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In this study, a novel framework was developed to provide a holistic damage assessment

caused by severe hydrologic events whether individually or as a compound event. The

novel framework uses a developed hurricane-specific water quality model, Environmental

Fluid Dynamic Code-Storm Surge model (EFDC-SS) and an ArcGIS-based framework,

the Facility Economic Damage and Environmental Release Planning (FEDERAP) to

assess damages to the built and natural environment. The developed framework could

be used to compare different hurricanes and storms with a focus on land inundation, spill

destination in both land and water and their associated risks, as well as economic loss

including both physical and secondary losses. The results showed different spreading

mechanisms during surge and rainfall-based hurricanes. While storm surge pushed

contaminants (from spills) upstream, the rainfall-based hurricane caused a larger footprint

of contamination on land. Though different in spreading patterns, spills during both

hurricane types can widely spread miles away from the release location in a very short

period of time. The FEDERAP economic loss model showed that facility area, average

land elevation, the number of storage tanks and process units at the facility, and daily

production are key drivers in the calculated total losses for a given hydrologic event.

Keywords: compound flooding, inundation, spills and leaks, ADCIRC, EFDC

INTRODUCTION

Storm surge, the rise in water level due to wind and pressure stresses, is known to be the most
devastating aspect of a hurricane due to the retention time of inundated areas, currents, and water
pressures within affected regions (Godoy, 2009; Naito et al., 2012). The literature is replete with
studies that have demonstrated the catastrophic impacts of storm surge on residential areas (e.g.,
Robertson et al., 2007; Frazier et al., 2010) as well as on industrial regions (e.g., Cruz et al., 2001;
Cauffman et al., 2006; Pine, 2006; Godoy, 2007; Harris and Wilson, 2008; Santella et al., 2010;
Hallegatte et al., 2011; Burleson et al., 2015). However, in recent years, hurricanes with historical
rainfall (e.g., Hurricane Harvey with >125 cm of rainfall in Houston, Texas, United States) have
also caused billions of dollars in damages to the economy (e.g., Kiaghadi and Rifai, 2019; NCDC,
2020). The catastrophic impacts of severe hydrologic events whether from storm surge or inland
flooding can be amplified when they occur concurrently or in sequence (compound flooding). In
addition, numerous articles in the general literature have reported on environmental impacts of
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hurricanes, both in built and natural environments and
encompassing damages from the hurricane itself and from
cascading impacts associated with hurricanes (referred as
secondary losses) such as failures in environmental infrastructure
and spills and leaks from industrial and hazardous waste facilities
(e.g., Chang et al., 1997; Khan et al., 2001; Verter and Kara,
2001; Hoobler et al., 2003; Ashley et al., 2008; Srinivas and
Nakagawa, 2008; Kim et al., 2011; Liao et al., 2011; Qi and
Altinakar, 2011; Eldrandaly and AbdelAziz, 2012; Mamauag
et al., 2013; Kiaghadi et al., 2018; Kiaghadi and Rifai, 2019;
Kiaghadi et al., 2020). However, and to the best knowledge of
the authors, there is no integrated framework that covers both
economic and environmental impacts at the detailed facility
level due to vulnerabilities to storm surge, inland flooding, or
compound flooding.

Despite the recent progress in hydrodynamic models to
simulate compound flooding events (e.g., Bilskie et al., 2016;
Moftakhari et al., 2017; Kumbier et al., 2018; Zhang et al., 2019;
Loveland et al., 2021), there is still no single model that could
accurately represent the complex nature of such events that
involve various forcing and processes (Santiago-Collazo et al.,
2019). To address the lack of a seamless framework integrating
all these processes, nested (most common) and dynamic (most
challenging) coupling of various models (i.e., two or three)
have been used by researchers across the globe (e.g., Santiago-
Collazo et al., 2019; Loveland et al., 2021). Additionally, the
majority of the aforementioned modeling efforts have focused
on land inundation and physical damages and less attention has
been paid to environmental impacts such as spills and leaks
(Kiaghadi et al., 2018). While the results of hydrodynamic or
geospatial models could be used to estimate the occurrence
probability of spill and leaks (Burleson et al., 2015; Kiaghadi
et al., 2020), simulating the fate and transport of spills and
leaks during compound flooding events requires more complex
hydro-environmental modeling. For this purpose and depending
on the nature of the hydro-environmental modeling effort
(i.e., hindcast or forecast), a hydrodynamic model with a
mass transport module, individually or in combination with
an infrastructure failure model, is required. A modeling system
developed for hindcasting could work with observed values at
its boundary conditions without the need for other models while
for forecasting purposes, it is required to have other models to
provide flux and water heights at the boundaries. As one of the
few examples in the literature, Kiaghadi et al. (2018) coupled
the U.S Environment Protection Agency’s (EPA) Environmental
Fluid Dynamic Code (EFDC) code (Hamrick, 1992) to the
SWAN (Simulating WAves Nearshore) + ADCIRC (Advanced
Circulation) hurricane simulation model from Hope et al. (2013)
and a stochastic tank failure model developed by Kameshwar and
Padgett (2015). The developed Environmental Fluid Dynamic
Code-Storm Surge model (EFDC-SS) uniquely captures storm
surge, local runoff, and compound flooding effects on the fate and
transport of pollutants in the environment associated with severe
hydrologic events.

In the case of a compound flooding event, when both storm
surge and local runoff are present, the residential impact would be
more severe in areas prone to fluvial and pluvial flooding (Huang

et al., 2001). Thus, the focus of this study is on industrial parcels
where both storm surge and local runoff could cause inundation.
Losses during extreme events entail both primary (direct losses
to product or infrastructure due to inundation) and secondary
losses such as environmental cleanup and downtime that may
result from the inundation in addition to catastrophic losses of
units/processes that have been discussed in previous research
on hurricanes (e.g., Cauffman et al., 2006; Pine, 2006; Santella
et al., 2010; Burleson et al., 2015) and tsunamis (Srinivas and
Nakagawa, 2008; Naito et al., 2012).

Numerous researchers have reported on damages experienced
by industrial facilities during hurricanes such as significant
failure of electrical centers, processing buildings, control centers
(Harris and Wilson, 2008), structural failure, floating tanks, and
significant production downtime due to power failure (Cruz
et al., 2001; Godoy, 2007; Santella et al., 2010). Productivity
loss has been discussed previously in the literature (e.g., Bailey
and Levitan, 2008; Cruz and Krausmann, 2013) but never
accounted for in damage estimates associated with natural
disasters. Furthermore, only a few studies have discussed
potential environmental impacts during hurricanes (e.g., Ashley
et al., 2008; Santella et al., 2010); however, environmental cleanup
has not been accounted for in any of them. Moreover, studies
on tank failure have been limited to conducting surveys in the
aftermath of extreme events to report losses (e.g., Cauffman
et al., 2006; Pine, 2006; Godoy, 2007; Naito et al., 2012) as
opposed to rigorous studies aimed at providing a framework
to predict failure based on locations and elevation. While
various tools have been developed and used to assess hazardous
waste transport (e.g., Zografos et al., 2000; Verter and Kara,
2001; Kim et al., 2011), community businesses (Yang et al.,
2009), and population impact (Qi and Altinakar, 2011), there
is no framework for assessing the vulnerability of industrial
facilities to compound flooding that encompass both primary
and secondary losses. Additionally, and despite the presence of
some Geographic Information System (GIS)-based tools such as
Hazards United States-Multi Hazard (HAZUS-HM, https://www.
fema.gov/hazus) that could be used to estimate the regional losses
due to varios hazards, there is a gap for a framework that could
capture losses based on detailed industrial facility data at the
parcel resolution.

To estimate damages at industrial parcels that encompass
physical damage from inundation as well as secondary losses
from environmental spills and releases and downtime effects on
productivity, an ArcGIS-based framework, the Facility Economic
Damage and Environmental Release Planning (FEDERAP)
framework was developed in this study. Unlike previous ArcGIS-
based toolboxes (e.g., Chang et al., 1997; Khan et al., 2001; Verter
and Kara, 2001; Hoobler et al., 2003; Kim et al., 2011; Liao et al.,
2011; Qi and Altinakar, 2011; Eldrandaly and AbdelAziz, 2012;
Mamauag et al., 2013), the developed model is the first effort
that integrates secondary losses from environmental releases and
facility downtime into the overall loss assessment. This paper
presents the coupling of the ADCIRC+SWAN model with EPA’s
EFDC model as a framework for assessing environmental and
economic damages associated with storm surge and the cascading
effects of storm surge that include failures in environmental
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infrastructure such as wastewater plants, hazardous waste
facilities and failures in industrial infrastructure including unit
processes and above ground storage tanks that store chemicals
and petrochemicals. The paper demonstrates the implementation
of the developed coupled models to the Houston-Galveston
(HSC-GB) region, and more specifically in the HSC-GB Estuary
in Texas, United States that will be collectively referred to
as the GBS, for Hurricanes Ike and Harvey in 2008 and
2017, respectively.

MATERIALS AND METHODS

Study Region
The Houston Ship Channel (HSC) region (Figure 2), located
in Harris County, Texas, United States, was selected for
demonstrating the developed coupled modeling and economic
damage framework. The HSC itself is a highly industrialized
area with more than 900 industrial facilities and more than
4,300 above ground storage tanks (Burleson et al., 2015; Kiaghadi
et al., 2018). The HSC is tidally influenced and geographically
extends from the Port of Houston, near downtown Houston,
Texas, to the Gulf of Mexico. The navigational channel average
width and depth are 162 and 13.7m, respectively. This region
is an ideal setting for the study due to the historical record
of hurricanes in the Houston-Galveston region (Needham and
Keim, 2012) combined with the significant presence of chemical
and petrochemical industries.

EFDC-SS: Coupling ADCIRC + SWAN and
EFDC Models
In this paper, the Kiaghadi et al. (2018) EFDC-SS model is used
to simulate pollutant transport from spills during a rainfall-
based hydrologic event. The EFDC-SS framework developed
by Kiaghadi et al. (2018) has sufficient spatial, temporal, and
stratification resolution to: (1) investigate the compound effects
of inundation from rainfall and storm surge that may lead to
spills and leaks from environmental infrastructure and industrial
facilities, (2) provide water velocity estimates that can be used to
understand erosion, sediment transport, and the probability of
damage to physical infrastructure such as above-ground storage
tanks within industrial facilities, (3) investigate the transport and
trajectory of pollutant releases as surge water moves inland and
recedes back to the ocean, (4) provide pollution sourcing input
functions to air quality models for hydrocarbon spills on land or
in riverine systems that volatilize and create airshed plumes, and
(5) assess the economic loss and recovery periods when combined
with other economic models (e.g., coupled with FEDERAP) as
shown in Figure 1. However, this study is focuced on 1, 3, and 5.

In brief, a detailed grid for the HSC was developed that
includes wet (within the waterway) and dry cells (on land) with
a total of 42,975 cells. The cells are 96 × 96m with a total
396 km2 area coverage. The bathymetry data were combined
from various sources and dry and wet depth values of 0.12
and 0.15m, respectively, were assigned to dry and wet cells,
respectively. In this case, when the water depth is <0.12m, the
cell is excluded from hydrodynamic calculations. The coupling

of EFDC to ADCIRC + SWAN was completed via a surge-
based head boundary condition at the mouth of the HSC
before it reaches Upper Galveston Bay (see Figure 2). For
the headwater boundary, the Water Surface Elevations (WSEs)
throughout a given severe storm duration were extracted from
a gauge maintained by the National Oceanic and Atmospheric
Administration (NOAA) or the SWAN + ADCIRC model when
no measured data was available (e.g., Hurricane Ike). Since the
SWAN + ADCIRC model developed by Hope et al. (2013) was
calibrated for Hurricane Ike, using varios observed data, it is
assumed that the WSEs values at at the mouth of HSC have the
same accuracy as the NOAA gauge. However, using headwater
boundary conditions from two different sources may result
in some uncertainties in intrepting the results. The discharge
flow rates were incorporated into EFDC-SS as headwater flow
boundary conditions at the locations of bayou outfalls into
the HSC (see flow boundary locations in Figure 2). No wind
within the EFDC-SS domain and no direct rainfall on the model
grid were considered in this study. The effect of rainfall was
incorporated in the model through the flow boundaries and the
wind effect was accounted in the SWAN + ADCIRC model.
Furthermore, in this study, the inundation duration was defined
as the duration in which a cell initially dry remains wet before the
flooding recedes. However, and a limitation of numerical models,
it is worth mentioning that if an originally dry cell (land with
a water depth of zero) becomes wet (inundated with positive
water depths) and loses its connectivity with the adjacent cells,
it remains wet for the rest of the simulation period.

Release Locations 1–3 (see Figure 2) were selected because
tanks located within these areas showed the highest probability
of failure during Hurricane Ike and Harvey. The results of the
calibrated EFDC-SS for Hurricane Harvey (RMSE of 0.87m for
265 high water marks) was used to estimate the probability
of failure for all ∼4,300 above ground storage tanks using
the stochastic method developed by Kameshwar and Padgett
(2015). The resulting probabilities and potential spill volumes
were used to set-up the tracer module and simulate the fate
and transport of potential spills during compound events. A
passive tracer dye was used to estimate the trajectory of the
dissolved phase of a spill. However, it should be noted that
using a passive tracer dye limits the ability to capture weathering
processes (i.e., evaporation and emulsification) and the chemical
reactions among chemicals. Three release locations with the
highest probability of failure (Release Locations 1–3 in Figure 2)
were chosen for spill simulations. In the case of a spill, the
waterbody is not the only contaminated matrix and due to high
WSEs and inundation, chemicals released during a spill can reach
and pollute surrounding land areas, and possibly volatilize to the
airshed (this aspect was not considered in this study). The cells in
the model domain toggle between being dry and wet throughout
the storm. One of the novel aspects of the study is in including
the effect of spills on land in addition to waterways.

FEDERAP Economic Damage Framework
The Facility Economic Damage and Environmental Release
Planning (FEDERAP) framework combines an ArcGIS toolbox
with Excel-based economic-function worksheets for estimating
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FIGURE 1 | EFDC-SS framework with the input information/models and potential applications.

costs for a single facility and to accumulate costs across an entire
industrial complex. The GIS toolbox is used to develop spatial
analysis data for various storm surge levels for a given facility
(for example, to determine areas within an industrial facility that
are inundated at a given storm surge level). Built-in tools such as
Clip, Select by Location, and raster conversion tools were used
in an intentional order to accurately evaluate the inundation
of the facility infrastructure. The result is several geodatabases
of shapefiles and statistics that represent the inundation for
each aspect of the facility at multiple storm surge levels. The
data from these geodatabases are exported into a tabular format
for economic damage assessment within the FEDERAP Excel
Analysis. The Excel worksheets allow users to compile the spatial
analysis data from the GIS toolbox and use the information in
conjunction with economic loss algorithms in order to predict
losses for a given storm surge level for a specific facility.

The FEDERAP framework requires a spatial analysis to
determine the extent of inundation of a given facility, its unit-
processes, and storage tanks for a given storm surge depth.
This spatial analysis is undertaken using the results from the
EFDC-SS model scenarios described above. For the purposes of
this research, inundation is defined to occur in any part of the

geographic study extent where the elevation of land is lower than

the predicted storm surge level. The inputs to the spatial analysis

toolbox include:

i. Facility boundary. Facility boundaries are represented using

a polygon shapefile with multiple objects that accurately

represent the entire facility. The data were derived from

parcel boundaries and ownership information from the Harris
County Appraisal District (HCAD, https://hcad.org) and
vcrified with 0.3 × 0.3m (1 × 1 ft) aerial photography

from the Houston-Galveston Area Council (HGAC) GIS
database (https://gishub-h-gac.hub.arcgis.com/).

ii. Water surface elevation (WSE) of interest. The outputs of the
EFDC-SS are used here. Alternatevily, the user could specify
a minimum and maximum value for WSE to be used in the
analysis. The model loops over the WSE range using a step of
one unit. For example, for a minimum storm surge of ∼3m
(10 ft) and a maximum of∼4.6m (15 ft), storm surge levels of
3.04, 3.35, 3.66, 3.96, 4.27, and 4.57m (10, 11, 12, 13, 14, and
15 ft) would be evaluated within the toolbox (6 loops).

iii. Unit-processes. A polygon shapefile defining each unit-process
as a single object is used for this input. A unit-process
is defined in this research as a region within the facility
where chemical or oil refining occurs and/or is processed.
The data were obtained from the HGAC aerial photography
described above.

iv. Storage Tanks. A separate polygon shapefile is used to
represent the various storage tank types within the HSC:
horizontal, fixed-top vertical, and floating-top vertical tanks
(illustrated in Figure 3). The shape of the object in the input
file reflects the shape of the tank (circular for vertical tanks
and oval for horizontal tanks). The data were obtained from
the HGAC aerial photography described above.

v. Elevation for Region. The elevation for the region input is
a point file with elevation locations throughout the region
in which the facility is located. The FEDERAP toolbox
includes commands to extract only the elevation for the
facility within the boundary specified; ArcGIS point to raster
conversion is utilized based on least squares to develop a
high-density elevation-point surface for the entire facility.
Alternatively, Digital Elevation Models (DEMs) compiled
from Light Detection and Ranging (LiDAR) could be used.
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FIGURE 2 | Modeled domain with EFDC-SS.

The FEDERAP framework encompasses four categories of loss
as shown in Figure 4: (1) facility loss, (2) unit process loss, (3)
environmental release loss, and (4) productivity loss. Each of
these components is a function of inundation caused by the
storm surge level and is associated with models of economic
losses due to inundation. The economic loss variables used in
the analysis for each facility ranged between a high and a low
value, therefore, 3 estimates of economic losses were developed:
high, low and average. The framework incorporates aspects of
downtime, production, and potential cleanup costs that have not
been previously combined into a single model for evaluating
vulnerability. Each of these categories is explained in more detail
in the following sections.

Category 1: Facility Inundation Loss
Facility inundation, defined as the part of a facility that is covered
with water for a given WSE, is a key driver in FEDERAP similar
to many of the developed models and regression such as HAZUS
(Vickery et al., 2006). In FEDERAP, the percent of the facility area

that is inundated for a given WSE is calculated using the detailed
elevation data within the facility. Land value is based on the
property-appraised value of the land parcels for the facility from
the Harris County Appraisal District (HCAD) as noted above.
Losses in facility value are modeled based on the percent of the
facility that is under water for a given hydrologic event, as shown
in Table 1; this input economic loss function can be altered by
the user.

Category 2: Unit Process Loss
Unit-processes, locations within a facility that are used to process
(i.e., make and move) chemicals have a value relative to the
overall production of the facility in addition to the intrinsic value
of the structure itself. For each unit-process, a percent inundation
is calculated and associated with a cost of refurbishment or a
replacement cost using the relationship shown in Table 1. While
recent reports have estimated costs for construction of process
units at ∼$340 million with refurbishment estimated at $60
million (Eggleston, 2014), convervative estimates were used in
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FIGURE 3 | Types of storage tanks from left to right (floating top vertical, horizontal, and fixed top vertical).

FIGURE 4 | The FEDERAP model framework.

the study as shown in Table 1. As with facility losses in the
previous section, the algorithm in Table 1 can be customized by
the user.

Category 3: Environmental Release Loss
The environmental losses modeled in FEDERAP are based on
an estimate of the tanks that would be inundated for a specific
storm surge level that are calculated using the EFDC-SS model
presented in the previous section. A tank is designated as
inundated if the elevation of the bottom of the tank is below
the WSEs caused by the extreme event. It is, however, unlikely
that all inundated tanks would experience failure, thus a certain
percentage of inundated tanks is modeled to fail. In this research,
the percent of tanks that experience failure when inundated
ranges from 20 to 50% depending on the type of tank (see
Table 1); thesemodeled percentages are also amodel variable that
can be refined given specific data on tank structural integrity as
discussed previously. The percent of total tanks inundated for

each hydrologic event is applied to the total stored product for
the facility to determine the projected spill quantity. Spills from
previous hurricanes have had significant impact on contaminant
levels in water that would require cleanup (Reible et al., 2006;
Freund et al., 2014). A cost of cleanup of $31 dollars per liter of
product released is applied to the projected spill amount based
on work presented in Etkin (2000). The total environmental loss
is the sum of the loss associated with cleanup of the spilled
volume and an estimated cost for replacing the tank structure
itself. For example, a facility having 10 fixed top vertical tanks
that are inundated at a storm surge level of ∼6m (20 feet)
with a total volume of stored product of ∼1,893 L(500 gallons)
would experience a loss of 20% of the product or ∼378.5 L (i.e.,
378.5 L with an associated cleanup cost of 378.5 L × $31/liter
or $11,733.5). In this case, two tanks would fail and assuming a
replacement cost of $1,000 per tank, the structural cost would be
$2,000 yielding a total environmental cost of ∼$13,733 for the
facility at the∼ 6m (20 ft) surge level.

Frontiers in Climate | www.frontiersin.org 6 August 2021 | Volume 3 | Article 610593

https://www.frontiersin.org/journals/climate
https://www.frontiersin.org
https://www.frontiersin.org/journals/climate#articles


Rifai et al. Linking Hydrodynamic and Enviro-Economic Models

TABLE 1 | (A) Land value loss as a function of facility inundation, (B) Loss

algorithm for unit process inundation, (C) Storage tank types and their modeled

failure under surge and (D) Modeled relationship between non-operational days

and percent inundation of facilities.

A. Facility inundation (Percent) Land value loss

(Percent of land value)

0 0

10 25

25 50

50 75

75 100

B. % Inundation of unit process Unit damage ($)

20 (Refurbishment) 1,000,000

50 (Complete Loss) 10,000,000

C. Tank type % Failure for Inundated Tanks

Fixed top vertical tank 20

Floating top vertical tank 50

Horizontal tank 30

D. Facility inundation

Inundation percent Days down

0% 7

20% 14

50% 28

75% 56

Unit-processes inundation

Units inundation percent Additional days down

0% 0

20% 7

50% 14

75% 21

Environmental cleanup

Volume of Release (in liters) Additional days down

0 0

37.85 million (10 million gallon) 7

75.71 million (20 million gallon) 14

113.56 million (30 million gallon) 21

Category 4: Productivity Loss
Productivity loss, as explained above, is the loss resulting from
a disruption of normal business operations; sometimes referred
to as “downtime.” In FEDERAP, downtime is modeled using
the number of days that the facility is not operational in
addition to the loss of physical product that would have been
produced during the lost days (e.g., refined gasoline). The
downtime is modeled using three key variables: the percent
inundation of the facility, unit-process inundation, and the
volume of released product resulting from a spill scenario (this
triggers cleanup activities which cause further days of downtime).
The modeled relationship between the percent inundation of
the facility and days down is shown in Table 1D; for 75%
inundation, for instance, 56 days of inactivity are projected based
on the overall inundation. The total downtime, however, will
be adjusted upwards if process units were inundated: a 20%

inundation of process units adds 7 more downtime days to
the 56 (Table 1D). Additionally, loss of products, for example,
a release of 75.7 million liters (20 million gallons) of product
will add 14 more downtime days to account for emergency
response and cleanup that would needed. Thus, in the above
example scenario, a total of 77 downtime days (56 + 7 + 14) are
projected. The relationships shown in Table 1D were developed
based on personal communications (via phone and/or in person
interviews) with facility and emergency management personnel
in Texas and can be customized for other regions or for a
specific facility.

The downtime loss is estimated based on the number of days
down and the daily revenue of the facility. Thus, for a facility that
has daily revenue of $300K and using the 77 days down in the
example above, the total downtime loss will be ∼$23.1 million.
Also included in the productivity loss is the cost associated with
loss of production. Continuing with the example in this section,
based on an estimated 10,000 barrels of oil-produced daily at the
facility with a cost of $100 per barrel, a total production loss of $1
million is accrued per day during the 77 days of downtime ($77
million for production loss). The total productivity loss for the
example is $100.1 million (the sum of the production loss of $77
million and the downtime loss of $23.1 million).

The Excel-based economicmodel (Table 2) has a total of seven
worksheets that extract data from the geodatabases as discussed
above. The first sheet incorporates general information about a
facility including total land area, number of unit-processes, daily
revenue and production. The next four sheets determine the
results for each of the four categories of losses in the FEDERAP
framework described above. The four loss estimation worksheets
require the output statistics from the statistics geodatabase, as
noted in Table 2. The losses are calculated for each category
within the appropriate sheet in the Excel model. It is also
here that users can modify the cost modeling algorithms and
customize them for their specific application. The outputs from
the FEDERAP Excel analysis are summarized in the final two
sheets of the economic excel-based model. For each hydrologic
event, the loss for each category and the total loss are both shown
in tabular form as are loss curves showing the total loss and
contribution from each of the four categories.

Modeling Scenarios
The fate and transport of potential spills and their footprint
on land, during compound flooding events were simulated
for Hurricane Ike (2008) and Hurricane Harvey (2017), with
storm surge and rainfall as the dominant sources of flooding,
respectively. In other words, Hurricane Harvey (2017) was
used to investigate how local flows emanating from different
watersheds can affect land inundation and spill fate and transport
compared to a surge-based event (e.g., Hurricane Ike in 2008).
The EFDC-SS scenarios were named based on the storm type and
release locations. For instance, Ike-3 represent a simulation with
inputs from Hurricane Ike and tank failure at Release Location
3 (see Figure 2) resulting in a total of 6 scenarions (3 Release
Locations for Ike and Harvey). The inundation patterns during
these two types of hurricanes were compared. The extent of lands
affected by the spill (both upstream and downstream of release
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TABLE 2 | FEDERAP Excel sheets.

Sheet name Inputs Outputs

Cover page—facility information Total number of unit-processes, tanks, daily revenue,

property value, production, and total area (user-defined)

None

Facility inundation Total area inundated (from statistics geodatabase,

Section FEDERAP Economic Damage Framework)

Facility Land Damage ($)

Unit-process Loss Total number of unit processes inundated at 20 and 50%

(from statistics geodatabase, Section FEDERAP

Economic Damage Framework)

Unit-process Damage ($)

Environmental releases loss Total number of tanks inundated (from statistics

geodatabase, Section FEDERAP Economic Damage

Framework)

Environmental Clean-up Damage ($)

Productivity loss None Daily Revenue Loss, Production Loss, Total Productivity Loss

Facility loss summary table None Summary of all the above outputs

Facility loss summary graphs None Loss curves for each category and the total loss for the facility

$ indicates United States dollars.

location) were compared for Hurricane Harvey and Hurricane
Ike for various release locations.

In this paper, while the EFDC-SS model is applied to three
release locations (1–3), the FEDERAP framework is applied to
four facilities identified as A (west of Release Location 1) and
B (Release Location 1), C (Release Location 2), and D (Release
Location 3). The locations and characteristics of the 4 facilities
are shown in Figure 2 and Table 3, respectively. While Release
Locations 1–3 from the EFDC-SS spill simulations were selected
solely based on the probability of tank failure, the 4 identified
facilities in the FEDERAP analysis were uniquely selected for
their differing properties and to illustrate the rigor and range
of possibilities for modeling damage associated with critical
infrastructure. As mentioned earlier, the FEDERAP framework
loops over the maximum WSE using a step of one unit. For
Hurricane Ike, Kiaghadi et al. (2018) evaluated three scenarios
included Hurricane Ike, Hurricane Ike worst-case scenario with
regards to its landfall location bymoving it to 150miles southwest
of its actual landfall location along the Texas coast, andHurricane
Ike worst landfall location scenario with a 30% increase in wind
speed. The maximum modeled WSEs in the study area for the
three scenarios ranged between 4.5 and 7.6m (15−25 ft). Thus
the FEDERAP framework was run within this range.

A sensitivity analysis with FEDERAP further illustrates the
rigor of the developed framework in estimating upper and lower
bounds for damages and losses on a facility basis or for a group
of facilities or an entire region with different types of critical
infrastructure. A sensivity analysis was conducted to illustrate
the utility of FEDERAP and the developed loss estimation
framework. The sensitivity analysis was performed on Facility
A, with a relatively large area of 0.77 km2 (191 acres) and an
average elevation above 6m. This facility has a number of tanks
and process-units at various elevations and locations within the
facility boundary (Table 3). The modeled losses for facility A
ranged from $360 million to $3 billion and were non-linear
relative to storm surge (referred to as the base case). Ten variables
that affect cost estimates in FEDERAP were evaluated in the
sensitivity analysis; each was varied between a lower (halved) and

higher (doubled) value relative to the base run for Facility A.
For example, the property value was varied between the range of
half the base case value and double the base case value. Another
example is the cost of cleanup of a release that was halved and
doubled in the sensitivity analysis. The results sections include
the results of EFDC-SS scenarios on both hydrodynamics and
fate and transport of spills as well as FEDRAP model results.

RESULTS AND DISCUSSION

EFDC-SS Hydrodynamics
Total inundated areas at the peak of the event was slightly higher
during Hurricane Harvey (63.35 km2) compared to Hurricane
Ike (59.72 km2). Compared to Hurricane Ike, Hurricane Harvey
flooded more areas in the northern parts of the model domain,
as shown in Figure 5, presumably because of higher flows in
the San Jacinto River (SJR, historical high flow rates as high as
10,000 m3/s during Hurricane Harvey). In contrast, higher land
inundation was observed within the southern parts of the domain
and in shallow side bays during Hurricane Ike. The western
parts of the model showed very similar inundation during both
events. The different spatial distribution of inundated areas
during different types of compound flooding events, emphasizes
the need for considering all flooding sources (individually and
in combination) in flood management. For instance, the results
presented in Kiaghadi et al. (2018) shows that only focusing
on storm surge (as is common practice for industrial corridors)
could lead to underestimating the WSEs in northern parts of
the system.

The bottom/land elevation as well as the water depth time-
series at several originally dry locations (dry at mean sea
level) of the study area during Hurricane Ike and Harvey were
shown in Figure 6. Different flooding patterns, as shown in
Figure 6, were observed during the two different hurricane types
across the modeling domain. A rapid increase in water depth
(Figure 6), across the domain, was observed during Hurricane
Ike, which was a surge-dominated event, followed by a rapid
recession of the inundation. The entire inundation duration
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TABLE 3 | Facility characteristics for the modeled Case Study facilities in the HSC.

Facility Characteristic Facility A Facility B Facility C Facility D

Area (km2 ) 0.77 (191 acres) 0.27 (66 acres) 7.09 (1752 acres) 4.01 (1008 acres)

Average Elevation (m) 6.1 (20 ft.) 5.5 (18 ft.) 7 (23 ft.) 6.4 (21 ft.)

Fixed top vertical tanks (#) 59 77 400 161

Floating top vertical tanks (#) 30 0 83 52

Horizontal Tanks (#) 22 18 17 7

Unit-Process (#) 15 5 25 34

# indicates numbers.

FIGURE 5 | Comparison of maximum inundated areas for Hurricane Ike (left) and Hurricane Harvey (right).

due to the storm surge (Hurricane Ike) was <24 h. However,
due to the discharges emanating from the greater Houston
bayous, a second peak in water depth and inundation pattern
was observed during Hurricane Ike making the entire event last
for 2.5 days everywhere except the SJR (4.5 days). Continuous
water release from Lake Houston dam caused the elongated flood
in areas adjacent to SJR (P3 in Figure 6). In the absence of a
strong storm surge (about 0.6m), the inundation process during
Hurricane Harvey was driven by tidally forced in the downstream
boundaries and local runoff in the flow boundaries (dominant).
Considering that the travel time for most of the bayous in the
study area is around 2–7 days (Petersen, 2006), Hurricane Harvey
caused longer (between 5 and 6 days) and wider-spread land
inundation compared to Hurricane Ike as shown in Figure 6.
The peak water depth was almost the same for both hurricanes
except areas closer to the downstream boundary of the model
(P4 close to the mouth of Galveston Bay in Figure 6). Lower
water depths and consequently lower inundation in the southern
portion of the modeling domain during Hurricane Harvey
compared to Ike is mainly due to the dictation of the downstream

boundary condition. In other words, despite the high volume

of water discharged to the system during Hurricane Harvey,
the water surface elevation at the final water receptor was not
significantly changed.

EFDC-SS Tank Failure and Pollutant
Transport
The estimated probabilities of failure for the above-
ground storage tanks within the study area during both
modeled hurricanes are shown in Figure 7. Considering the
aforementioned logic in the previous section and the fact that
inundation was for a longer period of time during Harvey
(Figure 6), a higher number of tanks with high probabilities
of failure in the western part of the HSC during Hurricane
Harvey (Figure 7) could be justified. In addition, tanks located
adjacent to the rivers/bayous were more prone to failure during
Harvey due to historic flow rates leading to overbanking (with
higher depth compared to Ike) and flooding the tanks. For the
southern part of the system (Release Location 3 in Figure 7), the
probabilities were almost the same as the maximum WSEs in
the two events were very close in that region. The tanks located
north of Release Location 3 were in a higher elevation area (see
Figure 6) so they did not become inundated during either of the
two events.

As discussed in Kiaghadi et al. (2018), the release time relative
to the peak of storm is a key parameter during an even like
Hurricane Ike where the direction of the flow could change
during the storm. However, the release time could not change the
spread pattern (except the velocity) in a flow-dominated event
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FIGURE 6 | Bottom/land elevation in the study area and water depth time-series at several originally dry (dry at mean sea level) locations of the study area during

Hurricanes Ike and Harvey.

such as Hurricane Harvey that the flow has always the same
direction during the event. The dye concentrations for a release
at the peak of the hydrograph during Hurricane Harvey for all of
three release locations, are shown in Figure 8. Unlike Hurricane
Ike scenarios shown in Kiaghadi et al. (2018), the conservative
tracer was not spread upstream of Release Location 1 during
Hurricane Harvey. In contrast, detectable dye concentrations
were observed in north of the HSC confluence with the SJR
(see Figure 6 for location) 1 week after the release (Figure 8).
During Hurricane Harvey, dye concentrations 24 h after the
release were lower than Ike. Also, 1 week after the release,
dye concentrations were significantly lower within the system
during Hurricane Harvey as compared to Ike, mainly due to
continuous high flow rates. In other words, faster velocities
during Harvey flooding (the results of the EFDS-SS simulations)
caused the majority of the dye to pass through the boundary
in a very short time and led to very low concentrations of dye
remaining in the system after 1 week. For Release Location
2, Kiaghadi et al. (2018) showed that during Hurricane Ike
a significant amount of dye mass remained in Patrick Bayou
(Release Location 2, see Figure 2 for location), due to trapping
within the bayou, that acted as a continuous source of dye that
polluted the western part of the HSC after a week. For the
same location, different mass transport behavior was observed

during Hurricane Harvey. Here again, faster water velocities
during Harvey caused more flushing and transportation of the
contaminants in the HSC. The spread of the spill at Release
Location 3 was very similar during both hurricanes. Just like
Release Location 1, for Release Location 3, no upstream spread
was observed during Hurricane Harvey. However, after water
levels were back to normal (when water surface elevations
are back to the mean sea level), tidal movements transferred
the remaining contaminants in the system to the upstream
regions. With regards to contaminant transport to the final
receptor (Galveston Bay), the two hurricanes showed different
behaviors for Release Locations 1 and 2 but similar behavior
for location 3.

The final percentage of the tracer dye (as a surrogate to the
contaminant of interest) that reached Galveston Bay and the time
for 85% of dye mass to reach Galveston Bay is shown in Table 4.
The high percentage of mass within a low period of time reaching
the final receptor indicates the risk of widespread contamination
of a potential spill. In <3 days the majority of the modeled spill
will reach the final receptor with larger water volume where
dilution makes remediation efforts very difficult. In addition, in
the first few days during the events (especially the rainfall-based
events where the high flow rates last for more than a week), the
priority is on saving lives; and, because of the presence of debris
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FIGURE 7 | Estimated probability of failure for the ∼4300 above ground storage tanks in the study area for Hurricane Ike (top) and Hurricane Harvey (bottom). Due to

the absence of industrial tanks, the northern section of the domain (San Jacinto River, SJR area) is not shown.

in the water, it is not possible to limit the spread or remove the
contaminants from the water.

Lands that were affected by the spill from different locations
during Hurricane Ike and Harvey are shown in Figure 9. The
affected land is directly related to the flooding extent and whether
there were any contaminants in the water that caused the
inundation or passed through the wet cell during the inundation
period. Compared to Harvey, surge driven spill scenarios caused
by Ike created a smaller environmental footprint of the spill on
land for Release Locations 1 and 2 and a larger footprint for
location 3. A spill from Release Location 1 could potentially
affect 8.65 and 9.52 km2 of land, with almost 0.7 and 1%
of the total spill mass retained on land during Hurricane Ike
and Harvey, respectively. The contaminated lands for Release

Locations 2 and 3 were 6.29 and 7.95 km2 for Hurricane Ike
and 9.36 and 2.75 km2 for Hurricane Harvey. Downstream of
the HSC-SJR confluence and upstream of Alexander Island were
identified as the most polluted lands after Hurricane Harvey.
Alexander Island (see Figure 2 for the location) and upstream
of the HSC mouth were the most affected areas for Hurricane
Ike. It is noted again that this does not account for air plume
formation and transport onto land from spills in the waterway
that may represent a significant health risk to nearby populations.
The retention of contaminants on land could pose a threat
to both natural and built environment. Thus, the developed
framework could be used to identify the locations that might
need remediation and a guideline for sampling efforts after
severe storms.
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FIGURE 8 | Dye concentration for Hurricane Harvey at various times during and following the event for different release locations. Blue cells represent concentrations

below 0.001 mg/l.
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TABLE 4 | Results for the Ike and Harvey spill scenarios with their corresponding release times, final percentage of mass in GB, and time lapse for 85% of the dye mass

leaving the model domain.

Scenario Release time Percent Mass in Bay ∼15 days after dye release Time (days) for 85% of dye mass to reach Galveston Bay

Ike-1 9/13/08 12:00 91.5 1.46

Ike-2 9/13/08 12:00 27.3 N/A

Ike-3 9/13/08 12:00 92.7 1.29

Harvey-1 8/23/17 00:00 >97.1* 0.95

Harvey-2 8/23/17 00:00 >96.1* 2.67

Harvey-3 8/23/17 00:00 >95.1* 1.29

N/A, Not Applicable; the total dye passed through the open boundary was <85% of total dye released. *Dye simulation runs for Hurricane Harvey were performed for a shorter period

of time after the reseals (1 week); values reported as greater than represent mass portion of mass transported to Galveston Bay 1 week after the spill.

FIGURE 9 | Comparison of land affected by spills from different locations within the model domain for Hurricane Ike (top) and Hurricane Harvey (bottom).

FEDERAP Projected Losses
The total loss estimates for each of the facilities are shown in
Figure 10. The total modeled losses ranged from $30 million to
$500 million for WSEs between 4.5 and 5.2m (15–17 ft) while
the total losses ranged from $80 million to $7 billion for WSEs
near 7.6m (25 ft). As can be seen in Figure 10, Facilities A and
B loss curves are similar and distinctly different from C and D.
While loss curves for A and B increase gradually and exhibit
separation between the three scenarios shown (low, medium,
and high), the loss curves for facilities C and D are almost
superimposed up to WSEs around 5.8m. Beyond this WSE,
facilities C and D exhibit distinctly different losses that reflect
the difference in facility characteristics (area, elevation, tanks, and
unit-processes). Facility C has a larger area (but more of the area
is at a higher elevation) and more tanks, whereas facility D has a
lower average elevation and more process units. Thus, and as can
be seen in Figure 10, the loss curves increase steadily for facility

C beyondWSEs of 5.8 (19 ft) m whereas facility D experiences an
exponential rise in losses between 6.4 (21 ft) and 7 (23 ft) m that
stabilize beyond 7m. It is noted that Facility B has a relatively
smaller area and a smaller number of tanks and process units
which explains the difference in the relative magnitude of losses
when compared to the other facilities. It is also noted that facility
D is the only facility that did not exhibit any sensitivity to the
high, medium and low cost scenarios for inundation levels below
6.4m (21 ft). This is because the facility is located at a relatively
higher base elevation than the other facilities, similar to facility
C, but unlike facility C; facility D has a relatively lower number
of tanks.

The individual components of the total losses for each facility
can be studied further to determine the main driver for losses as
WSE increases. As discussed above in the Methods, economic
loss variables had low and high values estimates as well as a
calculated average value. For modeled high losses estimates, for
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FIGURE 10 | FEDERAP projected losses for 3 scenarios of cost models (blue line: higher estimate, gray line: medium estimate, red line: lower estimate).

example, as inundation increases, the downtime causes losses
to rise significantly. For three of the four facilities, production
loss was the most important driver for losses in the modeled
scenarios (data not shown). This finding would likely change
based on the specific event, its impacts, and variables used
in the model. Additionally, probabilistic modeling using the
developed economic modeling will further inform analyses for
individual facilities or an industrial complex such as the Houston
Ship Channel. For Facilities A and C, environmental release
plays a significant role due to the number of tanks on site
and the locations of the tanks. For Facility C in particular,
environmental release is the largest component for losses. Facility
C exhibits relatively high tank density (more than one tank
per acre) and the resulting losses for this facility are due to
the large number of tanks at low elevations (the majority of
the facility and its unit-processes are not inundated even at
high storm surge levels of ∼7m). The results from the analysis
with the four facilities can be synthesized to allow general
conclusions to be made for the entire HSC industrial region and
beyond. For instance, when comparing across the 4 facilities,
it was found that losses are at their lowest when the facility
is <20% inundated and their highest once inundation exceeds

75% as would be expected. The results on a spatial basis were
somewhat less intuitive, however. For facilities to the east near
the mouth of the HSC, the initial response to storm surge level
rise is minimal but begins a step increase at ∼6m (Facilities C
and D). The two facilities investigated on the western portion
of the study area have a more gradual loss curve to storm
surge with increases occurring at 5.2 and 6m. Thus, having
an understanding of the relationship between facility elevations,
storm surge levels, and expected losses (in addition to impacted
infrastructure) is critical and can only be gleaned with the
modeling framework presented here. Such an understanding,
when developed, enables decision-makers to evaluate various
mitigation strategies based on vulnerability, hazard, and risk
within a projected losses framework.

The data in Figure 11 illustrate sensitivity analysis results
for Facility A. The modeled losses for Facility A ranged from
$360 million to $3 billion and were non-linear relative to
storm surge levels (Figure 11 base run). The results of the
sensitivity analysis for a surge level of between 4.6m (15 ft)
and 7.6m (25 ft) ranged from $280 million to $4.2 billion
indicating a high degree of sensitivity in modeling results to the
assumed cost relationships. Results also indicated that damage
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FIGURE 11 | FEDERAP sensitivity analysis results for Facility A. Lines with squares and triangles represent doubled and halved scenarios, respectively.

estimates were most sensitive to environmental losses (cleanup
cost and additional days down). At the lower modeled storm
surge levels, FEDERAP damage estimates did not change in
response to changes inmost inputs except for percent tank release
and cleanup costs. For these two variables, damage estimates
increased more than 40% as the storm surge level increased
from 4.6m (15 ft) to 5.5m (18 ft). When the storm surge
level exceeds 5.5m (18 ft), more of the facility infrastructure
becomes inundated causing higher dependency on values used
for production losses. Overall, the loss model had limited
sensitivity to daily revenue, property value, and losses related
to unit-processes with the major driver being productivity
and environmental (spill) losses. The interplay between facility
characteristics and the modeled cost relationships and their
effect on total losses highlights the need for tools such as
FEDERAP and the importance of integrating this type of analysis
into decision-making for addressing vulnerability of critical
industrial infrastructure.

It is important to acknowledge the limitations of the
FEDERAP model in its current formulation. While chemical

spills are included in FEDERAP, the interaction among stored
chemicals within and between facilities in the water is not
presently accounted for. The storm surge level is considered
but the period of time where storm surge is present within
the HSC is not accounted for in terms of pollutant dispersion
within the inundated zones; longer storm surge durations are
expected to push pollutants farther upstream and disperse them
onto a larger area. The length of time and interaction among
stored chemicals may need to be investigated using water
quality and contaminant transport models in order to refine
the cleanup losses determined in the FEDERAP framework.
In addition, a facility may be operational but in reality may
be prohibited from operating normally due to damages in
nearby facilities and/or debris in the Channel or continued
emergency response and cleanup activities. Lastly, this analysis
is not probabilistic in nature and does not include risk
(the risk of incurring a specific storm surge level); however,
the model can be readily adapted to incorporate risk and
probability when data on hurricane risks are developed in
the future.
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CONCLUSIONS

The results from the water quality model driven by storm
surge (EFDC-SS) model containing both land and waterbodies
showed the different mechanisms of spill spread under different
hurricane types. While spreading differently, spills during a
severe hydrologic event can widely spread miles away from
the release location in a very short period of time and
pollute both land and water in addition to the airshed. The
developed framework could be applied to investigate the fate
and transport of spills during compound flooding events. While
damage assessments to date have failed to account for the
complexities of industrial facility vulnerabilities to hurricanes
and severe storm surge events, the Facility Economic Damage
and Environmental Release Planning (FEDERAP) provides a
modeling framework that allows for investigating the complex
relationships between storm surge level and the specific losses
that would be experienced by a specific facility or an entire
industrial region. This research demonstrates that industrial
regions should be evaluated using tools that reflect their
specificity. In addition, this paper demonstrates that property
loss is a relatively small component when compared to other
losses that could be incurred due to storage tank damage or
damage to process units. This research also demonstrates that
storm surge levels are directly related to incurred damages
and losses at industrial facilities and that storm surge above a
facility specific threshold value would cause losses to increase
at a steeper slope because of environmental pollution and loss
of productivity. Without detailed studies and model scenarios
similar to what is presented in this study, it would be very
difficult to anticipate areas (and communities), whether on land
or in water, that would be most vulnerable to contamination
in a given medium (air, soil, water, biota). The methodology

developed in this study can be easily applied to similar severe
storms prone coastal plain estuaries such as the Hudson River
in New York, Delaware Bay between New Jersey and Delaware,
and other estuaries along the Gulf Coast. Future work could
address some of the limitations of the study and expand on
its capabilities. For instance, dynamic coupling of SWAN +

ADCIRC with the EFDC, FEDERAP, and the tank failure model
could provide a near real-time predictive and planning tool.
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