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1 INTRODUCTION
Appendix C summarizes results of the National Economic Development (NED) analysis for the
Tulsa and West-Tulsa Levees Feasibility Study (TWT Study). Section 2 provides an overview of
study area demographics and other characteristics as required by the National Environmental
Protection Act (NEPA); Section 3 discusses methodology, data and assumptions used to
develop NED analyses, and Sections 4 and 5 summarize results. Other appendices and the
main body of the report contain additional information regarding plan formulation, engineering
and hydrology and hydraulics (H&H). Life loss methods and estimates developed for the Tulsa
West-Tulsa Levees Semi-Quantitative Risk Assessment (SQRA) are presented as an
addendum to this appendix.
Study team economists evaluated alternatives based on flood-related costs (i.e., damages
avoided) consisting of structural damage to homes, businesses and other buildings and
vehicles, and losses associated with damage to building contents such as furniture, electronics
or industrial equipment. Methodology used meets criteria in Engineering Regulation ER 1105-2100 (Planning Guidance Notebook). Models applied are USACE certified tools developed by the
USACE Hydrologic Engineering Center (HEC) and include HEC-Flood Damage Analysis (HECFDA) software, and the recently developed hydrologic and economic data preprocessing
module (HEC-GeoFDA). HEC-FDA is similar to HEC-LifeSim, but focuses on monetary
damages rather than life loss.
The standard metric used to evaluate plans based on NED is the ratio of benefits (BCRs) to
costs where a value of 1.0 or more is a good investment and a value of less than 1.0 is
generally not a good investment based solely on economic and financial considerations. The
expected annual cost for an alternative in terms of construction and operation is subtracted from
expected annual benefits to compute BCRs and net annual benefits. A plan with a BCR equal to
or greater than 1.0 is not necessarily the “NED plan.” The NED plan is the alterative with a BCR
of at least 1.0 that generates the greatest net economic benefits.

1.1 Overview of Study Area
The study area consists of Levee A and Levee B (referred to as Areas A and B herein) and
occupy a portion of the incorporated limits of Sand Springs, Okla., (population 19,727), and a
small segment of the City of Tulsa. Most of the study area lies in Sand Springs, which is
considered a suburb of the City of Tulsa. Total land area in A is 1.68 square miles and 2.19
square miles in Area B with relatively flat terrain, and most land is developed with both
residential and commercial plots along with several schools, churches and parks. There are also
large concentrations of industrial facilities in Areas A and B, many of which are suppliers to
regional petrochemical refineries.
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While the fundamental computation framework is simple, the algorithms are more complex.
Using frequency-damage data, an integration process then calculates estimates of expected
annual damage. This involves aggregating the multiplication of the mean damage between each
pair of flood events by the difference in exceedance probabilities. This is then repeated for a
range of flood events in each damage category (e.g., residential, commercial and industrial).
Note that nomenclature used in this appendix to describe relative flood risk is the actual
probability, rather than the average recurrence interval of flood events. For example, the
commonly used term “100-year flood,” refers to a flood that has a 1 percent chance of being
equaled or exceeded in any given one-year period and is referred to herein as the 1-percent
annual exceedance probability (AEP) flood.
HEC-FDA computes flood damages for without and with project scenarios. The program
integrates hydrologic, hydraulic, and floodplain characteristics through application of a Monte
Carlo simulation method, and computes single event damages and expected annual damages
(EAD), while accounting for uncertainty in the values of structures and contents. Damage
susceptibility factors used by the program to estimate flood damages include: number and type
of structures, structure and content values, elevation where the structure begins to sustain
measurable damages, and flood depth-to-percent damage relationship.

1.7 Economic Inputs to the HEC-Flood Damage Analysis Model
While computation of flood damages (or flood damage reduction benefits of alternative plans)
using HEC-FDA is automated and relatively quick once the model is set up, collecting and
process inputs can be time consuming with the inventory of flood plain structures often requiring
the most effort on the part of economists. Fortunately, recent geo-process tools including ESRI
ArcMap and HEC-GeoFDA along with updated datasets from the Flood Risk Management
Planning Center of Expertise (FRM-PXC) such as the National Structure Inventory (NSI) have
greatly facilitated development of accurate floodplain inventories.
For this TWT Study, the study team inventoried properties within the 0.2 percent (500-year)
floodplain, which has the maximum flood inundation depths and extent (see Figures A-2 and A3). Information was gathered regarding the:


Type of structure or damage category (i.e., residential, commercial, industrial or public),



Replacement cost of structures,



Type and height of building foundations (used to determine first floor finished elevations
or the stage at which water would enter a building),



Square footage, number of stories, and building construction materials; and,



Value and number of cars per structure susceptible to flooding.
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Inventories were cataloged using geospatial files from the National Structure Inventory (NSI).
Spatial location of NSI data were verified using aerial imagery from Google Earth and GIS data
from the Tulsa County Assessor’s Office. Team economists then conducted an onsite 3-day
field survey in March of 2019 to verify data with a focus on first floor foundation heights.
Additional specifics regarding the inventory are discussed below.
1.7.1

Structure Values

Structure values were obtained from the Appraisers office and reviewed using construction cost
per square foot for different types of buildings and depreciation schedules published by
RSMeans (2018 Building Costs Book). In general, appraised market value less land were
consistent (within plus or minus 5 to 10 percent) with estimates using RSMeans for commercial
and public structures based on sample size of 10 percent. Foundations heights for commercial
and public structures range from 0 (slab on grade) to 1.0 foot with an average of about 0.5 feet
(Figure C-2 and Figure C- 3).
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Structural Content Values

Given an expedited TWT Study schedule, estimates for content values for structures are not
based on field or mail survey data, and the team relied on default values commonly used in
HEC-FDA models referred to as content to value ratios (CVRs). Residential CVRs are
embedded in depth damage functions in FDA and assume a value of 1.0. So for example, if a
structure’s value is $50,000 then the contents inside the house such as furniture, electronics
and appliances and other items is $50,000. Default CVRs for commercial and public structures
is also 1.0. For industrial facilities, a value of 1.5 was used. Total content value for the TWT
Study area based on the above assumptions is approximately $474 million dollars, and this
includes the estimated number of vehicles assumed to be inundated by flood waters (see
below). Thus, total property affected by flooding is roughly $860 million.
1.7.3

Automobile Values

In addition to buildings, cars are susceptible to flood damage, and thus an estimate of the
number of vehicles present during a flood event, and their value is needed to estimate project
benefits. Note that car damages are assumed to accrue for residential properties only. Given
substantial warning times in the event of a levee breach, the PDT agreed that any cars present
at commercial, public or industrial properties (customers or employees) would likely have ample
times to evacuate before their cars suffered damage. Another factor are the relatively short
evacuation distances. Note that this does include several car dealerships that have large on site
inventories of new and used vehicles (discussed below).
As is the case with employers and customers of local businesses, the analysis assumes some
residents would have time to evacuate in cars. To estimate the average value of vehicles per
residence present when flood waters arrived, economists collected data during the field survey
of neighborhoods to get a sample to serve as a reasonable proxy of car values (Table C-8).
Based on the estimated age of cars, bluebook values for each make and model of vehicles were
obtained from the 2019 National Automobile Dealers Association New and Used Car Price
Guide. The number of vehicles present derives from Census data, and a number of
assumptions based on previous feasibility studies and professional judgment. Census data from
the American Community Survey 2017 shows that there is an average of 1.74 vehicles available
for use per household in the TWT Study area. This figure is adjusted using the formula:
NPV = [(a*NVH*(b/c) + d*NVH (e/c)] * f
where:
NPV = number of vehicles present during flood event
NVH = average number of vehicles per household (1.74)
a
= percent of vehicles present during non-work hours (75 percent)
b
= number of work hours per week (128 hours)
c
= total hours per week (168 hours)
d
= working hours per week (40 hours)
e
= percent of vehicles present during work hours (25 percent)
f
= percent of vehicles evacuated during flood (50 percent)

C-16

TULSA AND WEST-TULSA FEASIBILITY STUDY

APPENDIX C

USACE Institute of Water Resources (IWR), based on data collected from flooding events
throughout the United States between 1996 and 2001. 3 These functions vary depending upon
“structure occupancy types” that reflect differences in homes such as the number of stories, and
whether or not a home has basement, or slab foundation versus a pier and beam foundation
with a crawl space.
Damage relationships for commercial, industrial and public structures are based on analyses of
historical data collected from major flood events across the U.S. and are supplemented with
findings from subsequent economic field surveys of floodplain properties in the Fort Worth
District, considering such factors as the design of the structure and nature of structure contents.
These are vary depending on the type of business or public facility (restaurants, retail shops,
grocery stores, schools, government buildings, heavy versus light manufacturing etc.). USACE
Economic Guidance Memorandum (EGM) 09-04 is the source of automobile depth-damage
curves. For automobiles the first floor elevation applied was zero in all cases.
1.7.5

First Floor Elevations and Creation of HEC-GeoFDA Import Files

As alluded to above, a key parameter for any FDA model is the ground elevation measured
based on common geographic datum where socioeconomic damages begin to accrue during a
flood. Generally, this is the first finished floor above structural foundations, which can vary in
height by many feet. Historically, identifying and incorporating first floor elevations in FDA has
been one of the more time consuming tasks; however, the HEC recently released HECGeoFDA that greatly facilitates this and many other geospatial tasks. Among other things these
tasks include creating, editing and loading of geospatially referenced terrain data, one and two
dimensional hydraulic data grids, impact area polygons, structure inventories and more.
GeoFDA processes data into HEC-FDA compatible import files. It also easily assigns first floor
elevations based on hydraulic terrain grids and structure inventory shapefiles. Software users
supply foundation height that can verified in the field or via desktop by using street level satellite
imagery such as Google Maps by counting the number of steps on a front porch or building
portico. Each FDA model scenario used in this TWT Study relied on GeoFDA to prepare a
global FDA import file that populates many data vectors needed to run FDA.
1.7.6

Risk and Uncertainty in Economic Inputs

As described in Engineering Manual (EM) 1110-2-1619 “Risk-Based Analysis for Flood Damage
Reduction Studies,” as is the case with any model, there are risks and uncertainties associated
with parameters often arise as a result of things such as analytical or measurement errors, data
limitations or just natural randomness in data. To address uncertainties, FDA incorporates
standard deviations as a measure of data variance into Monte Carlo simulations, where higher
values of variance apply where uncertainties are greatest. Ambiguity associated with residential

USACE Economic Guidance Memorandum (EGM) 04-01 “Generic Depth-Damage Relationships for
Residential Structures.” April, 2001.
3
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structures and contents is modeled using a normal distribution with a standard deviation of 5
percent. Commercial, industrial and public structures also use the normal distribution with a
standard deviation of 10 percent. These values are default in HEC-FDA. Uncertainty
distribution, and uncertainty parameters. Uncertainty regarding first floor stages use a normal
distribution with a standard deviation of 0.5 feet.

1.8 Hydrologic and Geotechnical Inputs into the HEC-Flood Damage
Analysis Model
Flood scenarios modeled are based on HEC-RAS inundation depth grids and one of two loading
conditions at 3 levee control locations 4 (LCLs) throughout the TWT Study area: 1) Levee
overtopping and subsequent levee failure, or 2) levee failure with surface water elevations at the
top of levee. For the NED analysis, there are 3 Levee Control Locations: See Table of Contents
NOTE 1 P
tt
and two levees, A and B See Table of Contents NOTE 1 - Pursuant to EC-1105-2-413 and EC
1110-2-6074

Geotechnical and hydrologic analyses are discussed in detail in Appendices X and X; however,
several sets of data are important for NED assessment and HEC-FDA modeling including, stage
frequency parameters and stand deviations, levee fragility curves, and levee crest elevations.
These are incorporated into HEC-GeoFDA to create an FDA import file with water surface
profiles at all structure points, FDA exceedance probability functions, and FDA stage discharge
functions. Levee fragility curves and other features are entered directly into FDA.
1.8.1

Stage Flow Frequency Relationships

Table C-9 displays stage flow frequency relationships for See Table of
on tributaries of
Contents
NOTE
1
the Arkansas). See Table water surface profiles were developed based the 0.50, 0.20, 0.10,
f
0.05, 0.02, 0.014, 0.012, and 0.010 AEP flood events (i.e., 2, 5, 10, 25, 50, 70, 85 and 100-year
floods), and their associated flows and stages. Water surface profiles were used to delineate
depth and extent of flooding, and thus estimate the extent of damage based on elevation and
frequency of flood events. As mentioned earlier, the computation of flood damages is based on
the depth of flooding for various flood events and a relationship between the depth of flooding
and the estimated damages based on a percentage of the structure and contents value or
vehicle value. Table C-10 shows stage flow frequency relationships forSee Table of
C t t NOTE 1
(flooding on the main-stem of the Arkansas River). For both locations, water surface profiles
were developed based the 0.50, 0.20, 0.10, 0.05, 0.02, 0.014, 0.012, and 0.010 AEP flood
events (i.e., 2, 5, 10, 25, 50, 100, 200 and 500-year floods), and associated flows and stages.

The TWT SQRA risk analysis team identified LCLs, which correspond to historical breach and
overtopping locations, large concentrations of infrastructure and population, large levee heights and
incipient overtopping locations.

4
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1.9 Other Assumptions Regarding NED Modeling
Several other assumptions are notable:
1) The future without projection condition is the same as existing conditions. In
other words, socio economic characteristics in the TWT Study are assumed not
to change over the period of analysis. For example, population remains constant
as do monetary measures other than monetary inflation.
2) No buildings were added or removed from the floodplain during the period of
analysis.
3) Structure value, content value and type of use remains constant.
4) Each building’s condition remains constant over the period of analysis.
Historically, some homeowners in the floodplain have remodeled and renovated
units over time, and any deterioration of condition to some buildings is assumed
to be offset by renovation of other buildings, such that the overall condition and
structure valuation remains constant.
5) In consultation with team engineers, geologist and hydrologists, all hydrologic
and geotechnical inputs are assumed to remain constant over the period of
analysis.

2 RESULTS
Section 4.0 presents two types or formulations of model outputs: 1) single event damages, and
2) expected annual damage (EAD), and there are critical analytical differences between the two.
Single event damages assume each flood as defined by it frequency or annual exceedance
probability occurs regardless of the statistical probability of the event occurring in any given
year. Damages are not adjusted to reflect the probability that could occur. Damages are
tabulated for the 2 year (0.50), 10 year (0.10), 50 year (0.02) events and so on. In addition,
single event damages do not factor in the effects of alternative plans or any existing measures
in place that mitigate flooding. Therefore, the only thing that varies is the stage flow frequency
relationship and corresponding surface water profiles associated with each event (i.e., the depth
and extent of flooding in a given floodplain).
In contrast, EAD factors in the statistical probability that any of the events happen in a given
year, and EAD considers the effect of existing flood risk management measures and any
proposed flood management measures in the TWT Study. In this case of this TWT Study, EAD
also considers the presence and probability that levees A or B would fail during a given flood
event. EAD values are the proper figures to use when comparing alternative plans during NED
evaluation, and since they factor in frequencies or probabilities (in this case joint probabilities)
they are much smaller than single event damages.
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ADDENDUM 1
LIFE LOSS CONSEQUENCE MODELING
4 CONSEQUENCE MODELING APPROACH
The life loss methodology in HEC-LifeSim 1.0.1 (LifeSim) is based on the LIFESim methodology
developed by Utah State University’s Institute for Dam Safety Risk Management (Aboelata and
Bowles 2005). A version of LIFESim has been integrated into HEC-LifeSim 1.0.1 and performs
the steps listed below to estimate life loss for a selected hazard event-exposure scenario, given
structure inventory (initial population distributed to each structure) and given road network (used
when simulating evacuation estimate life safety risk on roads). LifeSim utilizes Monte Carlo
analysis and computes many iterations in order to obtain a range of possible life loss outcomes.
LifeSim software was used as the consequence modeling tool for the SQRA. LifeSim was used
to estimate life loss in structures and while evacuating, structure and content damages. A road
network was developed to model evacuation on the road network.
The LifeSim modeling effort is documented by describing the inputs to the model such as the
structure inventory and emergency planning zones (impact areas), the parameters set for the
model such as warning times, warning diffusion curves, and mobilization curves, the uncertainty
results, and the sensitivity analysis for the mobilization and the hazard identified relative time
parameters. Table C-9 through Table C-12 display inundation extents for depths for different
scenarios.
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Multiple levee breach/failure scenarios were simulated. The locations of these breaches were
agreed upon by the entire risk analysis team and designated as “levee control” locations (LCLs).
Locations that were chosen corresponded to historical breach and/or overtopping locations,
large concentrations of infrastructure, large population concentrations, large levee section
heights, and/or incipient overtopping locations, amongst others. Locations were chosen to be
representative of various portions of the system so the results could be directly applied and or
interpolated to the desired location. The risk team determined that only the top of levee and
two-foot overtopping scenarios would breach the levee.
Only one failure/breach was simulated at a time; however, if the input hydrograph required to
reach a desired WSEL resulted in overtopping anywhere within the TWT system, that
overtopping was allowed to proceed. The assumption of a single failure during a single
simulation should be investigated more thoroughly during future studies through the use of
levee fragility relationships and Monte Carlo simulations.
Due to the non-linear relationship between depth and incremental risk, the events for each
control location. For instance, the 1/230 ACE Arkansas River event results in a WSEL of 655.5
feet NAVD88 See Table of Contents
corresponds to an approximate 75% loading (i.e. 75
NOTE 1 Pursuant to
percent of the levee height is loaded). To achieve a loading equivalent to the top of the levee at
this location (659.5 feet NAVD88) requires an approximate 1/500 ACE Arkansas River event,
which would significantly overtop other portions of the TWT system and likely result in
considerable consequences. As such, the incremental, system-wide risk associated with a
breach/failure at See Table of Contents
a 1/500 ACE Arkansas River event would be much
NOTE 1 Pursuant to
smaller than a breach/failure during the 1/230 ACE Arkansas River event.
At each control location within the Levee A and B segment that was loaded by an Arkansas
River event, three loadings were simulated: 50 percent loading, 1/230 ACE, and 1/260 ACE.
The event needed to achieve a 50 percent loading varied for each control location. The 1/230
ACE event corresponded to a top of levee loading at Pump Station #5 See Table of
Contents NOTE 1
Similarly, the 1/260 ACE event corresponded to a 2 foot overtopping loading See Table of
Contents NOTE 1
reasoning behind these levee loadings relates back to the stage-frequency curves
which were previously shown and explained.
A similar approach was used to analyze See Table of Contents NOTE Levee A and B Tiebacks
1 Pursuant to
associated with a tributary stream event. However, the simulated events corresponded to a 50
percent levee loading, 1/85 ACE event, and 1/1000 ACE event. The 1/85 ACE and 1/1000 ACE
events corresponded to a top of levee loading and a 2 foot overtopping loading See Table of
C t t NOTE 1
Each ordinate of the 1/1000 ACE
event tributary event hydrographs (as computed within the HEC-HMS model) were adjusted up
or down to achieve the desired WSEL/levee loading. The ACE associated with the resulting
peak flow rate was then compared with the peak flow-frequency relationship.
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4.1 Structure Inventory
The structure inventory was developed using 2018 Tulsa County Assessor’s Data obtained from
the Assessor’s Office which included updated replacement minus depreciation structure values
for the structures located in the TWT Levee System. The County Assessor’s data was provided
in parcel outline shapefiles and the centroid was created for each parcel. Structure location
checks were performed using aerial imagery. HAZUS-based population data in the form of a
point shapefile was used to spatially join population data to the County Assessor’s data.
Structure values are reported at October 2018 price levels while the population values are
reported at 2017 values. The team compared historical population values and aerial imagery
and look at future population projections and determined that the leveed protected area would
not see a significant increase in population over the period of analysis.

4.2 Emergency Planning Zones
Three Emergency Planning Zones (EPZ) were defined for the TWT Study. The Arkansas River
Channel and Levee A, B, and C were created as EPZ. The LifeSim parameter Hazard Identified
Relative Time is set according to the EPZ polygons. EPZ are based on the TWT Study area
boundary and include polygons which delineate the in-river, non-fail, and levee protected areas.
This is accomplished by combining the TWT Study area with the river and non-fail inundation
boundary. The non-fail inundation boundary and the river boundaries receive at least 72 hours
of warning prior to the start of the simulation.
For TWT, only the three overtopping scenarios had double warning. During a double warning
simulation, structures within the non-fail inundation and pool area receive the non-fail hazard
identification time and the structures that become inundated only after a failure occurs will
receive the fail hazard identification time. Separating these areas based on when they
experience flow serves to capture the double warning effect, which recognizes that areas
flooded prior to a breach or overtopping would be warned and evacuated beforehand.

4.3 Emergency Preparedness
The chief of the Tulsa County Emergency Management Agency (EMA) was interviewed using
the Mileti-Sorensen methodology. Tulsa County EMA uses the National Incident Management
System (NIMS) to respond, manage, and coordinate during expected flood events. The USACE
releases water from Keystone Lake into the Arkansas River. Coordination occurs between the
USACE, NWS, and Tulsa County EMA. If flooding is eminent, the NWS will issue a flood
warning for the Arkansas River. Tulsa County EMA in coordination with the City of Tulsa
Engineering Service will activate the Sirens near the river to alert the public. During a flood
event, Tulsa County EMA coordinates with Tulsa County Sheriff’s office, Tulsa Fire, Tulsa
Police, USACE, NWS, and other state agencies.

C-34

TULSA AND WEST-TULSA FEASIBILITY STUDY

APPENDIX C

Below are the responses to different flow rates on the Arkansas River:







50K
100K
150K
200K
334K
347K

Response Community preplanning looking at what if scenarios
Resources activated, Emergency Declared and Incident Command Service setup
Levee is walked looking for signs of distress
When Forecasted, residents behind the levee are warned and told to leave
Top of Levee A and B
Top of Levee C

A consequence elicitation was held with Tulsa County EMA. The TWT Study area would be
impacted by dam breach, controlled dam releases, levee breaching and flash flooding
scenarios. The County has the inundation areas identified for the full range of events ranging
from levee breach/non-breach scenarios to FEMA modeling. The county has a general
emergency plan along with a hazard-specific warning plan for flooding scenario including levee
breaches. Their process of issuing the warning is written down with the positions written down
along with backups. The facility is staffed 24 hours a day seven days a week.
Warning messages would initially be delivered to PAR by multi-faceted audio sirens. The sirens
have specific tones for types of hazards and can also be activated in individual locations to
notify specific areas of an impending hazard. The emergency sirens are used in concert with the
Emergency Alert System (EAS), NOAA Weather Radios, social/local media outlets, aircraft
(police helicopter) and door-to-door evacuation route alerting if necessary. Subsequent
warnings will be issued through local media so that people can monitor a developing hazard.
Emergency responders will initially be responsible for full-time day and night monitoring, but
then Levee District 12 would disperse people to monitor the levees during a high hazard event.
City and county officials along with the USACE representatives meet with local residents yearly
to inform and discuss the potential impacts.
The sirens would alert people that there was an emergency situation, but the nature of the
situation would come from media outlets. The voice broadcasting capability of the sirens would
allow for some information to be disseminated if need be. People without access to local media
would be warned through social service agencies like John 316, the Salvation Army and Tulsa
County Social Services. No systems are currently in place for those who are hearing impaired or
have vision impairment.

4.4 Life Loss Parameters
To estimate life loss due to flooding, parameters must be set to estimate how likely it will be that
the population at risk will be able to evacuate to safety. In order for an evacuation to occur,
multiple actions must take place. First, a potential danger must be identified. Next, information
regarding the danger (i.e., a warning) must be communicated to the population at risk. And
finally, that population at risk must decide to take a protective action (also referred to as
mobilization), which often results in evacuation depending on the nature of the danger. Figure
C-16 displays the flood warning and evacuation timeline. There are other parameters within
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HEC-LifeSim that are standardized and do not change, such as the structure depth-damage
curves based on occupancy types and the fatality zones and their associated fatality rates,
which are determined based on structure heights and type.

Figure C-16: Flood Warning and Evacuation Timeline

4.4.1

Hazard Identification and Warning Time

In HEC-LifeSim, warning time incorporates several different time steps as defined below.






Hazard Identified Relative Time: The time at which a dam owner determines a hazard is
about to occur or is actively occurring and local emergency officials should be alerted so
they can begin the warning and evacuation process.
Communication Delay: The time it takes for the dam owner to contact local emergency
officials to alert them of the hazard
Warning Issuance Delay: The time it takes the local emergency officials to issue a
warning; could include getting approvals or time to craft messages among other factors.
Imminent Hazard Time: The time at which a hazard actually begins to occur (such as
initiation of a breach or overtopping).

The process began with setting the Imminent Hazard Time for each hydraulic event. This was
selected based on the failure mode for the scenario and was uploaded to the model as a
Hierarchical Data Format file which was provided by the H&H modeler. The imminent hazard
time is set at the initiation of the breach.
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Hazard Identified Relative Time

Next, a Hazard Identified Relative Time was set for each EPZ polygon that reflects when the
warning process for each impact area would begin relative to the Imminent Hazard (breach or
overtopping). For this analysis, this time is different depending on whether the area would
receive flooding prior to the Imminent Hazard or not. Discussions occurred with Tulsa County
and the warning behind the levees would occur when the Arkansas River is forecasted to reach
200K cfs. For TOL failure scenarios on the Arkansas River it was assumed that 24 hours prior to
breach initiation (+/- 6 hours) warning would occur. For the tieback levees, little warning would
occur and is flashy in nature. For these locations it was assumed two hours prior to breach (+/2 hours).
4.4.3

Hazard Communication Delay

Once the hazard is identified the issuance of a warning is not instantaneous; there will be some
delays caused by communication lag, gathering additional information, making decisions, and
crafting messages. HEC-LifeSim allows the user to input both a Hazard Communication Delay
and a Warning Issuance Delay. The hazard communication delay for all scenarios was set as a
uniform uncertainty distribution between 0.01 hours and 0.5 hours.
4.4.4

Warning Issuance Delay

Warning Issuance Delay (Figure C-17) is the time it takes from when the emergency managers
receive the notification of the imminent hazard to when an evacuation order is issued to the
public. The issuance of a warning is not instantaneous, there will be some delays caused by
communication lag, gathering additional information, making decisions, and creating messages.
Results from the consequence elicitation with Tulsa County EMA were used to develop the
warning issuance delay for the TWT Study.

Figure C-17: Warning Issuance Delay
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Warning Diffusion

Warning diffusion time is the time period after a first alert or warning is issued and the time that
people receive that warning. It is primarily dependent on what type of warning systems and
procedures are in place and the ability of the population to receive the warning via those
systems. The warning diffusion curve represents the efficiency of a warning after it is issued.
Results from the consequence elicitation with Tulsa County EMA were used to develop the
warning diffusion rates for the TWT Study. The day warning diffusion curve is shown in Figure
C-18 while the night warning diffusion curve is shown in Figure C-19.

Figure C-18: Daytime Warning Diffusion Curve
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Figure C-19: Nighttime Warning Diffusion Curve

4.4.6

Protective Action Initiation

After receiving a warning, people engage in various activities prior to taking a recommended
protective action. This time period is represented by the mobilization curve. These activities can
include gathering more information and deliberating about making the decision to take an
action, gathering family members and belongings together, and preparing to take action once a
decision has been reached. For this reason, the mobilization is typically seen as an “S” curve
because most people will have at least some delay between when they receive a warning and
when they take action. The curve flattens out at the top, representing those who may not be
able to take an action due to various reasons, such as having no transportation, physical
limitations, a misunderstanding of the warning and severity, or simply refusing to take action.
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The content and delivery of warning messages can have a significant impact on the
effectiveness of mobilization, which makes the prediction of mobilization due to hypothetical
events highly uncertain. To account for this, a relatively wide band of uncertainty is included
around the estimated mobilization curve.
The mobilization curve contains two important pieces of information when it comes to
determining the number of people that have evacuated their structures when the flood arrives:
(1) the percentage of warned people that mobilize over time; and (2) the maximum mobilization
percentage. The maximum mobilization percentage defines the highest percentage of people
that are thought to mobilize given the characteristics of a warning. One hundred percent minus
the maximum mobilization percentage yields the percentage of people that are either unable or
choose not to mobilize after receiving the warning. The consequence elicitation with Tulsa
County EM was used to estimate the PAI curve (Figure C-20). A triangular distribution was
applied to the PAI curve. A most likely value of 96.4 percent of the PAR was estimated they
would take the recommended action after 72 hours. The lower bound was estimated at 91.6
percent with the upper bound at 98 percent.

Figure C-20: Protection Action Initiation for Tulsa County
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Evacuation Destinations and Streets

The road network was developed using data from OpenStreetMaps. The data contains
information about road type, bridges and directional attributes (one way). The road network was
modified in order to properly account for all overpasses and bridges in order for each road
segment to have the appropriate vertical offset relative to the ground elevation. Destination
points were created which represent the possible evacuation locations during flooding events.
These points were set to main intersections outside the inundation area with input from Tulsa
County EM. Top of Levee failure scenarios on the Arkansas River had very little (if any) life loss
while evacuation. Figure C-21 display the road network used to simulate evacuation. The yellow
starts represent the destination points.

Figure C-21: Levee B Road Network
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