothest upwind condition is considered, there are no
appreciable differences in the surface roughness controlling wind design between inland and
coastal neighborhoods. Furthermore, the terrain roughness increases similarly with distance from
the waterline for both coastal and inland neighborhoods. The resulting conclusion is that the
distinction of a“coastal” condition should not be used in defining aWBDR in ASCE 7-22.

The HURMis model simulates WBD trajectories and impacts in residential neighborhoods
during hurricane events. The model has been validated with damage and debris flight
observations from Hurricanes Erin and Andrew and further refined and calibrated against wind
tunnel experiments. HURMis was employed to determine the distance from the waterline that the
risk for WBD damage was equivalent to the accepted WBDR with 140 mph Exposure B
conditions. This risk equivalency approach was used to determine the appropriate WBDR
boundary from large water bodies that create Exposure D conditions.

The simulation results determined that an appropriate boundary for designating WBDR in
proximity to large water bodies creating an Exposure D condition is 3,000 ft when design wind
speeds range from 130 — 139 mph. This modeling also demonstrated that the coastal vs. inland
variants of Exposure D designation is not a meaningful distinguishing factor in WBD damage
risk. Additional conclusions demonstrate that while roof type, roof shape, and housing density all
impact WBD risk, when normalized by the amount of potential WBD damage in the same
neighborhood configuration subject to 140 mph Exposure B, the differences become negligible at
the 3,000-ft boundary.

An analysis of all 30 neighborhoods in this study shows that there are small differencesin the
house spacing, roof material, and number of stories between coastal and inland neighborhoods
when evaluated in aggregate, but not of a magnitude or consistency to warrant their
consideration in the evaluation of relative WBD damage risk. Thisis especially true given that
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the relative risk for WBD damage becomes negligible at the 3,000 feet boundary for al
neighborhood housing characteristics.

5.1 Recommendations

e Based on evidence and recommendations from hurricane damage assessments, consider a
blanket WBDR threshold of 130 mph.

e |f thereisapreference to use the current WBDR definition to establish acceptable WBD
damage risk, then regions within 3,000 ft of abody of water creating an Exposure D
condition should be designated as WBDR when the basic wind speeds are between 130
and 139 mph.

e Regardless of the threshold established for designating aWBDR, it should not be
specifically referenced to the coast but rather to exposure conditions.

e Additional research in the form of targeted WBD hurricane damage assessments, wind
tunnel studies to evaluate the impact of terrain transitions on wind loads, and advanced
modeling to evaluate absolute WBD risk is recommended.
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7 Appendix A: RepresentativenessAnalysis

7.1 DataRepresentativenessAnalysis

A representativeness analysis was conducted to determine whether parcels with usable building-
attribute data were similar to the residentia parcel dataset within the 1-mile buffer of each
neighborhood. The analysis focused on whether complete-data parcels were spatially and
geometrically comparable to all residential parcelsin the neighborhood.

The representative analysis used three screening metrics: spatial quadrant distribution difference,
gpatia centroid offset, and parcel-area difference. Data completeness was reported separately for
transparency but was not used to determine the final representative flag.

7.1.1 Spatial Quadrant Distribution (SpatialQuadTVD)

The Spatial Quadrant Total Variation Distance (TVD) evaluates whether complete/partial data
parcels are spatially distributed in a manner consistent with all the residential parcels. Each
neighborhood was divided into four spatia quadrants (see Figure 65). The percentage of all
complete/partial data parcels in each quadrant was then compared with the percentage of all
residentia parcelsin each quadrant.

To spatial quadrant difference was also quantified using the TVD:
. 1 4
spatialQuadTVD = Zqzl |Ppartiatq—Paiig | (4)

Where Py, 4,+iq; IS the proportion of partial data parcels in quadrant g, and Py, 4 is the proportion
of all residential parcelsin that quadrant.

This calculation was performed separately for each housing attribute (roof material type, number
of stories and building size). To provide a conservative neighborhood-level assessment, the
maximum SpatialQuadTVD across the attributes was retained for the final comparison. A
threshold of 25% was used to flag possible spatial bias. An illustrative example of this process for
Lake Louisais presented in Table 15.

77



Figure 65 - One-mile study buffer for Lake Louisawith residential building polygons (yellow)
and spatial quadrants (Q1-Q4) used in the representativeness analysis

Table 15 - Quadrant distribution of all residential parcels and incomplete-data parcels across Q1-
Q4 with absolute percentage differences used to compute the spatial TVD for Lake Louisa

Group Q1 Q2 Q3 Q4
% % % %

All Parcels 35.946 19.949 22.753 21.351
Incomplete- 35.969 19.962 22.768 21.301
dataParcels

Absolute 0.023 0.013 0.015 0.05
Difference

%

The Spatial Quadrant TVD is calculated as half the sum of the absolute percentage differences
across al quadrants as shown in the equation above. In this example, the resulting TVD is 0.05%.
To facilitate uniform comparison on the diagnostic spider plot, this metric is normalized against
the 25% concern threshold (i.e., [0.05%/25%] X 100 = 0.2%). This normalized value indicates
that the observed spatial discrepancy reaches only 0.2% of the critical threshold limit. Because the
spatial deviation between the complete-data subset and the overarching residential baseline is
exceptionally small, we can conclude that no meaningful spatial biasis present.
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7.1.2 Maximum spatial Offset Percentage

The Spatial-Centroid Offset measures whether the center of partial data parcelsis displaced from
the center of all residential parcels within the one-mile buffer for each study neighborhood. First,
the mean spatial centroid of all residential parcels inside the 1-mile buffer was first calculated.
Then, the mean spatial center of the partial-data parcels is calculated for each housing attribute
(roof material type, story levels and building size).

The straight-line distance (d) between these two centers was calculated and normalized by the
diagonal length of the neighborhood bounding box:

Offset% = 4/, x 100 (5)

Where d isthe distance between the residential parcel center and the partial-data parcel center, and
L isthe diagonal length of the neighborhood 1-mile buffer box.

Normalization by the diagonal allows the offset to be interpreted relative to the size of each
neighborhood. A small offset percentage indicates that partial-data parcels are centered near the
full residential parcel population and vice versa. A threshold of 20% was adopted as a screening
criterion.

7.1.3 Parcd Area Difference

The parcel-area difference evaluates whether the parcels with usable building-attribute data (roof
material, number of stories, or building area) are similar in size to al the full residential parcel
population. For each attribute-specific subset, the mean parcel area, Apam-al was compared with
the mean parcel area of all residential parcels within the one-mile buffer, A,;:

Area Dif f (%) = |%T;+Z_A_a” x 100 (6)
A threshold of 50 % was adopted. Values exceeding 50 % indicate that the parcels with building
attribute data are larger or smaller than the typical residential parcel and therefore may not be a
good representation of the houses within the neighborhood.

7.1.4 Sandardization for Spider Plots

Because the representativeness metrics have different units and concern thresholds, the raw values
were standardized before being displayed on the spider plots. Each metric was divided by its
corresponding threshold and multiplied by 100:

raw metric (7)

Standardized Score = —————x100
threshold
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Under this standardization, avalue of 100 representsthe concern threshold for every metric. Values
below 100 indicate that the metric is within the acceptable screening range, while values above
100 indicate that the metric exceeds the concern threshold. This allows the spider plotsto compare
the relative severity of different bias indicators on a common scale.

7.1.5 Overall Representativeness Flag (OverallRepFlag)

The Overall representativeness (OverallRepFlag) was determined using a bias-only decision rule
that evaluates the three spatial-bias metrics described previously (spatial-quadrant total-variation
distance, centroid offset, and mean parcel-area difference). Although the completeness of the
ZTRAX attributesis reported for transparency, it does not influence the flag assignment.

For each neighborhood the bias indicators are compared against their prespecified concern
thresholds (25% for spatial-quadrant TVD, 20% for centroid offset, and 50% for mean
parcel-area difference). The flag is then assigned according to the following hierarchy:

o “Likely representative’” — none of the three bias indicators exceed their thresholds.

e “Usablewith caution” —asingle biasindicator exceeds its threshold, suggesting a modest,
localized deviation that warrants careful interpretation.

o “Potential bias—review before use” —two or more bias indicators exceed their thresholds,
indicating that the available data may be skewed and that substantive validation is required
before the neighborhood can be used to draw conclusions or make inferences.

The flag was used as a screening tool to determine whether each neighborhood's housing-
characteristic data were suitable for comparison between coastal and inland areas. Figure 66 - 68
illustrates the outcome of this representativeness assessment across all study neighborhoods,
showing the distribution of the three flag categories and the corresponding standardized bias values
on the spider plots.
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Figure 66 - Percentage missing data for all neighborhoods

Figure 67 - Representativeness spider plot for all study neighborhoods showing standardized bias
indicators
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Figure 68 - Overall representative flag for the neighborhoods

Lake Butler, Lake Down, St. Joseph and Lake Conway had no data and so was not considered in
the representative analysis.
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