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ABSTRACT
This report documents the third of three phases of the Hampton Roads Planning District
Commission’s first floor elevation initiative. In this phase, first floor elevation (FFE) estimation
methods and vulnerability assessment approaches evaluated in the first and second phase were
expanded to support a regional analysis. To develop a regional first floor height (FFH) database, a
suite of methods was applied in the following order of preference: (1) elevation certificate
data/field survey data, (2) predictive model estimates, (3) stair counting, and (4) Hazus default
estimates. The database was used in vulnerability assessments for the 1% annual chance flood with
an additional 1.5ft and 3ft of sea level rise. Estimated building losses increased by more than double
with 1.5ft sea level rise and by nearly six times the initial baseline for 3ft of sea level rise. Elevation
certificates and survey data were critical to both this and other modeling efforts. This report
recommends that localities maintain digital copies of elevation certificates to assist with floodplain
management, vulnerability assessments, and opportunities to earn credit through the Community
Rating System. The regional FFE database is designed to be adaptive and continued research and
coordination across the Hampton Roads region will support coastal resiliency planning efforts.
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Glossary of Acronyms
Term

Acronym

Base Flood Elevation

BFE

First Floor Elevation

FFE

First Floor Height

FFH

Definition
Elevation of surface water corresponding with the 1%
annual chance flood (FEMA, 2020a).
Elevation of a structure’s first finished floor elevation,
recorded in feet relative to the vertical datum.
Height of first floor above the ground elevation
(calculated as FFE – LAG), reported in feet.
FEMA Natural Hazards Risk Assessment Program

Flood Assessment Structure Tool

FAST

open-source tool that analyzes site-specific flood
losses (NHRAP – Hazus, 2020).

Flood Insurance Rate Map
Hampton Roads Hazard
Mitigation Plan
Lowest Adjacent Grade

FIRM

HMP

LAG

Official map delineating the flood zones within a
community (FEMA, 2020b).
2017 regional hazard mitigation plan including
flooding vulnerability analysis for Hampton Roads.
Lowest land elevation adjacent to the structure,
recorded in feet relative to the vertical datum.
Single-family residential structures with one or

Single-Family Residential Structure

RES1

multiple stories. RES1 represents the code used by the
FEMA Hazus software (FEMA Mitigation Division,
2017).
Area corresponding to the 100-year, or 1% annual

Special Flood Hazard Area

SFHA

chance, flood event and where the National Flood
Insurance Program regulations must be enforced
(FEMA, 2020d).
Individual structure inventory with attributes

User-Defined Facilities

UDF

compatible for input to FEMA’s Hazus software (FEMA
Mitigation Division, 2017).
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Executive Summary
As the Hampton Roads region of southeastern Virginia continues to experience recurrent
flooding, vulnerability assessments provide critical insights to inform local flood mitigation efforts. A key
data set for assessing structural flood vulnerability is building finished first floor elevation (FFE). By
comparing building FFEs to anticipated flood water levels, the depth of water within a structure can be
determined and converted into dollar losses. Within the Hampton Roads region, elevation certificates
are the primary source of FFE data; however, elevation certificates are available for approximately only
7% of residential structures in the Special Flood Hazard Area (SFHA). To address the FFE data gap, the
Hampton Roads Planning District Commission (HRPDC) has undertaken a three-year effort to develop
FFE data for application in flooding vulnerability assessments. This report documents the third year of
the regional FFE effort.
During the first phase of the regional FFE data initiative, digital elevation certificates were
collected from local governments to develop a geospatial database of elevation certificate data. This
database, available on the HRPDC’s regional GIS portal HRGEO.org, provides FFE measurements in a
format that can readily be applied in flooding vulnerability assessments and spatial analysis. To estimate
FFE for structures without elevation certificates, a predictive modeling approach was piloted in
Chesapeake, Hampton, and York County (Gordon and McFarlane, 2019; Gordon, 2020). The models for
each pilot community used building attributes, including foundation type and year built, and land
elevation data to inform first floor height (FFE – lowest adjacent grade) predictions for residential
structures in each community’s SFHA, or the 1% annual chance floodplain (Gordon and McFarlane,
2019; Gordon, 2020). The first floor height (FFH) estimates were then applied in a flooding vulnerability
assessment, which identified that changing FFH by less than a foot can increase or decrease flood
damage estimates by hundreds of structures and millions of dollars (Gordon, 2020).
The HRPDC built upon this modeling approach and vulnerability assessments in the three pilot
communities to produce the regional scale analysis documented in this report. The primary objectives
included: (1) updating and expanding the online elevation certificate spatial database to include
additional Hampton Roads localities, (2) developing a regional FFE database for single-family, residential
structures that includes elevation certificate data, model predictions, and alternative FFE estimation
methods, (3) applying the regional FFE database in a flooding vulnerability assessment that accounts for
sea level rise, and (4) synthesizing results from the multi-year effort to inform recommended data
management and data development methods.
ii

First Floor Elevation Data Collection, Assessment, and Analysis
The regional elevation certificate GIS database was updated to include new elevation
certificates completed since the previous 2019 data call, additional elevation certificates recently
scanned by the city of Norfolk, and the complete inventory of Gloucester County elevation certificates.
The elevation certificate inventory now includes approximately 4,000 elevation certificates from 12
Hampton Roads localities (HRGEO, 2020a). To develop FFH estimates for structures without an existing
value in the SFHA, a suite of estimation methods was applied in the following order of preference: (1)
predictive model estimates, (2) stair counting, and (3) Hazus default estimates. Newport News, Norfolk,
and Virginia Beach had additional data sources available respectively from Old Dominion University, the
U.S. Army Corp of Engineers, and Dewberry. The regional FFH database is focused on single-family
residential structures and contains nearly 34,000 buildings from thirteen different Hampton Roads
localities. Attributes required for the flooding vulnerability assessment were also recorded in the
database, including building area, number of stories, foundation type, and estimated replacement cost.

Regional Coastal Hazard Vulnerability Assessment
The FFH estimates developed for the single-family residential structures within the SFHA were
used in the following flooding scenarios: (1) 1% annual chance flood, (2) 1.5ft of sea level rise plus the
1% annual chance flood, (3) 3ft of sea level rise plus the 1% annual chance flood. For the 1% annual
chance flood, both the custom-developed FFH estimates and FFH estimates based on Hazus default
reference tables were applied. In agreement with the conclusions of the pilot community vulnerability
assessment results, the regional scale vulnerability analysis supports that building damage estimates are
highly sensitive to the FFH input. The regional custom FFH building damage estimate was only $1.3
million greater than the default FFH building damage estimate. However, the differences in individual
localities were as large as $36.6 million. The overall difference in damage appears lower at the regional
scale because the default FFH estimates do not always result in higher flood damage estimates for
individual localities. The total absolute difference in damage between the custom and default FFH
results across all localities is $122.5 million. Under the sea level rise scenarios, the estimated building
losses increased with sea level rise for all localities. When accounting for 1.5ft of sea level rise, the
overall estimated damages increased by more than double, and with 3ft of sea level rise, the total
estimated damages were nearly six times the initial baseline damage estimate.
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Recommended Practices for Data Management and Development
The multi-year regional FFE effort has provided insight into approaches for organizing and
applying elevation certificate data and developing FFE estimates. Localities should maintain digital
copies of elevation certificates to support earning credit in the National Flood Insurance Program’s
Community Rating System (CRS). The Hampton Roads elevation certificate inventory, hosted on
HRGEO.org, can support localities in earning credit for two activities under the CRS (WEB3 under Activity
350 and AMD13 under Activity 440). In addition to the HRPDC inventory, interested localities could also
host elevation certificate information on their local websites or GIS portals. Following the example of
the Florida Division of Emergency Management, a streamlined approach of collecting elevation
certificates and joining them to structure locations in GIS could be coordinated at the regional or statelevel for long-term database management. When developing FFE inventories, existing survey data and
building attribute data should be evaluated in addition to elevation certificates. As observed with the
development of the HRPDC regional structure inventory, a combination of various methodologies,
including predictive statistical modeling and imagery-based stair counting, can be applied. When
determining what FFE estimation approaches may be suitable, tradeoffs between time, cost, required
level of expertise, and data availability for each methodology should be considered.

Conclusions and Next Steps
Through the multi-year regional FFE initiative, various estimation methods and applications of
FFE/FFH data in coastal flooding vulnerability assessments have been evaluated. Accurate FFH data is
critical in developing flooding vulnerability assessments that influence long-term community planning
decisions. By comparing building FFHs to anticipated flood water levels, the depth of water within a
structure can be converted into dollar losses using depth-damage functions. These damage estimates
are highly sensitive to the FFH input. The lessons learned through the regional FFE effort will serve as a
resource for the upcoming Hampton Roads Hazard Mitigation Plan update, which is expected to be
completed by April 2022. The regional FFE database is designed to be adaptive and continued research
and coordination across the Hampton Roads region to improve FFE data will support coastal resiliency
planning efforts.
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I. Introduction
Coastal communities experience recurrent flooding resulting from precipitation events, high
tide, and storm surge. Recurrent flooding within the Hampton Roads region of southeastern Virginia is
predicted to become worse over planning horizons spanning at least the next 20-50 years, with sea level
rise being a contributing factor (Mitchell et al., 2013). By 2040, approximately 127 square miles of
present-day land area (including wetlands) and 78 miles of roadway are estimated to be flooded by sea
level rise within Hampton Roads under the National Oceanic and Atmospheric Agency (NOAA) 2017
Intermediate-High scenario (CCRFR, 2020). To address this flood risk, Hampton Roads localities are
actively developing and implementing projects to improve coastal resiliency, including over $1.2 billion
in proposed projects (HRGEO, 2020b).
To support regional sea level rise adaptation, the Hampton Roads Planning District Commission1
(HRPDC) adopted a resolution encouraging local governments within the region to adopt policies
incorporating sea level rise into planning and engineering decisions (HRPDC, 2018a). The approved sea
level rise planning policy recommends the following relative sea level rise scenarios, referenced to
current mean higher high water (MHHW): (1) 1.5ft above MHHW for near-term decisions (2018-2050),
3ft above current MHHW for mid-term decisions (2050-2080), and (3) 4.5 ft above MHHW for long-term
decisions (2080-2100) (HRPDC, 2018b). For individual projects, the policy recommends selecting a sea
level rise scenario based on risk tolerance and associated costs (HRPDC, 2018b). While accounting for
sea level rise in project design increases current project costs, these higher standards will likely result in
future cost savings by reducing flood damage.
Flooding vulnerability assessments help inform flood mitigation project design by identifying
areas with the greatest flood risk in the community. A critical data set for assessing structural flood
vulnerability is building finished first floor elevation (FFE). For a given flooding scenario, the number of
structures likely to experience damage is determined by comparing building FFEs to anticipated flood
water levels. The depth of water within a structure can be converted into dollar losses using depthdamage functions, which relate flood depth to a percent of the structure’s total replacement cost.
Depth-damage functions vary based on the occupancy type of the structure, number of stories, and
presence of a basement (FEMA Mitigation Division, 2017). Additional building attributes, including

1

The Hampton Roads region includes seventeen localities in southeastern Virginia: Chesapeake, Franklin, Gloucester County, Hampton, Isle of
Wight County, James City County, Newport News, Norfolk, Poquoson, Portsmouth, Southampton County, Suffolk, Surry County, Town of
Smithfield, Virginia Beach, Williamsburg, and York County.
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foundation type, also support flooding vulnerability assessments. For example, given two structures at
the same location and land elevation, a structure with a slab-on-grade foundation would be more likely
to experience flood damage than a structure with a crawlspace foundation because the FFE of the slab
structure is lower (Figure 1).
To conduct flooding vulnerability assessments, the Federal Emergency Management Agency
(FEMA) Hazus software applies a suite of depth-damage functions to estimate losses from various
flooding scenarios (FEMA Mitigation Division, 2017). As part of the 2017 Hampton Roads Hazard
Mitigation Plan (HMP), a FEMA Hazus flooding analysis was conducted at the individual structure level
(HMP, 2017). While the individual structure inventory incorporated available local assessor data, the FFE
values were based on reference tables provided in the Hazus flood technical manual (HMP, 2017). FFE
data was not widely available or easily accessible in the Hampton Roads region at the time the flooding
analysis was completed. To address this data gap, the HRPDC has been working on a multi-year effort to
develop FFE data.
The primary source of FFE data within the Hampton Roads region is FEMA elevation certificates.
An elevation certificate is completed by a licensed surveyor and provides building elevation information
to ensure development complies with the community floodplain management ordinance (FEMA NFIP,
2020). By determining the FFE relative to the Base Flood Elevation (BFE), elevation certificates can also
help homeowners reduce their flood insurance premium (Figure 1). Flood insurance premium
calculations account for the elevation of the first floor relative to the BFE for structure’s built after a

BFE

BFE

Figure 1: Illustration from a FEMA Fact Sheet (2018) based on a minimum NFIP deductible and $250,000 building coverage only
for a single-family, one-story structure in Zone AE. The house on the left represents a structure with slab-on-grade foundation,
and the house in the middle and right are elevated on a crawlspace with flood vents.
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community’s first Flood Insurance Rate Map (FIRM) is adopted (FEMA Federal Insurance and Mitigation
Administration, 2015). For example, the annual premium for a single-family, one-story structure in the
high-risk AE flood zone is $1,500 lower if the structure is built 3ft above the BFE rather than at the BFE.
(Figure 1, FEMA 2018b). While several thousand elevation certificates exist across the Hampton Roads
region, this information is generally available only as a paper or digital PDF copy of the certificate.
The first goal of the HRPDC regional FFE initiative was to develop a geospatial database with
information from elevation certificates recorded. This would provide a searchable database to easily
identify properties with elevation certificates and convert elevation certificate measurements to a
format that could be readily applied in flooding vulnerability assessments. HRPDC staff collected
elevation certificates from local governments, recorded the measurements, and joined the data with
building footprints and parcels in GIS (Gordon and McFarlane, 2019). The elevation certificate database
was initially published on the regional GIS portal, HRGEO.org, in February 2019 and has since been
updated. The current inventory now includes over 4,000 elevation certificates from 12 Hampton Roads
localities (HRGEO, 2020a).
Based on the current regional elevation certificate inventory, approximately only 7% of
residential structures in the SFHA (1% annual chance floodplain) have an elevation certificate. The
second goal of the HRPDC regional FFE initiative was to apply the elevation certificate database to
develop predictive statistical models to estimate FFE for structures without elevation certificates. The
predictive modeling approach, referred to as Random Forest analysis, was piloted in three communities:
Chesapeake, Hampton, and York County (Gordon and McFarlane, 2019; Gordon, 2020). The models for
each pilot community used building attributes, including foundation type and year built, and land
elevation data to predict building FFH (Gordon and McFarlane, 2019; Gordon, 2020). FFH is the
difference between the building FFE and lowest adjacent grade, and was selected as the model output
to account for differences in vertical datums between elevation certificates. Foundation type was
identified as the more important attribute in model development across all pilot communities (Gordon
and McFarlane, 2019; Gordon, 2020). The models were applied to estimate FFH for residential
structures in each community’s SFHA.
Following the development of the FFH estimates for the three pilot communities, the third goal
of the HRPDC regional FFE initiative was to evaluate the sensitivity of flooding damage estimates to
changes in FFH values through different flooding vulnerability assessment methods. Within each pilot
community, three flooding vulnerability assessment approaches were applied: (1) a census block scale
3

analysis with default Hazus data, (2) an individual structure level analysis with default Hazus FFH values,
and (3) an individual structure level analysis with custom Hazus FFH values, including elevation
certificate data and model predictions (Gordon, 2020). The individual structure analysis was determined
to be more accurate than the census block approach because the census block analysis includes
assumptions about structure locations and foundation types that inflated flood damage estimates
(Gordon, 2020). The results of the individual structure level analysis indicated that damage estimates are
highly sensitive to the FFH input (Gordon, 2020). Changing FFH by less than a foot can increase or
decrease flood damage estimates by hundreds of structures and millions of dollars (Gordon, 2020).
Building upon the work of the previous two years, this report documents the third phase of the
HRPDC regional FFE initiative. The four main objectives of this phase were as follows: (1) update and
expand the online elevation certificate spatial database to include additional Hampton Roads localities,
(2) develop a regional FFE database for single-family, residential structures that includes elevation
certificate data, model predictions, and alternative FFE estimation methods, (3) apply the regional FFE
database in a flooding vulnerability assessment that accounts for sea level rise, and (4) synthesize results
from the multi-year effort to inform recommended data management and data development practices.
The analyses supporting these objectives are detailed in the following report sections:
(1) First Floor Elevation Data Collection, Assessment, and Analysis – Provides an overview of the
elevation certificate inventory update, the development of multiple predictive models, and
various data sources that were integrated to develop the regional single-family residential FFE
database.
(2) Regional Coastal Hazard Vulnerability Assessment – Describes the vulnerability assessment
methods and results for the 1% annual chance flood, as well as an additional 1.5ft and 3ft of sea
level rise.
(3) Recommended Practices for Data Management and Development – Documents elevation
certificate data management practices and related opportunities for earning credit through the
FEMA National Flood Insurance Program’s Community Rating System and describes related first
floor elevation data development efforts across the Hampton Roads region.
(4) Conclusions and Next Steps – Reviews key findings of the multi-year regional FFE effort and
recommends actions for future improvement of the FFE database and flooding vulnerability
assessment applications.
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II. First Floor Elevation Data Collection, Assessment, and Analysis
Regional Elevation Certificate Database Update
While elevation certificates are the primary source of FFE data across the Hampton Roads
region, elevation certificates are not available for all structures within the SFHA. Elevation certificates
must be completed by a licensed surveyor on an individual structure basis and can thus be costly in
terms of both time and money. The regional elevation certificate database was launched on the regional
GIS portal, HRGEO.org, to develop a database of structures with elevation certificates. As of October
2019, the inventory contained information from 2,569 elevation certificates representing 11 localities
(Gordon, 2020). To maintain the regional elevation certificate inventory, HRPDC staff collected new
digital copies of elevation certificates, including an additional locality, Gloucester County (Table 1).
Norfolk had also recently scanned elevation certificates copies, dating from 1994-2015, that were
included in the update (Table 1).

Table 1: Total elevation certificates added by locality for the 2020 database update. All elevation
certificates are based on finished construction.
Locality

Total Elevation Certificates

Elevation Certificates Added in 2020

Chesapeake

658

22

Franklin

172

3

Gloucester County

678

678

Hampton

700

12

James City County

195

9

7

1

Norfolk2

776

655

Portsmouth

107

17

33

0

3

0

Virginia Beach

238

39

York County

442

10

4,009

1,446

Newport News

Southampton County
Suffolk

TOTAL
2

Approximately 200 additional elevation certificates from 2015-present are currently available for Norfolk and will
be included in future data updates.
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Support for updating the database was provided by the Center for Geospatial Science, Education, and
Analytics at Old Dominion University (ODU), with specific contributions by Manuel Solano (ODU) to the
Gloucester County and Norfolk data development. The remaining 10 localities included provided
elevation certificates that were completed since the 2019 database update (Table 1). The elevation
certificate inventory is approximately 88% residential structures. Elevation certificates for accessory
structures, additions, and non-residential building types are also included. Figure 2 displays the locations
of all elevation certificates included in the inventory (HRGEO, 2020a).

Figure 2: Distribution of elevation certificate locations in the HRGEO.org database. 4,009 features
covering 12 localities are included. The FEMA Special Flood Hazard Area is displayed for reference.
Four separate GIS layers of elevation certificate information are available: (1) parcel polygons with
elevation measurements reported in the original vertical datum (NGVD 1929 or NAVD 1988), (2) parcel
polygons with elevation measurements converted to NAVD 1988, (3) building footprints with elevation
measurements reported in the original vertical datum, and (4) building footprints with elevation
measurements converted to NAVD 1988. NOAA’s NGS Coordinate Conversion and Transformation Tool
6

(NCAT) tool was used to convert new elevation certificate measurements recorded in NGVD 1929 to
NAVD 1988 (NGS, 2019).3

Regional Structure Inventory Development
To support a regional flooding vulnerability assessment, a database of single-family residential
structures located in the SFHA was developed. Given that the regional elevation certificate inventory is
predominantly residential structures, single-family residential structures were selected as the focus. The
database was restricted to the SFHA because the majority of elevation certificates (85%) were located in
the SFHA and the FEMA 1% annual chance flood depth grids applied in the analysis correspond with the
SFHA boundaries. Within the Hampton Roads region, it is estimated there are nearly 34,000 singlefamily residential structures in the SFHA. To develop FFH values for each structure, a suite of methods
was applied in the following order of preference: (1) elevation certificate data/field survey data, (2)
predictive model estimates, (3) stair counting, and (4) Hazus default estimates. Additional data sources
were available for Newport News, Norfolk, and Virginia Beach respectively from Old Dominion
University, the U.S. Army Corp of Engineers, and Dewberry. The FFH values from these additional data
sources were used unless an elevation certificate was available. The “First Floor Elevation Estimation
Methods” section of the Recommended Practices for Data Management and Development chapter in
this report provides details about these data sources. Franklin and Southampton County were not
included in the flooding vulnerability assessment because FEMA coastal flood depth grids were not
available. Additionally, no structures within Williamsburg intersected the coastal flood depth grid for
James City County.

Predictive Modeling
A predictive modeling approach, referred to as Random Forest analysis, was previously
evaluated in three pilot communities (Chesapeake, Hampton, and York County) in earlier phases of the
regional FFE initiative. The Random Forest modeling approach generates and averages hundreds of
regression trees based on building attributes to produce FFH estimates (Liaw and Wiener, 2002). FFH is
the difference between the building FFE and lowest adjacent grade, and was selected as the model
output to account for differences in vertical datums between elevation certificates. All Random Forest
models were developed in Esri ArcGIS Pro software using the Forest-based Classification and Regression

3

Previously the VERTCON v2.1 tool was used to identify conversion factors. This software has been superseded and replaced by
the NCAT software. Within NCAT, an updated version of VERTCON (3.0) is applied for orthometric height transformations.
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tool in the Spatial Statistics toolbox (Esri, 2020a). This modeling approach is best suited for sample sizes
that include several hundred features (Esri, 2020b).
Nearly 700 elevation certificates for Gloucester County were added in the most recent elevation
certificate database update. This provided a sufficient sample to develop a Random Forest model that
estimates building FFH within the locality. Following the methodology established in the pilot
communities, the predictor variables included in the model, listed in order of importance, were as
follows: (1) foundation type, (2) digital elevation model (DEM) value, (3) total property value, (4) year
built, (5) difference in grade, and (6) current flood zone. As observed in the pilot communities,
foundation type was the most important predictor variable, accounting for 54% of variable importance.
The Gloucester County foundation code scheme included the following foundation types: (1)
crawlspace, (2) slab, (3) piers, and (4) full enclosure. When comparing the model estimates to elevation
certificate values withheld from the model as testing data (20% of sample), the absolute average error
was 1.06 ft (Table 2). This represents a 30.3% reduction in error relative to using Hazus default FFH
values (absolute average error of 1.52ft).
Although Newport News had a limited sample of only 7 elevation certificates, a robust sample of
FFHs were collected by Old Dominion University using a laser inclinometer (Allen, 2019). ODU measured
approximately 1,700 FFHs in Newport News to support a geostatistical modeling effort.4 Since the ODU
model is currently under development, HRPDC staff used the ODU FFH measurements to develop a
predictive Random Forest model for the remaining 34% of structures in the Newport News SFHA. The
same suite of predictor variables applied in the Gloucester County model were applied in the Newport
News model, with foundation type again ranking as the most important predictor variable (29% of
variable importance). Although basement, piers, crawlspace, and slab foundation types are available in
the Newport News database, only crawlspace and slab structures were included in the model given that
few structures (9 structures) of basement and pier foundation type required FFH estimation in the SFHA.
The absolute average error was 0.42 ft when comparing the model estimates to the testing data
measurements (Table 2). This represents a 59.6% reduction in error relative to the Hazus default FFH
values (absolute average error of 1.04ft).

4

Additional details regarding the methodology are provided under “Old Dominion University” in the “First Floor Elevation
Estimation Methods” section of the Recommended Practices for Data Management and Development chapter of this report.
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Individual locality models offer the advantage of using local foundation schemes and the range
of FFH estimates specific to that locality. However, there was not a large enough sample of elevation
certificates available to develop individual models for each of the remaining localities in the region.
Thus, the elevation certificate data was compiled to create a multi-jurisdictional model that covers
localities with more limited samples of elevation certificates. In order to build a regional model, the
foundation type codes were standardized across localities. Since most localities have crawlspace and
slab foundation data available, these two foundation types were selected for the regional model.
Individual locality codes that represent these structure types were re-classified as “Crawlspace” or
“Slab”. The following localities with elevation certificate data were included in the regional model5: (1)
Chesapeake, (2) Gloucester County, (3) Hampton, (4) James City County, (5) Portsmouth, (6) York
County. The same suite of predictor variables from the individual locality models was applied in the
regional model, with the addition of locality name as a predictor variable. The regional model absolute
average error was 0.72ft (Table 2). This represents a 20.9% decrease in error from the Hazus default
values (average absolute error of 0.91 ft). Since local models had been developed for Chesapeake,
Gloucester County, Hampton, and York County, the regional model predictions were only applied to
structures in James City County and Portsmouth.
Table 2 compares the five local models to the regional model. It is important to note that while
some local models have higher error values than the regional model, a greater range of FFH values was
considered in several local models. For example, the Gloucester County model has an absolute average
error of 1ft, but includes structures elevated on piers and structures with a full enclosure below the
living space. This creates a range of possible FFH values from 0-11ft, while the regional model estimates
only encompass a range of 0-6ft.

5

Newport News data were not included in the regional model given the FFH estimates were based on a different field sampling
technique from the other localities. Norfolk and Virginia Beach were not included in the model because existing FFH databases
were available.
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Table 2: Comparison of predictive Random Forest models used to develop the regional residential structure inventory.
Model Results
% of Variation
Explained 6
MSE (RMSE ft)
Absolute Average
Error (ft)
Most Important
Predictor
(% Importance)

Chesapeake

Gloucester County

Hampton

Newport News

York County

Regional Model

69.5%

72.0%

62.0%

37.0%

74.5%

56.3%

0.47 (0.69 ft)

2.50 (1.58 ft)

1.03 (1.02 ft)

0.330 (0.574 ft)

2.02 (1.42 ft)

1.10 ft (1.05 ft)

0.45 ft

1.06 ft

0.80 ft

0.42 ft

0.83 ft

0.72 ft

Foundation

Foundation

Foundation

Foundation

Foundation

Foundation

(53%)

(54%)

(38%)

(29%)

(52%)

(28%)

19.6%

30.3%

4.8%

59.6%

33.6%

20.9%

% Reduction in Error
Relative to Hazus
default values

6

The percent pf variation explained and the mean squared error (MSE) indicate the ability of the model to accurately predict FFH based on the observed values
in the training dataset (Esri, 2020b). These are Out of Bag statistics that are calculated iteratively and averaged based on random subsets of data (Esri, 2020b).
The higher the percent of variation explained and the lower the MSE, the better the model performance. Root mean square error (RMSE) is the square-root of
the MSE and is reported in the linear unit of the response variable.
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Additional Estimation Methods
Stair counting and Hazus default reference tables are additional methods for estimating FFH.
These methods were applied where the Random Forest modeling approach was not applicable or not
needed due to existing data. For Isle of Wight County, Poquoson, Suffolk, and Surry County, only stair
counting or Hazus default reference tables were used to estimate FFH. These estimation approaches
were also used for structures in other localities where the model could not be applied, including
structures with foundation types excluded from the model or structures missing year-built information.
To estimate FFH through stair counting, a standard height of 7.5 in (0.625ft) was applied to each
stair (Needham and McIntyre, 2018). The count of stairs was obtained using either Google Street View
imagery or photos from online locality property information portals (Figure 3). Given that the FFH is
relative to the lowest adjacent grade when using elevation certificate data, an adjustment factor was
applied to correct for the location of the stairs relative to the lowest adjacent grade (LAG):
FFH = (Number of stairs *0.625 ft) + (Ground elevation of stairs – LAG)

7 Stairs
Lowest Adjacent
Grade
Figure 3: Illustration of stair counting approach for estimating FFH. The count of 7 stairs
equals a FFH of 4.4ft. The land elevation difference between the bottom of the stairs and
lowest adjacent grade would be added to produce the final FFH estimate. Image from
City of Hampton Property Information Parcel Viewer (2017).
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When a clear view of a structure’s stairs was not available, the FFH estimate was based on Hazus
reference tables, which provide standard FFH estimates based on foundation type, year built, and flood
zone. A complete list of Hazus reference table values is available in Appendix A. Table 3 provides a
summary of the methodologies used to estimate FFH for single-family residential structures (RES1)
within each of the Hampton Roads localities included in the coastal flood hazard vulnerability
assessment.
It is important to note that the Hazus structure inventory developed for the Hampton Roads
HMP was used for the city of Poquoson (HMP, 2017). This database uses the Hazus default FFH
estimates for all structures. The default FFH values were not adjusted as part of this analysis because
HRPDC staff are currently coordinating with Poquoson staff to scan and record the complete elevation
certificate inventory for the city. The Poquoson inventory likely includes over 1,000 elevation
certificates, and the Hazus default estimates can be replaced with Poquoson elevation certificate values
when the data is recorded. These additional elevation certificates will likely be included in future HRGEO
elevation certificate updates.
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Table 3: Methods used to develop FFH estimates for the single-family residential (RES1) FFH inventory for each locality.
Number of RES1

Elevation

Structures

Certificates

Chesapeake

4,524

9%

90%

<1%

---

---

Gloucester County

1,676

32%

62%

2%

4%

---

Hampton

7,107

7%

92%

1%

<1%

---

Isle of Wight County8

133

---

---

47%

53%

---

James City County

407

23%

70%

4%

3%

---

Newport News9

761

< 1%

34%

1%

<1 %

64%

Norfolk10

4,940

8%

---

<1%

<1%

91%

Poquoson11

2,847

---

---

---

100%

---

Portsmouth

2,996

2%

97%

<1%

---

---

Suffolk

211

1%

---

54%

45%

Surry County12

36

---

---

61%

39%

---

Virginia Beach13

6,449

2%

---

<1%

<1%

97%

York County

1,634

20%

78%

1%

1%

---

7%

49%

1%

10%

33%

Locality7

Total Inventory

33,721

Predictive Model

Elevation Adjusted
Stair Estimation

Hazus Default

Other Data
Source

7

Franklin, Southampton County, and Williamsburg did not have any structures which intersected the coastal flood depth grids.
Isle of Wight County data includes the Town of Smithfield.
9
The additional data source for Newport News was FFH estimates collected by Old Dominion University using a laser inclinometer.
10
The additional data source for Norfolk was the structure inventory developed by the U.S. Army Corps of Engineers in 2016.
11
The Hazus default values were provided as part of the structure inventory for the Hampton Roads HMP.
12
An additional 27 structures were present in the SFHA but were excluded from the analysis because of missing building attributes.
13
The additional data source for Virginia Beach was the structure inventory developed by Dewberry in 2016.
8
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Attributes for Coastal Flooding Vulnerability Assessment
In addition to FFH, several other building attributes are required as inputs for a coastal flooding
vulnerability assessment when applying the FEMA Hazus methodology. Table 4 illustrates the additional
required attributes and sources of this information. For Norfolk and Virginia Beach, these attributes were
provided in the database respectively created by U.S. Army Corps of Engineers and Dewberry.
Table 4: Required building attributes for FEMA Hazus analysis at the individual structure level.
Attribute

Description

Occupancy Class

Hazus occupancy class code

Building Cost

Replacement cost

Building Area

Square footage of structure

Number of Stories

Foundation Type

Number of stories rounded up to
nearest whole number
Corresponding Hazus foundation
type reported as an integer

Source
Classified based on local assessor data
Calculated using square footage from
assessor data and R.S. Means values
Local assessor data; estimated in GIS using
building footprint if unavailable
Local assessor data

Classified based on local assessor data

Replacement cost was calculated based on square footage and R.S. Means, or dollar per square foot
values. This approach is based on the Hazus valuation parameter tables, which provide R.S. Means
values for single-family residential structures by number of stories and census block income ratio ranges
(FEMA Mitigation Division, 2017). Appendix B describes the methodology and reference values for
calculating replacement cost. It is important to note that the Hazus R.S. Means reference tables were
updated since the previous phase two pilot community analysis, and thus the replacement cost
estimates for structures within Chesapeake, Hampton, and York County have been adjusted from the
previous analysis (FEMA Risk MAP CDS, 2019).
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III. Regional Coastal Hazard Vulnerability Assessment
Vulnerability Assessment Methods
As part of the second phase of the regional FFE initiative, flooding vulnerability assessments were
conducted within the pilot communities of Chesapeake, Hampton, and York County. To compare
damage estimates between different scales of analysis, the flooding vulnerability assessments were
completed at both the census block and individual structure level scale for the 1% annual chance flood
event. The census block analysis resulted in flooding damage estimates that were over three times as
large as the flood damage estimates at the individual structure scale. The substantially higher damage
estimates resulting from the census block analysis are likely the result of differences in foundation type
and structure location. A higher number of basement and slab foundation types were observed in the
default Hazus census block database than in the pilot communities, and the census block scale analysis
assumes equal distribution of structures within developed areas. Given the advantages of applying local
assessor data and precise structure locations, the individual structure level analysis was selected for the
regional approach.
The FEMA Hazus program has developed an open-source tool, referred to as the Flood Assessment
Structure Tool (FAST), that streamlines the Hazus flood damage assessment methodology for an
individual structure level analysis (FEMA NHRAP-Hazus, 2020). To apply the tool, the user must supply a
depth grid and structure inventory, referred to as User-Defined Facilities (UDF) (FEMA NHRAP-Hazus,
2019). The regional FFH database of approximately 34,000 structures was used as the UDF inventory in
the Hazus FAST tool for the following flooding scenarios: (1) 1% annual chance flood, (2) 1% annual
chance flood plus 1.5ft of sea level rise, and (3) 1% annual chance flood plus 3ft of sea level rise.
Structures located within the VE flood zone were run separately from other buildings in the SFHA. The
FAST tool offers unique depth damage functions for “coastal V” structures, which includes the VE flood
zone. The riverine depth damage functions were applied for all other structures in the SFHA. A latitude
and longitude value must be provided for each structure in the UDF inventory. The point location for the
analysis corresponded with the location of the structure’s LAG, which was determined by selecting the
minimum DEM value for each building footprint outline (Esri, 2019).14

14

For the city of Newport News, the ODU field measurements were based on average grade; therefore, building centroids were
used for the lat/lon measurements rather than the lowest adjacent grade.
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As part of the non-regulatory FEMA Flood Risk Mapping, Assessment, and Planning (MAP) products,
1% annual chance flood depth grids were available for each Hampton Roads community, with the
exception of Franklin and Southampton County (FEMA, 2020c). The Flood Risk MAP products provide
additional information beyond the FEMA regulatory FIRMs to improve community knowledge of flood
risk (FEMA, 2020c). For the FEMA 1% annual chance flood scenario, damage estimates were produced
using two different FFH scenarios: (1) custom FFHs based on elevation certificate data, model
predictions, and additional local data sources, and (2) default FFHs based on Hazus default reference
tables (provided in Appendix A). Previously in all three pilot communities, damage estimates were lower
when custom FFH estimates were applied rather than Hazus default values. This comparison was
repeated at the regional scale to determine if this pattern is consistent across localities.
The 1.5ft and 3ft sea level rise scenarios selected for this analysis correspond with the present-2050
and 2050-2080 planning horizons in the Hampton Roads Sea Level Rise Planning Policy and Approach
(HRPDC, 2018b). The depth grids applied for the sea level rise scenarios were developed by HRPDC staff
using storm surge scenarios produced by the U.S. Army Corps of Engineers for the North Atlantic Coast
Comprehensive Study (USACE, 2015), and the FEMA Region III Storm Surge Study (FEMA, 2013). Given
the sea level rise scenario depth grids were generated using a different DEM than the one used in the
FEMA Flood Risk MAP products, the UDF analysis was run using a 1% annual chance depth grid created
with the same DEM used for the sea level rise scenarios. This established baseline damage estimates for
comparing changes with sea level rise. An outline of all scenarios applied is illustrated in Figure 4.

Flooding
Vulnerability
Assessment
Scenarios
FEMA 1% Annual
Chance Flood
Depth Grid
Custom
First Floor
Heights

Hazus
Default First
Floor
Heights

1% Annual
Chance Flood
Local Depth Grid
(based on
HRPDC DEM)

1.5 ft Sea Level
Rise + 1%
Annual Chance
Flood Local
Depth Grid

3ft Sea Level
Rise + 1%
Annual Chance
Flood Local
Depth Grid

Custom First Floor
Heights

Figure 4: Combinations of depth grids (green highlighted boxes) and first floor height values (purple highlighted
boxes) applied in the regional coastal flooding vulnerability assessment.
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Results: 1% Annual Chance Flood Scenario
Across all thirteen cities and counties included in the regional flooding assessment, there were
30,212 RES1 structures that intersected the FEMA 1% annual chance flood depth grid with an estimated
total exposure value of $8.4 billion. Nearly half (43.9%) of all RES1 structures experienced flood damage
under the custom FFH scenario, totaling $354.6 million in estimated flood losses. When replacing the
custom FFH estimates with Hazus default FFH estimates, nearly half (43.5%) of all RES1 structures also
experienced damage, totaling $353.3 million in estimated flood losses. While previously in the pilot
communities the default FFH estimates resulted in higher damage estimates than the custom FFH
estimates, at the regional scale, the default FFH estimates produced lower damage estimates by $1.3
million (0.4%).
To investigate differences between elevation certificate data and the Hazus default FFH
estimates, damages were compared for only structures where elevation certificates were available.
Within the regional FFH inventory, elevation certificates were available for approximately 7% of
structures. Across all 8 localities where a sufficient number of elevation certificates were available for
comparison, the estimated damages were higher when the default FFH values were applied (Table 5).
The default FFH values increased the damage estimates between 28% and 127% (Table 5). This indicates
that the default FFH values tend to underestimate the FFH reported on the elevation certificate, and
consequently overestimate the damage. It is important note that while the default FFH values
overestimate FFH for this sub-set of data, the elevation certificate sample is skewed to more recent
construction, with 70% of structures being built after a community’s first FIRM. Therefore, the default
FFH values may not overestimate FFH as consistently for older structures built pre-FIRM.
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Table 5: Comparison of estimated building losses using Hazus default FFH estimates and elevation certificate FFH
values. The difference is calculated as default building losses – elevation certificate building losses, and the percent
change indicates the increase in estimated damages relative to the elevation certificate building losses.

Default First

Elevation Certificate

Floor Height

First Floor Height

Chesapeake (n=433)

$4,811,254

$3,337,416

$1,473,838 (44%)

Gloucester County (n=531)

$4,949,846

$3,514,020

$1,435,826 (41%)

Hampton (n=470)

$7,995,962

$6,234,693

$1,761,269 (28%)

$863,031

$529,454

$333,576 (63%)

$5,070,990

$3,082,551

$1,988,438 (65%)

$566,198

$289,857

$276,341 (95%)

Virginia Beach (n=153)

$2,581,646

$1,456,467

$1,125,179 (77%)

York County (n=331)

$2,714,018

$1,195,096

$1,518,922 (127%)

Locality15

James City County (n=93)
Norfolk (n=403)
Portsmouth (n=63)

Difference (% Change)

Figure 5 compares the estimated damages under the custom and default FFH scenarios by
locality. For 8 of the 13 communities, the estimated damages were higher under the default scenario.
The estimated damages did not change for Poquoson because only default FFH values were available.
Within Newport News, Norfolk, and Virginia Beach, larger damage estimates were reported under the
custom FFH scenario than the default FFH scenario. This is primarily attributed to crawlspace structures
that had a lower FFH estimate than the Hazus default value. For Newport News, the largest increase in
damages resulted from crawlspace structures where the Old Dominion University laser inclinometer FFH
measurement was lower than the Hazus default value. Within Norfolk, partial crawlspace structures
were treated as slab in the U.S. Army Corps of Engineers database and assigned a FFH value of 0.5ft. This
resulted in higher damage estimates than the default FFH scenario, where these structures were
assigned crawlspace FFH values. For Virginia Beach, the largest increase in damage is attributed to
crawlspace structures where the Dewberry regression model predicted custom FFH lower than the
default FFH value. In comparison, the elevation certificate based-Random Forest modeling approach
tends to produce higher FFH estimates than the Hazus default FFH methods, resulting in overall lower
damage estimates

15

Isle of Wight County, Newport News, Poquoson, Suffolk, and Surry County were excluded from this table because there were
not enough elevation certificates available for a meaningful comparison.
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Building Damgae (Million $)

Custom Damage

Default Damage

$100
$80
$60
$40
$20
$0

Chesapeake Gloucester
County

Hampton Isle of Wight James City
County
County

Newport
News

Norfolk

Poquoson Portsmouth

Suffolk

Surry
County

Virginia
Beach

York County

Locality

Figure/Table 5: Comparison of flooding damage estimates in millions of dollars using default and custom FFH values for the 1% annual chance flood event.

Chesapeake

Gloucester
County

Hampton

Isle of
Wight
County

James
City
County

Newport
News

Norfolk

Poquoson

Portsmouth

Suffolk

Surry
County

Virginia
Beach

York
County

Total

Custom
Damage

$15.1

$11.6

$74.4

$2.7

$1.7

$4.7

$90.8

$43.3

$4.8

$1.9

$0.7

$98.6

$4.3

$354.6

Default
Damage

$34.1

$20.3

$83.4

$2.6

$3.3

$1.9

$68.4

$43.3

$13.4

$2.9

$1.0

$62.0

$16.7

$353.3

$19.0

$8.7

$9.0

$0.1

$1.6

$2.8

$22.4

0

$8.6

$1.0

$0.3

$36.6

$12.4

$122.5

125.7%

75.0%

12.2%

-3.1%

99.8%

-60.7%

-24.7%

0.0%

178.3%

53.7%

49.0%

-37.1%

285.9%

|Difference|
Percent
Change

-0.4%
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The percent of building damage was classified as substantial (>49%), moderate (15-49%), low
(<15%), or no damage. The substantial and moderate ranges are defined in the Hampton Roads Hazard
Mitigation Plan (HMP, 2017). While 44% of all structures experienced flood damage, the percent of
building damage per individual structure tended to be less than 15%. Approximately 36% of all
structures included in the analysis experienced a low level of flood damage, 8% experienced a moderate
level of damage, and less than 1% experienced substantial damage (Figure 6). This pattern was also
observed in each individual community, where at least half of damaged structures had a low level of
flood damage (with the exception of Surry County which had more moderately damaged structures)
(Figure 7). Hampton (4,015 structures), Virginia Beach (3,009 structures), and Norfolk (2,700 structures)
experienced the greatest number of damaged structures (Figure 7). The distribution of damaged
structures classified by level of damage is displayed in Figure 8. A heat map of the structures weighted
by total dollar losses illustrates the highest density of losses occurring in Hampton, Poquoson, Norfolk,
and the northern portion of Virginia Beach (Figure 8).

Percent of Total Structures
0.1%

7.9%

Substantial
Moderate

35.9%
56.1%

Low
No Damage

Figure 6: Percent of structures experiencing substantial, moderate, low, or no damage from the 1% annual
chance flood event using custom first floor height estimates derived from local data .

20

4,000
3,500

# of Flood Damaged Structures

3,000
2,500

Substantial

2,000

Moderate
1,500

Low

1,000
500
0

Locality

Figure 7: Number of structures experiencing substantial, moderate, or low damage from the 1% annual chance flood event using custom first floor
height estimates derived from local data.
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Flooding Scenario: 1% Annual Chance Flood

Figure 8: Distribution of individual structures experiencing flood damage under the 1% annual chance flood event across the Hampton Roads
region. The heat map displays the density of damaged structures weighted by the value of loss in dollars.
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Results: Sea Level Rise Scenarios
The baseline 1% annual chance flood scenario, developed using the same DEM as the sea level
rise scenario depth grids, resulted in approximately 28,121 structures intersecting the depth grid, with a
total exposure value of $7.8 billion. There were 2,091 fewer structures exposed to flooding using the
local flood depth grid rather than the FEMA Flood Risk MAP product depth grid. The custom FFH
estimates including local elevation certificate data were applied for the local flood depth grid and sea
level rise analysis. The estimated building losses for the local flood depth grid analysis were also $49.6
million lower than under the FEMA flood depth grid scenario. The estimated building losses under the
local flood depth grid were $305.0 million (Figure 9). When accounting for 1.5ft of sea level rise, the
estimated damages increased by more than double to $865.8 million (Figure 9). For 3ft of sea level rise,
the total estimated damages were $1.7 billion, nearly six times as high as the initial baseline damage
estimate (Figure 9).
$1,800.00

$1.7 B

Estimated Building Damage (Million S)

$1,600.00
$1,400.00
$1,200.00
$1,000.00
$865.8 M
$800.00
$600.00
$400.00

$305.0 M

$200.00
$0.00
1% Annual Chance Flood

+1.5 ft Sea Level Rise

+ 3 ft Sea Level Rise

Flooding Scenario

Figure 9: Estimated building losses in millions of dollars for the 1% annual chance flood using the local depth grid,
1.5 ft of sea level rise in addition to the 1% annual chance flood, and 3ft of sea level rise in addition to the 1%
annual chance flood. Custom FFH values derived from local data were used.
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The total estimated building losses from 3ft of sea level rise ranged from $1.3M (Surry County)
to $326.3M (Hampton) (Table 6). Across all localities, the estimated building losses increased with sea
level rise. The rate of increase in building losses and the relative number of structures damaged as a
result of sea level rise varied by community.
Table 6: Comparison of estimated building damages in millions of dollars for the 1% annual chance flood using the
local depth grid, 1.5 ft of sea level rise in addition to the 1% annual chance flood, and 3ft of sea level rise in
addition to the 1% annual chance flood. Custom FFH values derived from local data were used.

Locality

1% Annual Chance Flood
(Million $)

Chesapeake

+1.5 ft
Sea Level Rise
(Million $)

+ 3ft
Sea Level Rise
(Million $)

$33.3

$127.4

$234.4

$5.4

$20.8

$57.5

$43.8

$157.1

$326.3

Isle of Wight County

$1.4

$2.1

$3.7

James City County

$1.6

$5.5

$16.0

Newport News

$3.7

$9.0

$18.1

Norfolk

$95.4

$192.5

$314.5

Poquoson

$46.8

$131.4

$256.9

Portsmouth

$5.4

$29.7

$83.1

Suffolk

$0.7

$2.0

$4.2

Surry County

$0.4

$0.8

$1.3

Virginia Beach

$63.5

$162.9

$313.7

$3.4

$24.7

$75.7

Gloucester County
Hampton

York County
TOTAL

$305.0

$865.8

$1,705.4

Figure 10 illustrates the number of structures experiencing flood damage under each scenario as a
percent of total structures damaged across all three flooding scenarios. For example, in Chesapeake,
50% of structures that experienced flood damage across all three scenarios were initially damaged
under the 1% annual chance flood event (Figure 10). York County experienced the greatest overall
relative increase in damage as a result of sea level rise because only 22% of structures were initially
damaged under the 1% annual flood scenario (Figure 10); however, in terms of estimated total dollar
loss, York County ranked 7th of out 13 localities (Table 6).
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1% Annual Chance Flood

+1.5 ft Sea Level Rise

+ 3 ft Sea Level Rise

Chesapeake
Gloucester County
Hampton
Isle of Wight County

Locality

James City County
Newport News
Norfolk
Poquoson
Portsmouth
Suffolk
Surry County
Virginia Beach
York County
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20%
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90%

100%

Percent of Structures with Flood Damage
Figure 10: A comparison of the number of structures experiencing flood damage under each scenario as a percent of total structures damaged
across all three scenarios in each locality. Custom FFH derived from local data were used.
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In addition to changes in total estimated building damage with sea level rise, changes in the
level of building damage were also observed. The percent of building damage was classified into the
following categories: substantial (>49%), moderate (15-49%), low (<15%), or no damage (HMP, 2017).
Sea level rise substantially increases the number of structures experiencing damage. With the 1% annual
chance flood alone, 57.1% of structures are not damaged. With an additional 1.5ft of sea level rise,
23.7% of structures are not damaged, and with 3ft of sea level rise, only 8.4% of structures are not
damaged (Figure 11). Furthermore, there was a shift in the level of damage structures experienced. In
the baseline scenario, only 6.8% of structures experienced moderate damage (Figure 11). However, in
the 3ft sea level rise scenario, over half (55.2%) of structures experienced a moderate level of damage
(Figure 11).

1% Annual Chance Flood

57.1%

36.1%

6.8%

Flooding Scenario

0.3%
+1.5 ft Sea Level Rise

23.7%

51.2%

24.9%

2.4%
+3 ft Sea Level Rise

8.4%

0%

34.0%

10%

20%

55.2%

30%

40%

50%

60%

70%

80%

90%

100%

Percent of Total Structures
None

Low

Moderate

Substantial

Figure 11: Percent of total structures experiencing substantial, moderate, low, or no damage from the 1% annual
chance flood event plus an additional 1.5ft and 3ft of sea level rise. Custom first floor height estimates derived
from local data were used.

The distribution of damaged structures classified by level of damage is displayed in Figure 12 for
the 1.5ft sea level rise scenario and in Figure 13 for the 3ft sea level rise scenario. A heat map of the
structures weighted by total losses illustrates the highest density of losses occur in Hampton, Poquoson,
Chesapeake, Norfolk, Portsmouth, and Virginia Beach under both sea level rise scenarios (Figures 12 and
13). Additional damage hot spots begin to emerge in Gloucester County and along the southern
coastline in Virginia Beach under the 3ft sea level rise scenario (Figure 13).
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Flooding Scenario: 1% Annual Chance Flood with 1.5 ft Sea Level Rise

Figure 12: Distribution of individual structures experiencing flood damage under the 1% annual chance flood event plus 1.5ft of sea level rise
across the Hampton Roads region. The heat map displays the density of damaged structures weighted by the value of loss in dollars.
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Flooding Scenario: 1% Annual Chance Flood with 3 ft Sea Level Rise

Figure 13: Distribution of individual structures experiencing flood damage under the 1% annual chance flood event plus 3ft of sea level rise across the
Hampton Roads region. The heat map displays the density of damaged structures weighted by the value of loss in dollars.
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Comparisons and Limitations
While the overall custom FFH building damage estimate was only $1.3 million greater than the
default FFH building damage estimate (Table 7), the differences in individual localities were as large as
$36.6 million. The overall difference in damage appears lower at the regional scale because the default
FFH estimates do not always result in higher flood damage estimates for individual localities. The total
absolute difference in damage between the custom and default FFH results across all localities is $122.5
million. In agreement with the conclusions of the pilot community vulnerability assessment results,
locality building damage estimates are highly sensitive to the FFH input.
In localities where elevation certificates were available and used to inform predictive models,
the FFH estimates tended to be higher, and therefore, the damage estimates were lower than when
using the Hazus default values. Given that elevation certificates are generally more common for recent
construction, the Hazus default FFH values may not overestimate FFH consistently for older structuresbuilt pre-FIRM. Integrating additional survey data or Google Street view stair counting estimates for preFIRM structures would likely improve predictive model performance for these structure types.
When comparing the local depth grid for the 1% annual chance flood to the FEMA Flood Risk
MAP product depth grid, the FEMA depth grid resulted in a larger damage estimate by $49.6 million
(Table 7). Considering both depth grid scenarios, the total estimated building damage for RES1
structures in the SFHA likely ranges from $305 to $354 million. The building damage estimate when
using the Hazus default FFH values ($353) also falls within this range.
Table 7: Comparison of estimated total building damages across the Hampton Roads region resulting from the 1%
annual chance flood plus 1.5ft and 3ft sea level rise. Estimates are reported in millions (M) or billions (B) of dollars.

Flooding Scenario
1% Annual Chance Flood –
FEMA Depth Grid
1% Annual Chance Flood –
Local Depth Grid
+ 1.5 ft Sea Level Rise
+3 ff Sea Level Rise

Custom First Floor Height

Default First Floor Height Total

Total Building Damage

Building Damage

$354.6 M

$353.3 M

$305.0 M

---

$865.8 M

---

$1.7 B

---
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While the damage estimates were lower for the 1% annual chance flood depth grid based on the
HRPDC DEM, there are inconsistences in coverage between the two depth grids. Within the local depth
grid, several areas have been identified that are tidally connected but currently excluded from the depth
grid. Further enhancements to the local flood depth grid to incorporate these additional tidally
connected areas will help improve damage estimates. It is also important to note that only points in the
current SFHA were considered in this analysis. Additional structures outside of the SFHA impacted by sea
level rise were not accounted for, and future analysis could expand the database to incorporate these
additional residential structures. For the sea level rise analysis, emphasis should be placed on the
relative increases in damage estimates as a result of sea level rise, rather than the exact building loss
dollar estimate.
Additional limitations in the analysis existed for Franklin, Southampton County, and Poquoson.
Given that the depth grids are based on storm surge scenarios associated with the 1% annual chance
flood event, inland floodplains that do not have a static BFE were not included in the depth grids.
Therefore, Franklin and Southampton County were excluded from the flooding vulnerability assessment.
The FEMA Hazus program has developed recommended methodologies for developing depth grids
based on local FIRM transects (FEMA, 2018a). By adapting this methodology to the Hampton Roads
region, additional flood depth grids can be developed to address these existing gaps. For Poquoson, it is
important to note that the damage estimates resulting from using the Hauzs default FFH values likely
overestimate the expected damage because many home elevations have been completed. Over 1,000
elevation certificates are available for Poquoson, and HRPDC staff has been coordinating with the city to
convert paper copies into a digital PDF format for future data entry. Upon entering the elevation
certificate data into GIS, the revised FFH estimates can be applied in a vulnerability assessment to
develop more accurate building damage estimates.
While this analysis focused on applying a single FFH estimate for each structure, alternative
vulnerability assessment approaches can incorporate a range of likely FFH values for each structure. An
approach developed by AECOM estimated flood damages given a range of FFH values, weighted by the
probability of occurrence, for a given structure (Parson and Onufrychuck, 2019). This approach helps
capture uncertainty associated with a single FFH estimate. The methodology was adapted to the
Hampton Roads region and piloted in Hampton as part of the second phase of the regional FFE initiative.
In the Hampton example, the probabilistic approach resulted in higher building loss estimates than using
a single FFH value. Implementing this approach in other Hampton Roads communities could improve
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estimation of the possible range of building losses under various flooding scenarios. Further research is
needed to identify the most appropriate scale of analysis (individual locality vs. multi-jurisdictional) and
suitable foundation types for this approach based on available data.

IV. Recommended Practices for Data Management and Development
Elevation Certificate Data Management
The multi-year regional FFE effort has provided insight into approaches for organizing and
applying elevation certificate data in both flooding vulnerability assessments and floodplain
management. It is recommended that localities maintain digital elevation certificate copies to support
earning credit in the National Flood Insurance Program’s Community Rating System (CRS). The CRS is
a program administered by FEMA that provides discounts on flood insurance premiums to the residents
of participating communities (CRS, 2017). Localities are assigned a class from 1-10 that reflects the
measures taken to reduce and mitigate flood damage beyond the minimum requirements for
participation in the National Flood Insurance Program (CRS, 2017). Each CRS class corresponds with a
discount on flood insurance premiums for residents of the community (CRS, 2017). Discounts increase in
5% intervals from Class 9 (5%) to Class 1 (45%) for polices in the SFHA (CRS, 2017). As a prerequisite for
achieving a CRS Class 9 rating, the community must maintain FEMA elevation certificates for all new
buildings and substantial improvements constructed in the SFHA following the community’s CRS
application (CRS, 2017). The community must also provide copies of the elevation certificates upon
request (CRS, 2017). While the CRS program does not require the elevation certificate copies to be
digital, there are several advantages to maintaining scanned elevation certificate copies.
Digital copies of elevation certificates are eligible for Flood Protection Website (WEB) credit
under Activity 350, Flood Protection Information (CRS, 2017). WEB credit includes three sub-elements:
(1) providing detailed information on flood protection messages associated with credited outreach
projects, (2) publishing real-time water-level gage information, and (3) posting elevation certificates or
data from elevation certificates (CRS, 2017). To achieve points for WEB3, the copies of elevation
certificates, or a list of addresses for which elevation certificates are available, must be posted on the
community’s flood protection website (CRS, 2017). A maximum of 20 points is awarded if all available
elevation certificate copies/addresses are available (CRS, 2017). If only a portion of the elevation
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certificates are available, the amount of points earned is adjusted proportionally (i.e. listing 50% of
addresses would equal 10 points) (CRS, 2017).
Communities can also earn credit for providing access to building elevation data. Under Activity
440, Flood Data Maintenance, communities can earn points for providing additional map data (AMD)
(CRS, 2017). In order to be eligible for AMD credit, a community must first display the SFHA boundaries,
corporate limits, streets, and parcel or lot boundaries as part of the data system (CRS, 2017). Following
this requirement, there are opportunities to earn points for 12 additional types of data (CRS, 2017).
Under AMD13, 14 points are available for including building elevation data in a digital format (not just
scanned copies of elevation certificates) (CRS, 2017). These points are prorated according to the percent
of the inventory displayed, following the same calculation for the WEB3 activity of listing elevation
certificate addresses online (CRS, 2017).
The Hampton Roads elevation certificate inventory, hosted on HRGEO.org, supports localities in
earning credit for both WEB3 under Activity 350 and AMD13 under Activity 440. The elevation certificate
parcels data provides a complete list of addresses for which elevation certificates are available within
each participating locality. The list of addresses can be accessed as a spreadsheet or as GIS layers to
support Activity 350. The elevation measurements from the certificates are also recorded in the GIS
layers, providing the necessary information for Activity 440. To support keeping this inventory current,
HRPDC staff plan to update this inventory annually. It is recommended localities scan new elevation
certificates as they become available and compile copies in a single computer folder. In addition to
the HRPDC inventory, interested localities could host this information on their local websites or GIS
portals. For example, James City County includes PDF copies of elevation certificates by parcel on their
public property viewer (James City County, 2020). This approach provides an opportunity to view
elevation certificates, building details, and property assessment information in a central location.
The state of Florida has an exemplary approach to displaying and maintaining elevation
certificate information. As of January 2017, surveyors are required to submit a copy of each elevation
certificate, within 30 days of completion, to the Florida Division of Emergency Management (Land
Surveying and Mapping, Florida Statute 472.0366, 2020). The elevation certificates are submitted
through a geo-referenced form, and submissions are tracked through an online dashboard application
(Florida Division of Emergency Management, 2020a and 2020c). Elevation certificate submissions can
be viewed by the public through an interactive web map, which displays the location of the structure,
reported base flood elevation, and a digital copy of the elevation certificate (Florida Division of
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Emergency Management, 2020b). The statewide elevation certificate inventory contains over 100,000
elevation certificates, including both new elevation certificates collected through the online form and
previously collected elevation certificates (Figure 14). This streamlined approach of collecting and
mapping elevation certificate data provides an example of long-term database management that
could potentially be replicated in the Hampton Roads region or across Virginia.

Figure 14: Image of the Florida Division of Emergency Management elevation certificate submission web application (Florida
Division of Emergency Management, 2020b).

First Floor Elevation Estimation Methods
In addition to the HRPDC initiative to develop FFE data, there have been several other efforts in
the Hampton Roads region to enhance FFE data. The following section describes the methodologies
associated with the data development efforts lead by the U.S. Army Corps of Engineers, Old Dominion
University, and Virginia Beach and the consulting firm Dewberry.

U.S. Army Corps of Engineers (USACE)
USACE has developed FFE databases for Norfolk and Portsmouth using a combination of
available survey data, stair counting, and estimations based on floodplain regulations. Within each
community, structures were classified as being built before or after the community’s first FIRM. For preFIRM structures where FFE estimation was required, USACE applied a stair counting approach using
Google Street View imagery and vehicle windshield surveys. The number of stairs leading to the
entrance of each structure was recorded, and each stair was assumed to be approximately 0.5ft in
height. Consideration was also given to the location of the stairs relative to the LAG when calculating
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FFH. For post-FIRM structures, the FFE was assumed to be equivalent to the BFE plus additional
freeboard required by the locality at the time of construction. The FFH was then calculated as the
difference between the FFE and estimated lowest adjacent grade derived from a DEM.
The Norfolk USACE database was completed in 2016 and included in the HRPDC regional
structure inventory for the flooding vulnerability assessment. Additional elevation certificates became
accessible following the development of the USACE database, so FFH estimates were replaced with
elevation certificate values where available prior to the flooding analysis. The Portsmouth database is
being finalized and was not included in the HRPDC regional structure inventory.

Old Dominion University (ODU)
Through a collaborative effort between ODU, the Virginia Institute of Marine Science, the
Commonwealth Center for Recurrent Flooding Resiliency (CCRFR), and the Virginia Department of
Emergency Management, FFE data is being developed for the Salters Creek and Newmarket Creek areas
of Newport News to support flooding vulnerability assessments (Allen, 2019). ODU is creating the FFE
database using a combination of field data collection and predictive modeling (Allen, 2019). Because of
the limited number of elevation certificates available for Newport News, additional field data collection
was required to inform the modeling approach. FFE data was collected using a laser inclinometer for a
random stratified sample of residential structures (Allen, 2019). The sample included approximately
1,700 buildings classified by flood zone, with priority given to structures in the SFHA and 0.2% annual
chance floodplain (Allen, 2019). The field measurements were recorded in GIS, and the field
measurements were included in the HRPDC regional structure inventory for application in the flooding
vulnerability assessment.
ODU is applying the field data to develop geostatistical models, specifically Empirical Bayesian
Kriging and Co-Kriging models (Allen, 2019). Kriging is a form of spatial interpolation that predicts values
at unmeasured locations and quantifies uncertainty associated with the predictions (Esri, 2020). For the
Co-Kriging approach, LiDAR-derived elevation and foundation type were used as predictor variables
(Allen, 2019). The models create a surface of FFE values that can then be applied to individual building
footprints (Allen, 2019). The FFE database is being developed in conjunction with high-resolution flood
depth grids to support building-level damage assessments that could be integrated with the Virginia
Integrated Flood Observing and Warning Systems (IFLOWs) for flood monitoring (VIMS, 2019).
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Dewberry and the City of Virginia Beach
Virginia Beach and the consulting firm Dewberry recently completed a multi-year effort to
develop strategies to respond to sea level rise and increased flooding (City of Virginia Beach, 2020). This
comprehensive program, Sea Level Wise, included a flood risk analysis using FEMA’s Hazus model to
understand the impacts of existing and future flooding scenarios (City of Virginia Beach, 2020). To
develop the required FFH input for the Hazus analysis, Dewberry applied a combination of observational
data and predictive modeling (Dewberry, 2020). The sources of observational data included city permits
and surveys previously collected by Risk Assessment, Mapping, and Planning Partners (RAMPP) and
Kimley-Horn Associates (Dewberry, 2020). Given city permit data had the most robust sample size
(~7,500 structures) with more than 10 times the amount of data from the other two data sources, it was
used to develop predictive regression equations (Dewberry, 2020).
The explanatory variables used in the regression analysis included occupancy type, year the
structure was built, foundation type, and difference between highest and lowest adjacent grade
(Dewberry, 2020). The regression models produced estimates of FFH based on these attributes for
structures where measurements were not available (Dewberry, 2020). The regression model produced a
Root Mean Square Error (RMSE) of 1.23ft overall. When comparing the regression model predictions to
observational data, the regression models produced a better estimate of FFH than Hazus default values
71% of the time (Dewberry, 2020). The resulting model FFH estimates were also added to the estimated
LAG to produce a final FFE estimate. When compared to the additional survey data sources, the RMSE
was 2.57ft and the mean absolute error was 0.94ft (Dewberry, 2020).
For the final FFH database, a tiered screening approach was applied in the following order: city
permit, RAMPP/KHA survey data, regression equation, and Hazus default (Dewberry, 2020). The
Dewberry FFH database was added to the HRPDC regional structure inventory. Given that the database
was completed in 2016, the database was updated to account for new construction and elevation
certificates before application in the HRPDC flooding vulnerability assessment.

Methods Comparison
When determining what FFE estimation approaches may appropriate for a given locality, it is
important to evaluate tradeoffs between time, cost, required level of expertise and data for each
methodology. Table 8 summarizes the various methodologies applied throughout Hampton Roads based
on data, statistical knowledge, and time requirements. When developing a local FFE database, it is
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recommended that the availability of existing survey data and building attribute data first be
evaluated. Predictive methodologies are dependent on the availability of this information. In the
absence of building attribute data, foundation type and number of stories can be estimated from Google
Street View or local assessor imagery. The stair counting approach offers the advantage of minimal data
requirements, but is more time consuming than a predictive modeling approach. While a modeling
approach can quickly generate estimates for thousands of structures, it may require a significant
amount of data preparation. The list of methodologies presented in Table 8 is not comprehensive, and
additional data collection techniques, such as mobile-LiDAR, are also available. As observed with the
development of the HRPDC regional structure inventory, a combination of various methodologies can
be applied to develop a local FFH database.
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Table 8: Comparison of data requirements, relative processing time, and technical qualifications needed for various first floor elevation estimation approaches.

Requirements

Dewberry
Regression
Modeling

HRPDC
Random
Forest
Modeling

ODU
Geostatistical
Modeling

USACE
Stair Counting

Hazus Default Reference Tables

Digital Elevation
Model (DEM)

Yes

Yes

Yes

Yes (if adjusting for stair
elevation)

No

Occupancy Type

Yes

Yes

No

No

No

Foundation Type

Yes

Yes

Yes
(for Co-Kriging)

No

Yes

Year Built

Yes

Yes

No

No

Yes (Pre- or Post-FIRM)

No

Yes

No

No

No

Survey Data

Yes

Yes

Yes

No

No

Image of
Structure

No

No

No

Yes

No

Thousands of structures can be estimated at once.
Initial data prep can be time intensive.

Each structure must be
reviewed individually.

Thousands of structures can be
estimated at once. Adapting foundation
codes can be time intensive.

Requires knowledge of statistical modeling and GIS.

GIS only required to
adjust for lowest
adjacent grade.

May require knowledge of GIS to access
building attributes.

Property Value

Relative
Processing Time
Technical
Qualifications
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V. Conclusions and Next Steps
The importance of accurate FFH estimates is underscored by the sensitivity of flooding
vulnerability damage estimates to the FFH input. As noted in the pilot community vulnerability
assessments and further analysis across Hampton Roads localities, changing FFH by less than a foot can
alter flood damage by hundreds of structures and millions of dollars. When considering future sea level
rise, the estimated flood losses increased by more than double with 1.5ft of sea level rise (present-2050
planning horizon) and increased by nearly six times the initial estimates with 3ft of sea level rise (20502080 planning horizon). Precise FFH data is critical to developing accurate vulnerability assessments that
influence long-term community planning decisions.
The multi-year HRPDC FFE initiative investigated several methods for developing FFE/FFH
estimates. There was not one estimation approach that was the most accurate or efficient across the
Hampton Roads region. While the Random Forest modeling approach was the primary estimation
method used in the initiative, it is dependent on the availability of a robust sample of elevation
certificates or survey data that represents the community building stock. Elevation certificates are not as
readily available for structures built before a community’s first FIRM was adopted because they were
not required for floodplain management compliance at that time. This results in lower confidence in
Random Forest model FFH estimates for structures that were built pre-FIRM. Across all six Random
Forest models described in this report, foundation type was the most important predictor variable. Local
assessor codes are not consistent in the level of detail across Hampton Roads localities, and in some
cases, a variety of foundation types are bundled under one code. Localities should consider adopting
clear and consistent assessor foundation type codes to improve future modeling and vulnerability
assessments.
Predictive modeling offers the advantage of quickly processing thousands of structures.
However, it also requires a relatively large sample of data for model development and knowledge of
statistics. In comparison, imagery-based stair counting requires minimal knowledge of building
characteristics to estimate FFH, but requires significant time to review images for each structure. This
illustrates the tradeoffs between time, data availability, and technical knowledge required for each
approach. A robust methods assessment that includes additional methodologies not applied in this
analysis, such as mobile LiDAR, would offer more insight into tradeoffs between cost and accuracy.
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The regional FFE database developed through this initiative is designed to be an adaptive
database. Additional elevation certificate or survey data can be integrated into the database as it
becomes available. An immediate next step for the regional FFE database is to record information from
Poquoson’s elevation certificates. Given the robust sample of elevation certificates for Poquoson (likely
over 1,000), the data could potentially be used to develop a predictive modeling approach for the
locality or used to refine the regional FFH model. Continued collection of digital copies of elevation
certificates by local governments will further support long-term database management and
opportunities for localities to earn credit through the Community Rating System.
While the focus of this analysis was on building losses for single-family residential structures
within the SFHA, comprehensive flooding vulnerability assessments also account for commercial and
industrial properties, as well as building contents loss. The FEMA FAST tool applied in this analysis also
produces contents loss estimates and is applicable to additional occupancy types. Future vulnerability
assessments could include these aspects, as well as additional flooding scenarios. The lessons learned
through the HRPDC regional FFE effort will serve as a resource for the upcoming Hampton Roads Hazard
Mitigation Plan update, which is expected to be completed by April 2022. Continued research and
coordination across the Hampton Roads region to develop more accurate FFE data will support coastal
resiliency planning efforts and contribute to the advancement of the broader natural hazards analysis
community.
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VII. Appendices
Appendix A: FEMA Hazus First Floor Height Reference Tables
The following table summarizes the Hazus default FFH values, reported in feet, by foundation
type, flood zone, and FIRM-status. This table is adapted from FEMA’s Multi-hazard Loss Estimation
Methodology Flood Model Hazus-MH Technical Manual (Table 3.11 and Table 3.14, FEMA Mitigation
Division, 2017).
Table 9: Hazus Default First Floor Height Values
Pre-Firm

Post-FIRM FFH

Post-FIRM FFH

Post-FIRM FFH

FFH

(Riverine)

(Coastal A zone)

(Coastal V zone)

Pile

7

8

8

8

Pier/Post/Beam

5

6

6

8

Solid Wall

7

8

8

8

Basement/Garden Level

4

4

4

4

Crawlspace

3

4

4

4

Fill

2

2

2

2

Slab

1

1

1

1

Foundation Type
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Appendix B: Replacement Cost Calculation for Residential Structures
The structural replacement cost in Hazus is based on published R.S. Means Values for industrystandard cost-estimation (FEMA Mitigation Division, 2017). For single-family residential structures,
socio-economic data from the Census is applied to identify construction classes and associated
replacement cost models (FEMA Mitigation Division, 2017). Buildings are classified as Economy,
Average, Custom, or Luxury based on the census block income ratio (IK) as shown in Table 9.
Table 10: Income ratio ranges for selecting and weighting R.S. Means building classifications. Values
correspond with the weight applied to the R.S. Means cost per square foot when calculating
replacement cost. Adapted from Hazus Technical Manual (Table 14.5, pg 14-15. FEMA Mitigation
Division, 2017).
Income Ratio (Ik)
Ik < 0.5
0.5 </= Ik < 0.85
0.85 </= Ik < 1.25
1.25 </= Ik < 2.0
Ik >= 2.0

Luxury

Custom

.25
1

Average
.25
.75

Economy
1
.75

1

The Hazus software includes reference tables for identifying R.S. Means values of cost per square foot.
The R.S. Means values vary by construction classification, number of stories, and the presence of a
basement (Table 10). These average national values are further adjusted by a regional factor provided in
the Hazus software (Table 11).
Using values from the above reference tables, the structure replacement cost is calculated using
the following formula (FEMA Risk Map CDS, 2016):
BLDG_SQFT * RS_Means * Reg_Factor
•
•
•

BLDG_SQFT: Building Square Footage as reported in the assessor’s database.
RS_Means: 2018 RS Means Cost per square foot, weighted by income class for single-family
residential structures.
Reg_Factor: Regional adjustment factor for replacement cost calculation.

For example, the replacement cost for a 2,000 square foot, two-story, single-family residential, home
with an income ratio between 0.85 and 1.25 located in Chesapeake would be calculated as follows:
2,000ft * ((141.49/ft * 0.25) + ($112.4/ft * 0.75)) * 0.95 = $227,378 replacement cost value.
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Table 11: 2018 R.S. Means values representing cost per square foot for estimating structure
replacement cost (FEMA Risk MAP CDS, 2019). Values copied from Hazus software reference tables.
Description

Height Class

Economy
Economy
Economy
Economy
Average
Average
Average
Average
Custom
Custom
Custom
Custom
Luxury
Luxury
Luxury
Luxury

1 story
2 story
3 story
Split level
1 story
2 story
3 story
Split level
1 story
2 story
3 story
Split level
1 story
2 story
3 story
Split level

Average Base Cost
84.03
90.11
90.11
83.59
115.2
112.4
118.19
104.01
143.55
141.49
147.21
131.78
175.81
168.8
174.21
156.91

Finished
Basement Cost
25.5
14.35
14.35
14.35
30.8
19.75
15.6
19.75
50.4
28.95
21.05
28.95
54.25
31.75
23.4
31.75

Unfinished
Basement Cost
8.8
5.8
5.8
5.8
10.55
6.9
5.4
6.9
19.5
11.65
8.65
11.65
20.55
12.55
9.45
12.55

Table 12: Regional location factors for adjusting R.S. Means values by community.
Locality
Chesapeake
Gloucester County
Hampton
Isle of Wight County
James City County
Newport News
Norfolk
Poquoson
Portsmouth
Suffolk
Surry County
Virginia Beach
York County

Regional Factor
0.95
1.03
0.95
0.95
1.03
0.95
0.95
0.95
0.87
0.95
0.95
0.95
0.96

For structures with a basement, an additive adjustment of additional cost per square foot of the
structure is applied because the R.S. Means values do not consider basements in the base cost of the
structure (FEMA Mitigation Division, 2017). For structures with a partial basement, the basement
additional cost was only applied to the corresponding square footage (i.e. half of structure’s square
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footage for a half basement foundation type). Unless otherwise specified in the assessor data, all
basements were assumed to be unfinished. An additional adjustment can be made for structures with
attached and detached garages. Given limited data on the type of garage in the assessor database and a
different FFH for a garage compared to the main structure, garage replacement costs were not
accounted for in this analysis.
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