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Towards Integrated Modeling of the Long-term Impacts of Oil Spills

Abstract

Although great progress has been made to advance the scientific understanding of oil
spills, tools for integrated assessment modeling of the long-term impacts on ecosystems,
socioeconomics and human health are lacking. The objective of this study was to develop
a conceptual framework that could be used to answer stakeholder questions about oil
spill impacts and to identify knowledge gaps and future integration priorities. The
framework was initially separated into four knowledge domains (ocean environment,
biological ecosystems, socioeconomics, and human health) whose interactions were
explored by gathering stakeholder questions through public engagement, assimilating
expert input about existing models, and consolidating information through a system
dynamics approach. This synthesis resulted in a causal loop diagram from which the
interconnectivity of the system could be visualized. Results of this analysis indicate that
the system naturally separates into two tiers, ocean environment and biological
ecosystems versus socioeconomics and human health. As a result, ocean environment
and ecosystem models could be used to provide input to explore human health and
socioeconomic variables in hypothetical scenarios. At decadal-plus time scales, the
analysis emphasized that human domains influence the natural domains through changes
in oil-spill related laws and regulations. Although data gaps were identified in all four
model domains, the socioeconomics and human health domains are the least
established. Considerable future work is needed to address research gaps and to create
fully coupled quantitative integrative assessment models that can be used in strategic

decision-making that will optimize recoveries from future large oil spills.
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decision-making that will optimize recoveries from future large oil spills.
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1. Introduction

On April 20, 2010, the Deepwater Horizon (DWH) oil drilling platform exploded, killing 11
people and injured 17 others, and causing a deep-sea blowout. This led to one of the
largest oil spills in history, releasing natural gas plus an estimated 5 million barrels of oll
into the Gulf of Mexico (GoM) before the well was capped 87 days later (McNutt et al.
2012). As part of the response, 2 million gallons of dispersant were applied at the deep

sea and at the sea surface (USCGNRT 2011).

The DWH oil spill was notable for its immense impact, and for being the deepest (~1,500
m) major oil spill to date. Despite advances in drilling safety, the likelihood of a range of
spills of various sizes is still a danger for which preparation, response, and recovery plans
are needed, given the lessons learned from the DWH accident. To this end, a number of
tools are available. Models for operational oil spill forecasting, including ocean, wave and
weather forecasting for predicting oil movement and concentration (Barker et al. 2020)
tend to employ short time horizons, making predictions hours to weeks into the future.
They also are typically used to guide emergency response activities and immediate
cleanup efforts (e.g., by answering questions such as where to deploy equipment for
shoreline removal of oil). These operational models can be quickly configured to
investigate tactical questions as new questions arise. In contrast, broader models that
estimate the effects of oil spills on society (i.e., integrating ocean environment, biological
ecosystems, socioeconomics and human health knowledge domains) can be employed

for damage assessment and strategic planning. These models are intended to operate
3
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over longer time horizons, from months or years to decades. They tend to be more
interdisciplinary in nature, because they require integration across broad knowledge
domains. Although environmental assessments depend strongly on quantitative models
that can incorporate knowledge from a wide range of disciplines, fully coupled
assessment models that consider quantifiable aspects of human dimension are scarce,
and while a few quantitative interdisciplinary models have been developed (Paris et al.
2013, Ainsworth et al. 2018, French-McCay et al. 2019, Dukhovskoy et al. 2020,
Berenshtein et al 2020a), they have not been connected under a single framework. This
paper addresses efforts towards this end and lays out a framework of how the long-term
analysis of oil impacts can be integrated and implemented for future strategic planning

for optimizing long-term recovery from major oil spills.

System Dynamics (Forrester 1961, 1989, 2010), as an organizing principle, was used to
drive the synthesis effort. In simple terms Forrester (2010) described System Dynamics
as, “Interpreting real life systems into computer simulation models that allow one to see
how the structure and decision-making policies in a system create its behavior.” System
Dynamics is a methodology for addressing complex interdependent and non-linear
systems that are governed by sequences of interacting causes and effects, also called
feedback loops. Ideally, primary determinants of behavior should be endogenous, i.e.,
there should be few external driving forces. This principle is well suited for our purpose
(Pérez-Pérez et al. 2020), given that we wish to consider how the entire GoM (nature and

humans) is impacted by an oil spill. The method has proven well suited for policy analysis
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in general because feedbacks tend to exist at multiple points in the political system

(Pagoni and Patroklos 2019, Zhou et al. 2020).

The conceptualization phase of building a System Dynamics model often includes the
development of Causal Loop Diagrams (CLDs), which aid in visualizing interconnections
among the systems to be linked (Brennan et al. 2019). CLDs are shown as flow diagrams
in which the nodes represent variables, and links, including directional arrows, represent
causal influences. Specific information about nonlinear functional forms and state
variables is neglected in CLDs for simplicity. The CLDs thus provide a high-level
qualitative overview of the system, making them ideal for synthesizing complex and
interconnected systems in a way that is easily understandable. Because CLDs are simple
and visually intuitive, they can be co-developed with experts unfamiliar with the method

of System Dynamics.

This paper focuses on the development of the CLD for the GoM system in the context of
oil spill impacts. Additionally, the intention is for the CLD to be applicable to oil spills in

general, while using DWH as an example to guide its development.

To describe the development of the CLD and its interpretation this paper is organized in
the following sections, following the introduction Section (1): Section (2) we present the
societal questions and stakeholder needs that helped guide this synthesis; (3) we
developed the CLDs; (4) we analyze the CLD in light of the societal questions posed in

Section 2; (5) we map existing models onto the CLD, to identify gaps in understanding

5
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and model development (based on the stakeholder needs identified in Section 2); (6) we

describe a roadmap for future applications, and (7) we summarize and conclude.

2. Societal Questions and Stakeholder Needs

Many questions have been raised by stakeholders and concerned citizens over the years
about the long-term impacts of the DWH oil spill. A number of these questions were
consolidated by the GoM Sea Grant Oil Spill Science Outreach Team (Hale et al. 2019)
who engaged with stakeholders to learn about their oil spill science-related questions and
concerns. The team engaged with target audiences (Table 1) and the general public
during the first year through one-on-one discourse, small group meetings, and large group
input sessions. In 2014 and 2016, the team conducted two Social Network Analyses to
understand how credible, relevant, and timely oil spill science information flowed through
a network of people from these specific target groups in the GoM. Survey participants
used the opportunity to share topics of interest (Sempier et al. 2019a, 2019b, 2019c, See

https://qulfseagrant.org/oilspilloutreach). The team also compiled audience feedback

data from evaluations completed before and after 30 oil spill science seminars and
workshops. All data, surveys, and evaluations represent target audience input between
2014 and 2018. From these efforts, some of the key questions consolidated by Sea Grant

were very broad, and included:

° “Is the Gulf seafood safe to eat?”
° “‘What are the impacts to wildlife?”
° “Where did the oil go and where is it now?”

6
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° “Do dispersants make it unsafe to swim in the water?”

Additional questions (Table 2) are more specific variations of the bulleted questions above
that were categorized by experts within each of the knowledge domains. Some of the
additional questions, for the socioeconomics domain, expand upon the bulleted questions
to include gquestions about the impacts of the spill on economics, infrastructure, and

community resiliency.

To obtain additional feedback from oil spill decision makers representing industry and
the oil spill response, restoration, and environmental monitoring communities, a
stakeholder panel was coordinated in 2020 by Sea Grant (see supplementary materials
for details). Needs identified by this panel included:

e A cross-disciplinary model that can quickly be repurposed for new geographic
areas and be applicable on a wide range of scales both nationally and
internationally.

e Models that can track the oil transport and fate from the time a spill occurs all the
way to and through the damage assessment process and system recovery (NOS
2020).

e Models that look at cleanup strategies and their potential impacts

e Models that could accommodate additional considerations such as air quality
components, different oil types, and freshwater-salinity fronts,

e Provide for improved baseline data so that impacts of oil spills can be better

assessed.
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e Maintenance of data repositories and its accessibility for future modeling needs.
Stakeholder questions consolidated by Sea Grant during its early outreach efforts were
generally focused on practical issues, including topics related to impacts on human and
ecological health and a desire to understand the ultimate disposition of the oil. Similarly,
but in a broader sense, stakeholders from the 2020 Sea Grant outreach effort emphasized
the need for practical models that can be quickly repurposed to answer questions
associated with specific scenarios once they occur. The need for baseline data and data
repositories to be used for model development was also emphasized. In the end the
stakeholders underscored the need to understand the extent of damages caused by the
spill, including impacts of oil spills on seafood resources, impacts on ecosystems, the
ultimate disposition of the oil, and also the safety of recreational resources. With this
concept in mind, the CLD was developed to address assessment of damages to the
environment, ecosystems, and human health, in addition to their socioeconomic

consequences.

3. Development of the Causal Loop Diagram (CLD)

3.1. Creating the CLD

Many of the stakeholder questions focused on the impacts of the spill and needs for
interventions to reduce or prevent impacts. Interventions mentioned included dispersant
use, clean up to protect wildlife and natural resources, freshwater diversions to influence

the movement of the oil, and fishery closures to control seafood safety. Four knowledge
8
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domains (Figure 1) were recognized as a starting point to identify the fields of science
needed to address both spill impacts and effects of interventions. These knowledge

domains include the following:

e Ocean Environment: oceanic and atmospheric transport and biogeochemical and
thermodynamic transport and fate processes.

e Biological Ecosystems: interconnectivity of organisms geographically and within
and between trophic levels.

e Socioeconomics: evaluating market impacts across different economic sectors as
well as non-market societal impacts.

e Human Health: acute and chronic physical and mental health impacts, including
physiological and psychological consequences of protracted and cumulative

stress.

These four domains served as the starting point for initializing the CLD. They roughly
separate the subject of oil spill impact modeling into a distinct set of related and
overlapping disciplines. For example, ocean environment modeling requires expertise
from oceanography, climate science, and contaminant transport, plus contributions from
the physical, geological, chemical, and biological sciences. Biological ecosystems involve
a core expertise from the biological sciences including the sub-disciplines of ecology,
microbiology, marine sciences, zoology, botany, fisheries, and veterinary sciences, with
cross-over to the physical, geological, and chemical sciences. Socioeconomics include

the sub-disciplines of economics, anthropology, sociology, psychology, and
9
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communication studies. Human health includes the sub-disciplines of environmental
health science, public health, medicine, physiology, applications of genomics and other
‘omic” sciences, biostatistics/bioinformatics. All domains require the application of
rigorous mathematical and statistical methods and computer science. The complexity of
the impacts of an oil spill is thus demonstrated by the knowledge needs from many

different disciplines.

While recognizing the interconnectedness among disciplines, information was
consolidated about the latest models by reviewing the literature and gathering input from
experts representing each of the four domains of knowledge. Pre-existing review articles
that discussed recent advances in oil-spill research were focused on ocean environment
(Spaulding 2017), biological ecosystems (Ainsworth et al. 202X, Beyer et al. 2016) and
human health (Laffon et al. 2016, Eklund et al. 2019, Sandifer et al. 2020b). Among these
Spaulding (2017) and Ainsworth et al. (202X) provided in-depth reviews of available
models describing advances in ocean environment models, and how ocean environment
models have been interfaced with biological ecosystem models. Ainsworth et al. (202X)
emphasizes the lack of quantitative models available in the human health and

socioeconomics domains.

Given that modeling in human health and socioeconomics domains are characterized by
larger gaps and fewer linkages within existing quantitative models, below we focus on
representative modeling capacities within these two domains which expand upon the

descriptions from the above-mentioned literature reviews. An extensive review of

10
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modeling capabilities in the ocean environment and biological ecosystem domains is

described in Ainsworth et al. 202X.

3.2. Current models in human health and socioeconomics

Although considerable evidence has been collected to link human health impacts (both
physical and mental) to oil spills (Aguilera et al. 2010, Rusiecki et al. 2018, Kwok et al.
2017a,b, Afshar-Mohajer et al. 2019, Wickliffe et al. 2018, Wilson et al. 2015, Goldstein
et al. 2011, Osofsky et al. 2015, Lowe et al. 2019, Tasch and Larcher 2012, Carroll et al.
2002, Pan et al. 2019, Drakeford et al. 2020, Sandifer et al. 2020b, McKendree et al.
2013, Morgan et al. 2016, Wilson et al. 2015, Ylitalo et al. 2012, Farrington 2020),
quantification of the links has been limited. Exceptions include a few physical health
models based upon risk assessment approaches or Bayesian statistics. For example, the
Beach Exposure And Child HEalth Study (BEACHES) evaluated risks to children from oil-
contaminated beaches where the hazard was identified as the chemical constituents of
oil (Ferguson et al. 2019, 2020a, Tomenchok et al. 2020). Once the concentrations were
established through oceanographic models or empirical evidence (Montas et al. 2020,
Xia et al. 2020), then the beach play activities of the children were simulated as scenarios
for possible exposure (Ferguson et al. 2019, 2020b) and used to compute health risk
(Black et al. 2016). In the context of seafood, risk assessments evaluated levels of the
more toxic component of oil, polycyclic aromatic hydrocarbons (PAHSs), but recognized
that toxicological data is missing for alkylated PAH forms limiting the strength of risk

assessment approaches due to lack of toxicological data (Farrington 2020, Wickliffe et al.
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2014,2018). Groth et al. (2017) utilized a Bayesian hierarchical linear model to estimate
exposures to oil spill workers to specific volatile oil components based upon measured
levels of total hydrocarbons. They conclude that correlations between total hydrocarbon

levels and volatile chemical components may be useful for estimating worker exposure.

In the context of mental health, conceptual and semi-quantitative models have been
established to evaluate cause (direct and secondary disaster effects) and effect
(resilience and recovery within a community as measured by economic and housing
stability, physical and mental well-being, and social role adaptation) (McEwen 2000,
Palinkas 2012, Abramson et al. 2010,2015, Hansel et al. 2015). For example, Guo et al.
(2018) have utilized structural equation modeling to evaluate hypotheses between place
attachment and community resiliency. Indices have been developed to relate community
well-being and resilience to environmental, economic, and social factors (Smith et al.
2013, Summers et al. 2016, 2018). A critical area of study in the context of mental health
impacts is the potential cumulative nature of stress (Osofsky et al. 2016). Within the
literature, the term allostatic load has been used to define the cumulative impacts of
repeated and multiple mental health stressors in a person’s life that results in adverse
mental and physical health outcomes (McEwen and Stellar 1993, McEwen 2000,
Seeman et al. 2001, Galen Buckwalter et al. 2016, Rodriguez et al. 2019, Forrester et al.
2019, Harville et al. 2018). Models that integrate mental health consequences should
consider the allostatic load experienced by a community (Chandra et al. 2019, Finucane
et al. 2020), especially if impacted by multiple disasters. Koliou et al. (2018) emphasize,

in the context of community resilience to natural hazards, the need to integrate physical,
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social, and economic aspects of community resilience. They further emphasize the need
to include interdependencies and system recovery which are yet to be quantified. One of
the few conceptual models that integrates physical and mental health outcomes, including
considerations for allostatic loads, is the Disaster-Pressure State-Ecosystem Services-
Response-Health (DPSERH) model that describes the interdependencies between
ecosystem services, individual and community health, and the cumulative stress impacts

after disasters (Sandifer et al. 2017).

Like human health, socioeconomics lag in depth and breadth of quantitative models as
compared to those available in ocean environment and biological ecosystems, in part due
to a lack of high-resolution, longitudinal socioeconomic monitoring and data collection.
Challenges exist in matching the spatial and temporal scales of these data sets with those
used in biogeophysical modeling. For integrated modeling results to be useful,
researchers should consider “decision-making relevant scale (DMRS)” (Yoskowitz et al.
2017, Verburg et al. 2016) whether they are for assessing jurisdictional, institutional,
management, and local impacts (Cash et al. 2006). Extensive social and economic
datasets exist and are available for use and incorporation into models (NASEM 2017,
UNDRR 2017, Sharifi 2016, Miles 2015, Frazier et al. 2014). For example, existing
datasets include: the Census data (census.gov) as well as its produced American
Community Survey (ACS) Public Use Microdata Sample (PUMS) files, Electronic Medical
Records (https://digital.ahrg.gov/key-topics/electronic-medical-record-systems), and
marine surveys available through the National Oceanographic and Atmospheric

Administration (NOAA) (fisheries.noaa.gov). However, use of these aggregated datasets
13
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to fully understand social resilience or vulnerability at the local, sub-county or
neighborhood scale is difficult (Patel et al. 2017). Community resilience is inherently local,
with high degrees of variability across communities just a few miles (or blocks) apart.
Existing available datasets do not capture spatial or temporal variability within counties or
census tracts, nor do they differentially weigh socioeconomic factors by local community

prioritizations and needs (Frazier 2012).

Traditionally, efforts to estimate economic losses associated with oil spills have focused
on assessing lost passive use values using contingent valuation methods (Arrow et al.
1993, Grigalunas et al. 1986, Mazzotta et al. 1994, Hausman et al. 1995, Carson et al.
2003, Loureiro et al. 2009, Loureiro and Loomis 2013). Alternatively, input-output
analysis methods can be implemented using current software tools and databases
(IMPLAN Group LLC 2020, EconAlyze LLC 2020, U.S. Bureau of Economic Analysis

2020).

Studies related to the economic impacts of the DWH oil spill employed a wider variety of
methodologies (Petrolia 2014, Larkin et al. 2013). For example, Sumaila et al. (2012)
and Carroll et al. (2016) evaluated the negative economic impacts of DWH on commercial
and recreational fishing and marine aquaculture through the seafood value chain using
economic impact models for the entire Gulf Coast region. The former study estimated
total economic losses for all sectors to be $8.7 billion and the latter study estimated that
the short-run impacts on the Gulf seafood industry from the DWH oil spill resulted in

reduced income ranging from $22 to $310 million. Another study used spatial databases
14
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of annual reported commercial catch prior to the spill to estimate impacts of the oil spill
on commercial fisheries in the Gulf Coast region resulting in an estimated minimum loss
in annual landed value of $247 million for U.S. Gulf fisheries (McCrea-Stub et al. 2011).
Another example employed estimates from the Atlantis ecosystem model to evaluate the
short- to medium-term shifts in commercial and recreational fishing activity due to fishery
closures resulting from the DWH spill, and input-output analysis to determine the
economic impacts of these changes (Court et al. 2019). Another study developed a multi-
modal predictive framework integrating (1) blowout simulations (2) data of fishing fleets
targeting benthic and pelagic ecosystems, and (3) a social vulnerability index derived from
U.S. Census Bureau data. This framework was used to anticipate the relative revenue

loss between coastal communities in the GoM (Berenshtein et al. 2019).

In terms of tourism- and recreation-related losses, one example estimates the economic
impacts of cancelled recreational trips to Northwest Florida after the DWH spill. A survey
process was used to determine average lost visitor spending per household, which
allowed researchers to calculate estimated total foregone spending. These figures were
then used to model broader regional economic losses of U.S.$ 1.3 billion for the region
due to canceled visitor trips (Court et al. 2017). Others developed a series of random
utility models for site choice among saltwater anglers in the Southeastern U.S. to estimate
recreational user losses resulting from the DWH oil spill (Alvarez et al. 2014, 2015) with

results suggesting that total monetary loss from recreational anglers was $585 million.
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The wide range of estimated impacts in the examples listed above suggests a high degree
of uncertainty and the effect of varying approaches. In the next phase of development
socioeconomic modeling efforts should focus on a better understanding of the social
dynamics that drive the wide variety of socioeconomic impacts associated with oil spills,
the development of best practices related to socioeconomics data collection/use and
methodological approaches, and the implementation of dynamic regional economic
modeling frameworks to fully integrate the simulation of the broad range of community
health and socioeconomic impacts, given their reliance upon another (Ritchie et al. 2013,

Whitehead et al. 2018).

Given the limitations in quantitative modeling in human health and socioeconomics, there
are major challenges to understanding human health and social dynamics in order to
model them in a credible way, to constructing such models, and then to coupling them to
existing models of the ocean environment and biological ecosystem dynamics

(Buckingham-Howes et al. 2019, Nelson and Grubesic 2020).

3.3. Converting the concepts within the four domains of knowledge into a CLD

Expert-participant input was sought to supplement the information from literature reviews
and Sea Grant outreach efforts. Input was facilitated through a sequence of webinars,
virtual workshops, and two conference sessions where experts were invited to participate
in discussing modeling needs and linkages necessary to answer long-term societal level

questions. (See supplemental material for details). These sessions supported an iterative
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and shared development of the CLD (Figure 2). The process began with researchers’
presentations of their work in a series of public webinars, one for each of the four domains.
Each webinar was followed by a private working session, typically with 10-20 participants,
which used the presented research as a starting point for a structured questioning
process designed to identify the causal structure implied by the work as well as linkages
to other domains. Some diagram elements were constructed or marked up live, and
others were added later based upon participant comments. A subsequent series of
workshop sessions reviewed and refined the diagrams and added elements from a more

focused exploration of phenomena that cross the four domains.

The CLD developed from these efforts reflect the four primary domains of knowledge (1)
the ocean environment (upper center quadrant); (2) biological-ecosystems (upper right
guadrant), this quadrant also includes ecosystem services; (3) socioeconomics (bottom
right quadrant); and (4) human health (bottom left quadrant) and their associated linkages
represented by colored-coded arrows (Figure 2). The transport modeling components of
the ocean environment that rely on hydrodynamic, atmospheric, and oil behavior and fate
are represented by blue arrows. The components highlighted with gray arrows represent
the response linkages necessary for establishing short-term operational models needed
for response and the political and governance drivers that mandate the establishment of
these short-term models. The interlinkages associated with biological ecosystems as
illustrated by different organism biomasses and habitats are represented by the green
arrows in the upper right quadrant. Significant connections between the upper half of the

CLD and the lower half include seafood, ecosystem services, and interlinkages between
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oiled shorelines and tourism. The teal and pink arrows along the bottom of the diagram
focus on the interlinkages with socioeconomics and human health components including
income & employment, physical health, mental health, and productivity. The CLD
illustrates the influence of the human systems on the regulatory framework and the

linkages to response efforts.

3.4. Observations from the CLD within each domain of knowledge

Ocean Environment: The CLD emphasizes that ocean environment models (upper
center, blue circles and arrows) are interlinked with response planning which is
highlighted within the upper left quadrant of the diagram (gray circles and arrows, Figure
2). This includes several short-term loops that represent responses to the spill in terms of
immediate preparedness and cleanup efforts. The CLD also emphasizes the interlinkages
of the ocean environment model with longer term feedback loops that are part of the
integrated socio-ecological model, emphasizing that effects captured in operational
models can ultimately influence individual health status, productivity and community
health. Through perceptions of oil spills on welfare and risk, these longer-term impacts,
influence the regulatory framework through which the operational models are mandated.
Consequently, outputs from the short-term operational models not only influence how
society responds rapidly to protect resources that are sensitive in the short term, but they
also influence the longer term socioeconomics and human health domains, which in turn
feedback to the regulatory framework through public perceptions of oil spill effects, and

hence affect operational responses. The CLD further emphasizes that perceptions are
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also influenced by the media coverage and the quality of information that is disseminated.
The affected perceptions can then drive the regulatory framework which impacts
planning, response capacity, and cleanup efforts, which then impacts the amount of oil
remaining in the ocean. Thus the ocean environment domain influences the entire range
of decision-making time scales, from the short-term, immediate response on the order of
hours to days, to the longer term decadal scales through which official policy requires that
ocean environment models be established in the interest of public welfare (Walker et al.

2021).

Biological Ecosystems: The biological ecosystem submodel (Figure 2, upper right
guadrant, green circles and arrows) is highly simplified (as are several other causal
loops). Oversimplifications include the lack of trophic levels and species
interdependencies thereby omitting an explicit accounting of ecosystem diversity. In its
current simplified form, the CLD emphasizes the interlinkages between oil and impacts
on living organisms (e.g., Berenshtein et al. 2020b). It also emphasizes the
interconnections of biological ecosystems with socioeconomics through perceived safety
of seafood for human consumption and through contact with oil in beach sediments and
marshes. Additionally, socioeconomic factors impact biological ecosystems through
coastal development and its impacts on coastal habitats and the impacts of fisheries on
foodwebs. The CLD also emphasizes that the contamination of biological ecosystems
can be on-going due to the circulation of toxins in the water column and their release from
buried material. These are all important messages for stakeholders to understand the

cascade of effects triggered after a spill. It is important for injury assessment and
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restoration planning (NOS 2020) to measure the persistent impacts in addition to the
immediate acute toxicity and mortality effects. The diagram further emphasizes that the
biological system provides important non-market ecosystem services such as protection
from storm surges and access to recreation. This is an important part of welfare given
that people rely on these non-market services and have an intrinsic interest in the

existence value of species and landscapes.

Socioeconomics: The socioeconomic components (teal circles and arrows) tend to be
clustered to the bottom right quadrant of Figure 2 with linkages with ecosystem services,
seafood harvest, seafood prices, seafood industry capacity, and income & employment.
Additionally, oiled shorelines influence beach closures, which have impacts on tourism,
income & employment. The diagram also emphasizes that income & employment rely
indirectly on many other components of the socioeconomic system, including from the
human health domain, for example the influence of human physical and mental health on
productivity. Additionally, the diagram emphasizes the intrinsic value of knowledge and
information that can be produced through education. Education level can affect
perceptions of safety, consumer confidence, people’s behavior in response to a spill, and
ultimately can impact community welfare. The CLD emphasizes that the socioeconomics
components and their linkages to human health and other components of the integrated

system can be very complex and intricate.

Human Health: The translation of the models and concepts described above into a CLD

(Figure 2) shows links between the oil release and its transport/degradation (blue arrows),
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and ultimately a connection to human health through the exposure of toxins to human
populations (pink circles and arrows). Exposures can occur through cleanup efforts and
through contaminated seafood and beaches. The exposure to human populations can
result in physical health impacts, which affects society through productivity, and income
& employment. The cycle is closed through the links between income & employment to
healthcare affordability. Mental health is an important contributor to physical health.
Mental health can manifest from toxic exposures through the fear of exposure and loss
of use of treasured places, loss of recreational values, and others (Parker et al. 2019,
Ramchand et al. 2019, Thomas et al. 2018). Mental health is strongly influenced by
income & employment which is linked to fishing and non-fishing economies. Mental
health is also influenced by community health. Community health is dependent upon the
social network of people, which help maintain the mental health of the people who rely on
those networks. The analysis of human health systems emphasizes its strong

interlinkages between socioeconomics and physical and mental health.

4. Analysis of the Causal Loop: Key Societal Questions

The unifying theme of stakeholder questions was, “damage assessment in the context of
environment, ecosystems, and human health.” In terms of damage assessment, and
using DWH as an example, large spills send an immediate shockwave through the system
described by the CLD. The physical spill of oil occurred, for example, in the deep ocean,

marked by the oil release circle shown in Figure 2. Within 24 hours the information of the
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spill and the fear of its consequences spread across the human domains. Then a slower
set of physical, chemical, and biological effects and information waves occurred, and
these slower set of effects were more thoroughly discussed amongst experts and
synthesized in the CLD. To track this “damage” through the CLD, we begin by tracking
toxins originating from oil (herein, referred to as “toxins”) and their impacts on
ecosystems, socioeconomics, and human health. Toxins are defined as chemicals
capable of causing lethal effects or sub-lethal effects including acute illnesses, chronic

illnesses, and cancer.

Impact to the ocean environment: A portion of the spilled oil rose to the sea surface and
was transported from the spill site by wind and surface currents partly to settle into the
sediments and partly into the water column (Paris et al. 2012; Le Hénaff et al. 2012).
However, the fastest oil to reach shore was the oil that rose to the sea surface and was
carried by the surface currents and wind to shore (lower blue circle in Figure 3A). At the
surface, oil was removed or converted to new chemicals through several natural
processes including photooxidation, photodegradation, evaporation, and biodegradation
(DeGouw et al. 2010, Vaz et al. 202X). As a result of the DWH oil spill, Marine Oil Snow
Sedimentation and Flocculent Accumulation (MOSSFA) was found to be an important
removal pathway (Burd et al. 2020; Quigg et al. 2020, Bracco et al. 2020). Eventually,
some of the weathered oil slicks become beached, after which they were influenced
further through natural onshore degradation processes. Throughout the water column
and seabed, natural microbial communities also played important roles in degrading

different compounds in the oil. Humans intervene to mitigate the damages caused to the
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ocean environment through addition of dispersants and active clean up offshore and
onshore. Cleanup methods can lead to additional environmental and human health risks
(Figure 3B), such as through the use of dispersants, other cleanup chemicals, burning
of surface oil, capture and subsequent disposal of oiled water, sediments, and capture

devices.

Impact to the biological ecosystem: The toxic components of the oil spilled in the ocean
environment influence the biological ecosystems. The level of impacts on aquatic
plants, animal species, and microbial communities are dependent upon the frequency
and duration of exposure, and the concentration of toxins that are found at the sea
surface, water column, and bottom sediments. In the model, there is a circular
ecosystem that represents the biomass of many species (from microbes to fish and
corals) (Figure 3A). This ecosystem is naturally regenerating and degrading, but human
actions may also have a negative influence on both regeneration and degradation. The
steady-state biomass of the system is dependent upon habitat quality which dictates the
carrying capacity and is influenced by oiling and coastal development. The biomass of
many commercially important species can also be reduced by harvesting through
fishing. The influence of biological ecosystems on socioeconomics and ultimately
human health is dependent upon the impacts to commercial and recreational fisheries
species and to some secondary and tertiary food web consumers such as corals, sea
turtles and marine mammals that have intrinsic value to humans, in addition to many
other taxa that play critical roles in ecosystem functions (e.g. algae and carbon dioxide

sequestration or mangroves and coastal protection).
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Interlinkages between ocean environment and biological ecosystems: Although the
ocean environment and biological ecosystems have numerous significant feedback
loops within their respective domains, processes within these two domains rely on
feedback between them. The distribution of toxic substances in the ocean environment
is influenced by the environmentally controlled hydrodynamics, and especially ocean
currents that play a major role on transport and fate processes. Biological ecosystems
are highly influenced by the distribution of toxins and species sensitivity within various
trophic levels. The key interlinkages between the two domains, the biodegradation of oil
by microbes (counterclockwise green arrow from microbes at the top of Figure 3A) and
the uptake of oil spill toxins by marine organisms (clockwise blue arrows in the center of
Figure 3A), emphasize the dependence of processes between these two domains.
Toxin concentrations are transferred from the ocean environment system into biological
systems, then circulate within the ecosystems domain. Damage within the ecosystem
domain can include acute and chronic impacts to organisms as well as long-term
impacts to their populations via reduction in reproductive capacity and/or genetic
damage. Microbial degradation of oil, a key biological process (e.g., MOSSFA), is seen
as a major feedback process from the biological ecosystem towards the ocean
environment. Although the distribution of toxic substances within the residual oil
following a spill can be reasonably simulated through the ocean environment system, it
does rely heavily upon the microbial component of the ecosystems processes. These
microbes can not only remove oil from the system, but also (by preferentially degrading

different molecules) potentially alter its buoyancy and transport. In summary, processes
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within the upper half of the CLD (between ocean environment and biological
ecosystems) are inextricably linked, requiring coupling of the two systems to simulate
major mechanisms that invoke damage (e.g., spread of toxins and loss of biomass and

diversity) through the system.

Impact to socioeconomics: The spill impacted the seafood industry most immediately
through the closure of fishing zones, but also through possible reduction in the quality of
the seafood and through reductions in price (as represented by tan arrows in Figure 2).
Recreational fisheries are another source of economic value in the GoM, a sector that
suffered damages for the same reasons as the commercial seafood industry. More
generally, the tourism industry was damaged, due to the impression (real and
perceived) of a damaged environment. Income & employment were also affected by
loss of jobs and income associated with reduced fishing activity and reductions in
demand across the hospitality industries. This impacted the productivity of the labor
force that depends on health status (Figure 3B, teal arrows). Human welfare (Figure 3B,
bottom teal circle) is closely tied to income & employment. Human welfare also
increases by reinvesting a fraction of economic value in education (teal arrows). But if
there are excess healthcare costs due to spill effects and toxins then there is an added
burden of iliness and fewer resources to spend on education. Health also affects
productivity directly. So, there are economic and health feedbacks that represent the
ways in which economic impacts diminish the accumulation of human welfare, which

diminishes productivity and that propagates through the health system.
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Impact to health: There are two components to the damages in the health system. First,
there are direct physical toxic health effects, where toxic exposures create acute, short-
and long-term health effects. The long-term health effects typically appear a few years
or decades after the exposure onset or may continue as a chronic condition from the
time of exposure. Second, are the indirect mental effects, which can be caused by a
number of stressors including the physical health effects or worries about them, the
socioeconomic damages, the environmental damages, and a degrading trust in a
“system” that allows such a spill to happen. Degradation of mental health might
accelerate the degradation of physical health and vice versa. This is probably the most
uncertain piece of the system, the interconnectedness of mental and physical health. In
general, degradation of human health can affect socioeconomics by changing

productivity directly.

Interlinkages between socioeconomics and human health: Unlike the ocean
environment and biological ecosystem domains, which have tight circular feedback
loops within their respective domains, the feedback loops for socioeconomics include
human health and vice versa (Figure 3B) where complete separation of feedback loops
between domains is not possible. A major stressor on mental health is employment
status and income (which in turn are also affected by the toxins as described above
through indirect routes). When the economy is below a long-term trend, psychological
and physical stress levels increase and impact health. For mental health and
productivity feedbacks, there are more persistent effects on the economy based upon

erosion of long-term community resources in the community, social capital and support
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networks, increased costs for health care, and reduced investment in human capital.
There are many economic and health feedbacks that represent the ways in which an oil
spill causes damage to the accumulation and use of the six forms of capital affecting
community resilience. These capitals are 1) human and cultural, 2) social, 3) political, 4)
natural, 5) infrastructure, and 6) financial (NASEM 2019). Although this is an over
simplified model and the linkage parameterizations are far more complex than
illustrated, the proposed structure emphasizes that socioeconomics and human health
are strongly dependent upon each other. The processes in each of these domains
cannot easily be separated as the major feedback loops go back and forth through
these domains. As such, models developed for the lower half of the CLD need to be
tightly and intimately coupled due to the close dependencies between human health

and socioeconomics.

Interlinkages between the ocean environment and biological ecosystems (top half) and
the socioeconomics and human health domains (bottom half, Figure 2): Interlinkages
between the natural domains (top half) and the human-focused domains (bottom half)
generally proceed in primarily top down pathways, in particular in the shorter (monthly to
yearly) time frames. These top down processes include toxin impacts on seafood
harvest, and on physical health through exposure during clean up, seafood
consumption, or recreational uses. These impacts from the oil spill help address
stakeholder questions focused on damage assessment, with damages operating at the
monthly to yearly time scales. Thus, on the time scale of months to years, the system

naturally separates where information from the natural domain (top half) is transmitted
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to the human-focused domain (bottom half). It is recognized, however, that human
activities do have feedback towards the natural systems and that the dominance of the

top down flow of information is not absolute.

At the much longer time scales (on the order of years to decades) the dominant flow of
information is reversed with outer loops that illustrate feedback from the human systems
back to the natural systems (Figure 2). These longer-term feedbacks are observed
towards the far right of the CLD where coastal development influences shoreline
stability and coastal habitats. This feedback directly influences biological ecosystems by
impacting ecosystem health and diversity, habitat quality, and carrying capacity.
Similarly, another very significant outer loop is shown by the teal arrows found towards
the bottom and left of the CLD (Figure 2). These loops represent feedback towards
human systems that influence the regulatory framework (upper left), which ultimately
impacts the probabilities and response preparedness of future oil spills. These feedback
loops connect these systems together and span very long-time scales. A model that
addresses these outer loops of the CLD would be capable of answering questions

associated with the tradeoffs of prevention and preparedness for future spills.

5. Mapping Existing Models to the CLD: Identifying Gaps in Model Development

to Address Stakeholder Needs

To identify gaps in current modeling efforts and methods for linking models, existing state-

of-the-art models were consolidated from expert input during virtual workshops. From the
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virtual workshops, the expert input resulted in a list of 33 models (Table 3) that were
developed between 2010 and 2020 within each of the domains of knowledge. The
capabilities of these existing models were then super-imposed on the CLD (Figure 4).
The results from this superimposition are described for ocean environment and biological
ecosystem models (Section 5.1) and for human health and socioeconomic models
(Section 5.2). Additional detailed feedback on modeling needs from experts is provided

in the supplemental text.

5.1. Ocean environment and biological ecosystem domain models

The super-imposition of existing models on the CLD emphasized the larger expanse and
depth of quantitative models currently developed for the ocean environment and
biological ecosystem domains (Figure 4, highlighted by the blue, green, light purple and
gray shapes). These include models that are designed to be discretized in space and time
including a model that integrates atmospheric with oceanic processes (Chen et al. 2013,
Curcic et al. 2016). The level of resolution is dependent upon the phase of the oil spill,
whether resulting in acute or chronic ecosystem effects. For acute effects, time scales
between oceanographic and ecosystem models would be more similar given that the
effects of physical smothering and acute toxicity occur within a short period. Whereas for
chronic ecosystem impacts, the time scales would be extended to account for growth and
expanded habitat of aquatic organisms which generally exceed the time and spatial

scales of hydrodynamic processes that affect oil distribution and degradation. The
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discrepancies between spatial and temporal scales expand as the focus of assessment

transition from short-term to long-term ecological impacts.

These discrepancies have been addressed in some existing integrated models (light
purple shape). Examples of fully integrated quantitative models that cross-over these two
domains of knowledge include Atlantis, the bio-physical Connectivity Modeling System
(CMS) and its oil module (oil-CMA), Spill Impact Model Application Package (SIMAP),
and Consortium for Simulation of Oil-Microbial Interactions in the Ocean (CSOMIO)
(Table 3). The CSOMIO model offers an example of the complexity in combining
simulations across these two domains of knowledge, by integrating the simulations of olil
with microbial degradation and sedimentation using different computational schemes.
The modeling system dynamically couples components for simulating ocean
hydrodynamics, oil transport, dispersion and weathering, oil-mineral aggregate (OMA)
formation, flocculation and settling, and the lower trophic level marine ecosystem. It is an
adaptation and extension of the Coupled Ocean-Atmosphere-Wave-Sediment Transport
(COAWST) modeling system (Warner et al. 2010). A biogeochemical modeling
component incorporating a microbial model (Genome-based EmergeNt Ocean Microbial
Ecosystem (GENOME); Coles et al. 2017) is implemented in the system and adapted for
the presence of hydrocarbons. The sediment transport component of COAWST
(Community Sediment Transport Modeling System, CSTMS) is modified to include
computationally efficient flocculation parameterizations for OMAs developed from
laboratory experiments. The ocean modeling component of COAWST (Regional Ocean

Modeling System, ROMS) is modified to simulate three-dimensional oil transport and
30



O©CoO~NOUAWNE

675

676

677

678

679

680

681

682

683

684

685

686

687

688

689

690

691

692

693

694

695

696

697

compositional changes (weathering). These modeling components are linked together
using a two-way Lagrangian-Eulerian mapping technique, enabling interaction between
all the modeling components for tracking of hydrocarbons from a source blowout to
deposition in sediment, microbial degradation, and evaporation while being transported

through the ocean.

5.2. Socioeconomic and health domain models

Full integration of models across the socioeconomics and health domains has not yet
occurred for oil spill models, although some progress has been made in the integration of
ocean environment, ecosystems, and subsets of the socioeconomics realm. The 0il-CMS
model simulates toxic oil transport, fate and dispersion, impacts to the subsea and to
fisheries (Paris et al. 2012, Berenshtein et al. 2019, Perlin et al. 2020), and has expanded
into the socioeconomics knowledge domain through its use to evaluate the economic
impacts of fishery closures (Berenshtein et al. 2020a,b). SIMAP, a proprietary model
(French et al. 1996), crosses over the ocean environment domain, the ecosystem domain,
and because of its use in the National Resource Damage Assessment (NRDA) process,
also includes estimates of ecosystem valuation by providing input to another proprietary

model, the Offshore Environmental Cost Model (OECM, BOEM 2016).

Although there have been extensions of quantitative and discretized models into portions
of the socioeconomic domain, there are no models that are fully quantitative and

discretized that address the entirety of socioeconomics and human health. As a result,

31



O©CoO~NOUAWNE

698

699

700

701

702

703

704

705

706

707

708

709

710

711

712

713

714

715

716

717

718

719

720

two new categories of models are defined in Figure 4 that differ in level of development
compared to models that simulate the ocean environment and ecosystems. These
categories include “quantitative modeling frameworks” and “conceptual models.”
“‘Quantitative modeling frameworks” include equations that quantitatively describe
relationships between variables but are yet to be integrated in time and space with the
more well developed spatially and temporally discretized oceanographic and ecosystem
models (e.g., pink, tan, and teal shapes in Figure 4). “Conceptual models” (represented
by the dotted gray lines in Figure 4) include flow charts and the development of indices
to quantify human health and socioeconomic vulnerabilities. The limitation to integration
is disaggregation. But in the case of socioeconomics and human health, the relevant
types of disaggregation (other than space and time) are needed. For example, a fisheries
valuation model would require information about impacts of oil on fish species and on
different sectors of the fishing economy. Impacts will be different for the specific species
or groups of species of fish that is/are the focus of commercial and recreational fishing.
Therefore, information should be disaggregated to the fish species level by fishing sector
for input to socioeconomic models. Such disaggregation is rare for longer-term ecosystem
models and so there is generally a mismatch (or impedance) between what ecosystem
models provide and the information needed to quantify economic impacts. For physical
human health, various chemicals can cause diseases in humans and so integration with
physical human health would require that ocean environment models separate chemical
data. Oil (crude oil or its products such as fuel oil) is a complex mixture of thousands of
individual chemicals. Modeling each chemical would be extremely difficult. For this

reason, most oil transport models simulate chemistry by splitting the oil into pseudo-
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components (Beegle-Krause et al. 2001, Paris et al. 2012, NOAA 2014, Dagestad et al.
2018). Some go farther to simulate selected PAHs (Berenshtein et al. 2020a, French-
McCay et al. 2019, Vaz et al. 2020). Very few, if any, simulate multiple individual chemical
concentrations within water, air, and sediments which is a starting point for human health
and ecosystem risk assessments. Similarly, here in terms of disaggregation of chemical
concentrations there is a disconnect between ocean environment models and physical
human health modeling needs that require chemical species disaggregation. And this
discussion only considers physical health consequences of some oil components for

humans.

The super-imposition of existing models emphasizes that no single quantitative model
incorporates the entire range of model components and processes needed to address
societal impacts of oil spills, and to our knowledge, there have been no advancements
made to quantitatively couple existing models across all four domains, although very
broad conceptual non-quantitative models such as DPSERH (section 3.2) are available.
Within socioeconomics and human health, the development of quantitative physical
health and ecosystem valuation will require that the ocean environment and ecosystem
models overcome impedance by providing the outputs needed for quantification in the
lower half of the CLD. In the area of mental health and the psycho-social effects of oil
spills, although conceptual models for mental health frameworks exist (Figure 4, lower
portion of figure), these are generally not quantitatively modeled at this time. Within the
middle of the CLD where consumer education, knowledge and consumer confidence

intersect, there are no overlapping shapes. The missing components of a model are the
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non-monetary variables in the community such as how individuals and populations
respond to changes in quality of life, what are the quality of life implications of health
status, education, and equity, and others. Socioeconomics models need to integrate
these variables in addition to traditional monetary metrics. Similarly, perceptions of
welfare, community and risk and their influence on regulatory frameworks and their
adoption, as shown on the left side of the CLD (Figure 2), are completely lacking from

existing modeling frameworks.

6. Roadmap for Future Applications

A CLD is by design qualitative. The next step of a System Dynamics project would be to
convert the CLD to a formal simulation model by identifying stocks and flows (Sterman
2002), quantifying linear and nonlinear relationships, and adding time series data for
comparison and representation of features outside the model scope. Each variable could
then evolve according to an underlying equation that describes the rate of increase or
decrease of that variable (as a consequence of all the linkages between domains and
impacts in the diagram). With such a general high-level understanding of how the system
interacts, key dynamics can then be represented and integrated into a fully coupled
model. It is recognized that identifying the underlying equations will be a challenge and

will require considerable future research to validate.

One limitation of the CLD in its current form is the lack of spatial discretization and

disaggregation of different population groups and different economic sectors. Various
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spatial domains can however be represented in suitably elaborated and disaggregated
sub-models within the same overall conceptual framework. A useful next step would be
to attempt the construction of more complex sub-models, especially for the
socioeconomic and human health domains, where quantitative models are less well-
developed. In addition, it is possible that the existing complex models of the ocean
environment and biological ecosystem dynamics could usefully be emulated by less
complex systems dynamics models, or even included directly by careful definition and

representation of the crucial interconnections.

Rather than building a System Dynamics model, the CLD can be also used for defining
and developing connections between models (Zolfagharian et al. 2018). Pathways to
integrating models can include a portfolio approach (organize a family of independent
models without attempting to link them mathematically), loosely coupled models (where
the output from one model is used as the input to the next), fully coupled models (combine
multiple large-scale models where information is transferred at each time step), and
metamodels (a large holistic and fully-integrated model that simulates details within all
systems). Given the large differences in time and spatial scales between the ocean
environment/ecosystems and socioeconomics/human health domains, directly linking all
modeling efforts into a large metamodel model does not appear to be practical at this time
for addressing stakeholder questions. One can envision taking the portfolio of already
developed models and augmenting and coupling (federating) them. This will lead to larger
models which, at some point, are likely to become intractably difficult and expensive to

run as the socioeconomic domain is integrated. The strategy to federate models might be
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possible for the ocean environment and ecosystem models. For the socioeconomic and
human health domains, given the interlinkages between these domains, it would likely be

best to further integrate and elaborate the models within these domains.

Given the observations from the CLD, the most practicable path forward appears to be
the development of a highly integrated dynamic model that represents the socioeconomic
and human health spaces, with rich feedback processes between them. This highly
integrated model would be capable of receiving inputs from models that simulate the
ocean environment and biological ecosystem domains. This approach, however, does
not capture the even less explored decadal scale processes whereby the human
dimensions (e.g., change in policies) impact the frequency and magnitude of oil spills, the
ability to respond to these spills, and ultimately impact the natural ocean environment and
biological ecosystems. Future developments should also integrate these larger term
processes that feedback from the human and socioeconomics domains back towards

governance aspects that provide some controls on the potential for a spill.

For the health and socioeconomics domains, a crucial requirement is to define suitable
disaggregation of the whole population and economy, both spatially and sectorally, and
to obtain the data needed to characterize their interactions and evolution. While the level
and types of detail needed for these sub-models will be different than that needed for the
natural systems models of the ocean environment and ecosystems, there is a paucity of
data available to substantiate the human domains. Though there are gaps, in the

biophysical realm broad-based monitoring efforts have been organized into formal
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systems from the global scale, for instance, NASA’s Earth Observing System or the
Global Ocean Observing System (GOOS), to more regional efforts like the GoM Coastal
Ocean Observing System (GCOOQOS) and Fisheries Information Network (FIN). There is
no equivalent monitoring or observing system of a robust suite of socioeconomic variables
that can help us assess the value of non-market resources or cultural attributes for
example. Data is gathered for various uses (e.g., recreational and commercial fishing,
employment in shipping) but there is no concerted effort to aggregate existing data,
identify and fill longitudinal data collection gaps, and make it available in a value-added
process. An improved human health observing system has been proposed that consists
of a six layered approach that includes an already existing three-layered set of large-scale
surveys and studies with the addition of three new nested, longitudinal cohort studies
(Sandifer et al. 2020a). The conceptual framework under this proposal for an integrated
socioecological model for long-term impacts of oil spills that includes improved human
health observing systems would provide data to calibrate quantitative models that

integrate physical health, mental health, and socioeconomics.

For the immediate future, for expediency purposes, future directions could involve adding
socioeconomics and human health functionalities to the operational models for use during
an active spill (Brandeau et al. 2009), for prospective impact assessment (Nelson and
Grubesic 2017, Grubesic et al. 2019), or for retrospective damage assessment. During
an active oil spill, operational models can potentially provide considerable insights
regarding the transport of the oil and possible impacts of mitigation measures. Coupling

this information with human dimensions would allow for more informed and educated
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decisions that can prevent irreversible effects on an ecosystem. Knowledge of conditions
that may cause irreversible effects could be used to constrain short-term mitigation

decisions and help ensure desirable long-term outcomes.

Finally, we must recognize that the deterministic nature of any simple model limits its
ability to represent and propagate errors and uncertainty. Uncertainty propagation can, in
principle, be addressed by putting probability distributions on each input parameter of the
future integrated socioecological model, and then running the model in a Monte Carlo
formulation to evaluate how error and uncertainty propagates. In practice, deciding which
variables and rates to randomize is a non-trivial problem, and the cost of running many
instances of the model will limit the level of detail that can be incorporated in the individual
sub-models. Uncertainty issues for operational oil spill models is discussed in Barker et
al. (2020) and can be used to help guide approaches for assessing uncertainties in longer

scale models capable of answering societal level questions.

7. Summary and Conclusions

The original four box diagram, used to initiate the conceptual modeling framework (Figure
1), was found to effectively serve the System Dynamics approach well as the initial
organizing principle for oil spills. The CLD developed emphasized the components and
interconnections of a conceptual model that can be used to evaluate the many questions

related to damage assessments. The analysis of the CLD emphasized, at time scales of
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months to years, that the system naturally separates into two tiers: ocean environment
and biological ecosystems versus socioeconomics and human health. The top tier
requires spatial detail of physical and biological systems. The bottom tier is about human
populations, and therefore needs to be disaggregated by individuals (or socioeconomic
groups), economic sectors, and health aspects. These tiers therefore work in
fundamentally different spaces. This difference in variable measurements may serve as
a simplifying approach where the top tier processes (ocean environment and biological
ecosystems), which are already interlinked through existing models serve as inputs to the
lower tier processes (socioeconomics and health). Efforts are needed to develop a more
fully integrated dynamic model that simulates the linkages of the lower tier processes of
socioeconomics and human health and one that also accepts, as input, the outputs from

the upper tier processes of ocean environment and biological ecosystems.

The CLD also demonstrated that at the much longer decadal time scales, governance or
regulatory processes influence the probabilities and possible scenarios associated with
future spills. These regulatory processes, whether associated with shoreline development
or oil drilling permitting and procedures, represent the primary feedback loops from
socioeconomics and human health domains back towards ocean environment and
biological ecosystems. In order to incorporate the entire system inclusive of regulatory
processes, these longer scale feedback processes should be captured through a
secondary set of models (or possibly boundary conditions) that consider changing laws
and regulations to mitigate damages from oil spills and which consider levels of oil spill

preparation, response, and recovery planning capacity. The consideration of boundary
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conditions for processes that function at decadal time scales would depend upon whether
governance and preparation processes remain constant during the target periods for

assessing impacts to socioeconomics and human health.

Improved long-term outcomes would demonstrate the value of integrating models into the
decision-making process. Even without quantitation, the CLD can serve as a platform for
managers to have a “big picture” view on oil spill effects, and consider indirect effects,
which might not have been considered otherwise. For example, the CLD emphasizes that
short-term oil-based toxin inputs to the system can have long lasting repercussions on
the community as shown by the linkages. Ideally, a fully developed System Dynamics
model should be available to evaluate possible long-term outcomes from shorter-term
decisions for immediate mitigation. Ultimately there would be utility to linking short-term
operational models (Barker et al. 2020) to a System Dynamics model designed to
evaluate long-term societal outcomes inclusive of socioeconomics and health, the
beginnings of which are described herein. Practical application of the findings and insights

of this model is critical as its application supports multiple aspects of human communities.

This exercise would not have been possible without the input from experts and
stakeholders (See supplemental text for list). The work emphasized the importance of
building a professional network (Rouwette et al. 2002), that can be used to reconfirm key
stakeholder questions at the time of a disaster (Walker et al. 2015, Bostrom et al. 2015)
and refine linkages since the CLD is not necessarily static. It will change over time as

knowledge is gained, and as society structure and values change. These changes can
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only be implemented in any model through continuous input and updates developed from
those with expertise and interests in the impact of oil spills and other disasters. Although
emerging from DWH and its focus in the GoM, results from this synthesis study are
expected to be valuable for other marine environments that are subject to oil exploration
and to other potential contamination events (e.g., harmful algal blooms, floods, chemical
plant releases along the coast). The known interlinkages and the knowledge gaps
identified through this effort have applicability to the development of fully integrated
models capable of assessing holistic societal impacts that incorporate knowledge from

ocean environment, biological ecosystems, socioeconomics and human health.

Acknowledgements

This research was made possible through the Gulf of Mexico Research Initiative (GoMRI)
and its Synthesis and Legacy Efforts. We are grateful to the Core 7B committee members,
the Core 7B webinar speakers and virtual session presenters, and to conference
presenters during the two sessions sponsored by the GoM Oil Spill and Ecosystem
Science Conference. Contributors to each of these activities are listed in the

supplementary text.

41



O©CoO~NOUAWNE

925

926

927

928

929

930

931

932

933

934

935

936

937

938

939

940

941

942

943

944

945

946

947

References

Abramson, D.M., Grattan, L.M., Mayer, B., Colten, C.E., Arosemena, F.A., Bedimo-Rung,
A., Lichtveld, M., The Resilience Activation Framework: A Conceptual Model of How
Access to Social Resources Promotes Adaptation and Rapid Recovery in Post-
disaster SettingsJ Behav Health Serv Res 2015; 42: 42.
https://doi.org/10.1007/s11414-014-9410-2.

Abramson, D.M., Stehling-Ariza, T., Park, Y.S., Walsh, L., Culp, D., Measuring Individual
Disaster Recovery: A Socioecological Framework. Disaster Medicine and Public
Health Preparedness, 2010; 4(Suppl. 1): S46-S54.

Afshar-Mohajer, N., Fox, M.A., Koehler, K., The human health risk estimation of inhaled
oil spill emissions with and without adding dispersant. Science of The Total
Environment, 2019; 654: 924-932.

Aguilera, F., J. Méndez, E. Pasaro, B. Laffon, Review on the effects of exposure to spilled
oils on human health.nJ Appl Toxicol, 2010; 30: 291-301.

Ainsworth, C.H., Schirripa, M.J., Morzaria-Luna, H. (Eds.), An Atlantis ecosystem model
of the Gulf of Mexico: supporting integrated ecosystem assessment. NOAA Technical
Memorandum. 2015; NMFS-SEFSC-676: 149p.10.7289/V5x63JVH.

Ainsworth, C.H., Paris, C.B., Perlin, N., Dornberger, L.N., Patterson, W.F. Ill, Chancellor
E., Murawski, S., Hollander, D., Daly, K., Romero, I.C., Coleman, F., Perryman, H.,
Impacts of the Deepwater Horizon oil spill evaluated using an end-to-end ecosystem
model. 2018; PLoS ONE 13(1): €0190840.

https://doi.org/10.1371/journal.pone.0190840.
42



O©CoO~NOUAWNE

948

949

950

951

952

953

954

955

956

957

958

959

960

961

962

963

964

965

966

967

968

Ainsworth, C., Solo-Gabriele, H., Muaritzen, C., Fiddaman, T., Wilson, C., Paris, C.,
Chassignet, E.P., French McCay, D., Murawski, S., Sutton, T., Ruzicka, J.,
Socolofsky, S., Weisberg, R., Liu, Y., Justic, D., Huang, H., Morey, S., Schwacke, L.,
Berenshtein, 1., Saul, S., Ozgékmen, T., Huettel, M., Zheng, Y., Englehardt, J.,
Takeshita, R., Barker, C., Beegle-Krause, C., Kourafalou, V., A synthesis of
integrative numerical modeling for the Deepwater Horizon oil spill by GOMRI, NRDA
and others. (In preparation)

Alvarez, S., Larkin, S., Whitehead, J., Haab, T., A revealed preference approach to
valuing non-market recreational fishing losses from the Deepwater Horizon oil spill.
Journal of Environmental Management, 2014; 145: 199-209.

Alvarez, S., Larkin, S., Whitehead, J., Haab, T., Corrigendum: A revealed preference
approach to valuing non-market recreational fishing losses from the Deepwater
Horizon spill. Journal of Environmental Management, 2015; 150: 516-518.

Arrow, K., Solow, R., Portney, P., Leamer, E., Radner, R., Schuman, H., Report of the
NOAA Panel on Contingent Valuation. Washington, DC: National Oceanic and
Atmos-pheric Administration, 1993.

Barker, C.H., Kourafalou, V.H., Beegle-Krause, C.J., Androulidakis, Y.S., Boufadel, M.,
Bourassa, M., Buschang, S.G., Chassignet, E.P., Dagestad, K-F., Danmeier, D.G.,
Dissanayake, A.L., Galt, J.A., Jacobs, G., Marcotte, G., Ozgokmen, T., Pinardi, N.,
Schiller, R., Socolofsky, S.A., Thrift-Viveros, D., Zelenke, B., Zhang, A., Zheng, Y.,

Journal of Marine Science and Engineering, 2020, 8(9), 668.

43



O©CoO~NOUAWNE

969

970

971

972

973

974

975

976

977

978

979

980

981

982

983

984

985

986

987

988

989

990

Beegle-Krause, C.J., General NOAA Oil Modeling Environment (GNOME): A new spill
trajectory model. International Oil Spill Conference Proceedings, 2001; 2001( 2): 865-
871. https://doi.org/10.7901/2169-3358-2001-2-865.

Berenshtein, 1., O’'Farrell, S., Perlin, N., Sanchirico, J. N., Murawski, S.A., Perruso, L.,
Paris, C.B., Predicting the impact of future oil-spill closures on fishery-dependent
communities—a spatially explicit approach. ICES Journal of Marine Science, 2019;
76(7): 2276-2285.

Berenshtein, 1., Paris, C., Perlin, N., Alloy, M., Joye, S., and Murawski, S., Invisible olil
beyond the Deepwater Horizon satellite footprint. Science Advances, 2020a; 6(7):
eaaw8863.

Berenshtein, 1., Perlin, N., Ainsworth, C., Ortega-Ortiz, J., Vaz, A., and Paris, C.,
Comparison of the Spatial Extent, Impacts to Shorelines and Ecosystem, and 4-
Dimensional Characteristics of Simulated Oil Spills. In Deep QOil Spills — Scenarios
and Responses to Future Deep Oil Spills - Fighting the Next War, 2020b; pp. 340—
354. Ed. by S. A. Murawski, C. B. Paris, and C. H. Ainsworth. Springer.

Beyer, J., Trannum, H.C., Bakke, T., Hodson, P.V., Collier, T.K., Environmental effects of
the Deepwater Horizon oil spill: a review. Marine Pollution Bulletin, 2016; 110: 28-51.

Black, J.C., Welday, J.N., Buckley, B., Ferguson, A., Gurian, P.L., Mena, K.D., Yang, I.,
McCandlish, E., Solo-Gabriele, H.M., Risk assessment for children exposed to beach
sands impacted by oil spill chemicals. International Journal of Environmental
Research and Public Health, 2016; 13(9): 853.

https://doi.org/10.3390/ijerph13090853

44



991

992

O©CoO~NOUAWNE

993
12 994
14 995
17 996
19 997
55 998

24 999

26
271000
28
291001
30
31
321002
33
341003
35

361004
37

38
391005
40
411006
42

43
41007
45
461008
47
48
491009
50
511010
52

53
1011
54

55
561012
57
58
59
60
61
62
63
64
65

Bostrom, A., Walker, A. H., Scott, T., Pavia, R., Leschine, T. M., Starbird, K., Oil spill
response risk judgments, decisions, and mental models: findings from surveying US
stakeholders and coastal residents. Human and Ecological Risk Assessment: An
International Journal, 2015; 21(3): 581-604.

Bracco, A., Paris, C.B., Esbaugh, A.J, Fraiser, K. Joye, S., Liu, G., Polzin, K., Vaz, A.C.
Transport, fate and impacts of the deep plume of petroleum hydrocarbons formed
during the Macondo blowout. Frontiers in Marine Science, 2020; (ID542147 Accepted
Aug. 24).

Brandeau, M.L., McCoy, J.H., Hupert, N., Holty, J.-E., Bravata., D.M., Recommendations
for modeling disaster responses in public health and medicine: a position paper for
the Society for Medical Decision Making. Med. Decis. Making, 2009; 29(4): 438-460.

Brennan, C., Ashley, M., Molloy, O., A system dynamics approach to increasing ocean
literacy. Frontiers in Marine Science, 2019; 6: 360

Buckingham-Howes, S., Holmes, K., Morris, J.G., Grattan, L.M., Prolonged financial
distress after the Deepwater Horizon oil spill predicts behavioral health. J. Behav.
Health Serv. Res., 2019; 46, 294-305. https://doi.org/10.1007/s11414-018-9602-2.

Burd, A., Chanton, J. P., Daly, K. L., Gilbert, S. Passow, U., Quigg, A., The Science
Behind Marine-Oil Snow and MOSSFA: Past, Present, and Future. Progress in
Oceanography; 2020; 187: 102398. https://doi.org/10.1016/j.pocean.2020.102398.

Bureau of Ocean Energy Management (BOEM), Economic Analysis Methodology for the
2017-2022 Outer Continental Shelf Oil and Gas Leasing Program. U.S. Department

of Interior, 2016; https://www.boem.gov/sites/default/files/oil-and-gas-energy-

45


https://www.boem.gov/sites/default/files/oil-and-gas-energy
https://doi.org/10.1016/j.pocean.2020.102398
https://doi.org/10.1007/s11414-018-9602-2

1013

OO WNER

71014

8

9
10
11
121016
13

14
1017
15 0

1015

16
171018
18
191019
20

21
221020
23
241021
25
26
271022
28
291023
30
31
321024
33
341025
35

361026
37

38
391027
40
411028
42

43
45
461030
47
48
491031
50
511032
52

53
1033
54

55
561034
57
58
59
60
61
62
63
64
65

program/Leasing/Five-Year-Program/2017-2022/Economic-Analysis-
Methodology.pdf.

Carroll, M., Gentner, B., Larkin, D., Quigley, K., Perlot, N., Dehner, L., Kroetz, A., An
Analysis of the Impacts of the Deepwater Horizon Oil Spill on the Gulf of Mexico
Seafood Industry. U.S. Dept. of the Interior, Bureau of Ocean Energy Management,
Gulf of Mexico OCS Region, New Orleans, LA. OCS Study BOEM, 2016; 020. 202 p.

Carroll, D., Ebrahim, S., Tilling, K., Macleod, J., Davey Smith, G., Admissions for
myocardial infarction and World Cup football: Database survey. British Medical
Journal, 2002; 325 (7378): 1439-1442.

Carson R., Mitchell R., Hanemann W., Kopp R., Presser S., Ruud P., Contingent
valuation and lost passive use: Damages from the Exxon Valdez oil spill.
Environmental and Resource Economics, 2003; 25: 257-286.

Cash, D.W., Adger, W.N., Berkes, F., Garden, P., Lebel, L., Olsson, P., Pritchard, L.,
Young, O., Scale and Cross-Scale Dynamics: Governance and Information in a
Multilevel World. Ecology ad Society, 2006; 11(2): 8.

Chandra, A., Cahill, M., Yeung, D., Ross, R., Toward an initial conceptual framework to
assess community allostatic load: early themes from literature review and community
analyses on the role of cumulative community stress. RAND Corporation, Santa
Monica, CA, 2018; https://www.rand.org/pubs/research_reports/RR2559.html.

Chassignet, E.P., Hulburt, H.E., Smedstad, O.M., Halliwell, G.R., Hogan, P.J., Wallcraft,
A.J., Baraille, R., Bleck, R., The HYCOM (Hybrid Coordinate Ocean Model) data

assimilative system. Journal of Marine Systems, 2007; 65: 60-83.

46


https://www.rand.org/pubs/research_reports/RR2559.html

1035

OO WNER

71036

8

9
10
11
121038
13

14
151039

1037

16
171040
18
191041
20

21
221042
23
241043
25
26
271044
28
291045
30
31
321046
33
341047
35

361048
37

38
391049
40
411050
42

43
441051
45
461052
47
48
491053
50
511054
52

53
1055
54

55
56 1056
57
58
59
60
61
62
63
64
65

Chassignet, E.P., Hurlburt, H.E., Metzger, E.J., Smedstad, O.M., Cummings, J., Halliwell,
G.R., Bleck, R., Baraille, R., Wallcraft, A.J., Lozano, C., Tolman, H.L., Srinivasan,
A., Hankin, S., Cornillon, P., Weisberg, R., Barth, A., He, R., Werner, F., Wilkin, J.,
U.S. GODAE: Global Ocean Prediction with the HYbrid Coordinate Ocean Model
(HYCOM). Oceanography, 2009; 22(2): 64-75.

Chen, J., Weisberg, R.H., Liu, Y., Zheng, L., The Tampa Bay Coastal Ocean Circulation
Model performance for Hurricane Irma, MTS Journal, 2018; 52(3): 33-42.
https://doi.org/10.4031/MTSJ.52.3.6.

Chen, J., Weisberg, R.H., Liu, Y., Zheng, L., On the momentum balance of Tampa Bay,
J. Geophys. Res. Oceans, 2019; 124, 4492-4510,
https://doi.org/10.1029/2018JC014890.

Chen, S. S., Zhao, W., Donelan, M.A., Tolman, H.L., Directional wind-wave coupling in
fully coupled atmosphere-wave-ocean models: Results from CBLAST-Hurricane, J.
Atmos. Sci., 2013; 70, 3198-3215. https://doi.org/10.1175/JAS-D-12-0157.1

Chen, S. S., Curcic, M., Coupled Modeling and Observations of Ocean Surface Waves in
Hurricane Ike (2008) and Superstorm Sandy (2012), Ocean Modeling, 2016; 103,
161-176. https:/doi.org/10.1016/j.ocemod.2015.08.005

Christensen, V., Pauly, D., Ecopath Il — a software for balancing stead-state ecosystems
models and calculating network characteristics. Ecological Modelling, 1992; 61, 169-
185.

Christensen, V., Walters, C.J., Ecopath with Ecosim: methods, capabilities and

limitations. Ecological Modelling, 2004; 172, 109-139.

47


https:/doi.org/10.1016/j.ocemod.2015.08.005
https://doi.org/10.1175/JAS-D-12-0157.1
https://doi.org/10.1029/2018JC014890
https://doi.org/10.4031/MTSJ.52.3.6

1057

OO WNER

71058

8

9
10
11
121060
13

14
151061

1059

16
171062
18
191063
20

21
221064
23
241065
25
26
271066
28
291067
30
31
321068
33
341069
35

361070
37

38
39 1071
40
411072
42

43
45
461074
47
48
491075
50
511076
52

53
1077
54

55
561078
57
581079
59

60
61
62
63
64
65

Coles, V.J., Stukel, M.R., Brooks, M.T., Burd, A., Crump B.C., Moran, M.A., Paul, J.H.,
Satinsky, B.M., Yager, P.L., Zielinski, B.L., Hood, R.R., Ocean biogeochemistry
modeled with emergent trait-based genomics. Science, 2017; 1154, 1149-1154.
https://doi.org/10.1126/science.aan5712.

Court, C.D., Hodges A.W., Clouser, R.L., Larkin, S.L., Economic impacts of canceled
recreational trips to Northwest Florida after the Deepwater Horizon oil spill. Regional
Science Policy & Practice, 2017; 9(3): 143-164.

Court, C.D., Hodges, A.W., Coffey, K., Ainsworth, C.H., Yoskowitz, D., Effects of the
Deepwater Horizon oil spill on human communities: catch and economic impacts.
2019. Chapter 33 in: Murawski S.A., Ainsworth C.H., Gilbert S., Hollander D., Paris
C.B., Schluter M., Wetzel D. (Eds.) Deep Oil Spills — Facts, Fate and Effects.
Springer.

Curcic, M., Chen, S.S., Ozgokmen, T.M., Hurricane-Induced Ocean Waves and Stokes
Drift and their Impacts on Surface Transport and Dispersion in the Gulf of Mexico,
Geophys. Res. Lett., 2016; 43(6): 2773-2781,
https://doi.org/10.1002/2015GL067619.

Dagestad, K.-F., Réhrs, J., Breivik, @., Adlandsvik, B., OpenDrift v1.0: a generic
framework for trajectory modelling, Geosci. Model Dev., 2018; 11: 1405-1420,
https://doi.org/10.5194/gmd-11-1405-2018.

DeGouw, J.A., Middlebrook, A.M., Warneke, C., Ahmadov, R., Atlas, E.L., Bahreini, R.,
Blake, D.R., Brock, C.A., Brioude, J., Fahey, D.W., Fehsenfeld, F.C., Holloway, J.S.,
Le Henaff, M., Lueb, R.A., McKeen, S.A., Meagher, J.F., Murphy, M.D., Paris, C.B.,

Parrish, D.D., Perring, A.E., Pollack, I.B., Ravishankara, A.R., Robinson, A.L.,
48


https://doi.org/10.5194/gmd-11-1405-2018
https://doi.org/10.1002/2015GL067619
https://doi.org/10.1126/science.aan5712

1080

OO WNER

71081

8

9
10
11
121083
13

14
151084

1082

16
171085
18
191086
20

21
221087
23
241088
25
26
271089
28
291090
30
31
321091
33
341092
35

361093
37

38
391094
40
411095
42

43
441096
45
461097
47
48
491098
50
511099
52

53
1100
54

55
561101
57
58
59
60
61
62
63
64
65

Ryerson, T.B., Schwarz, J.P., Spackman, J.R., Srinivasan, A., Watts, L.A. Organic
Aerosol Formation Downwind From the Deepwater Horizon QOil Spill, Science, 2011;

331:1295.

Deremble, B., Convective Plumes in Rotating Systems, Journal of Fluid Mechanics, 2016;
https://doi.org/10.1017/jfm.2016.348.

Drakeford, L., Parks, V., Slack, T., Ramchand, R., Finucane, M., Lee, M.R., Oil Spill
Disruption and Problem Drinking: Assessing the Impact of Religious Context among
Gulf Coast Residents. Population Research and Policy Review, 2020; 39(1): 119-
146. https://doi.org/10.1007/s11113-019-09520-7.

Dukhovskoy, D., Harris, C., Cui, L., Coles, V., Wang, J., Chen, X., Morey, S., Chassignet,
E.P., Thyng, K.,, Hetland, R., Consortium for Simulation of Oil-Microbial Interactions
in the Ocean (CSOMIO) open source model system, 2020.
https://doi.org/10.7266/JYQJVNGN.

Econalyze, LLC, Input-Output State and National Analysis Program (IO-SNAP).
Economic impact analysis software and associated data, 2020; https://www.io-
shap.com/.

Eklund, R.L., Knapp, L.C., Sandifer, P.A., Colwell, R.C., Oil Spills and Human Health:
Contributions of the Gulf of Mexico Research Initiative. GeoHealth, 2019; 3.

Fabregat, A., Poje, A.,C., Ozgokmen, T.M., Dewar, W.K., Effects Of Rotation On
Turbulent Buoyant Plumes In Stratified Environments, Journal of Geophysical

Research, 2016; 121: 5397-5417. https://doi.org/ 10.1002/2016JC011737.

49



1102

OO WNER

71103

8

9
10
11
121105
13

14
151106

1104

16
171107
18
191108
20

21
551109
23
241110
25
26
571111
28
291112
30
31
32
33
341114
35

361115
37

1113

38
391116
40
411117
42

43
441118
45
461119
47
48
491120
50
511121
52

531122
54

55
561123
57
581124
59

60
61
62
63
64
65

Fabregat, A., Poje, A.C., Ozgokmen, T.M., Dewar, W.K., Numerical simulations of
rotating bubble plumes in stratified environments, Journal of Geophysical Research
— Oceans, 2017; 122: 6795-6813. https://doi.org/10.1002/2017JC013110.

Faillettaz, R., Vaz, A.C., Pasparakis, C., Grosell, M. Paris, C.B. A Lagrangian model for
guantifying the exposure to solar radiation in particles moving in a moving ocean.
Nature Communications, 202X (in review).

Farrington, JW., Need to update human health risk assessment protocols for
polycyclicaromatic hydrocarbons in seafood after oil spills. Marine Pollution Bulletin,
2020; 150: 110744.

Ferguson, A., Del Donno, C., Obeng-Gyasi, E., Mena, K., Kaur Altomare, T., Guerrero,
R., Gidley, M., Montas, L., Solo-Gabriele, H.M., Children Exposure-Related Behavior
Patterns and Risk Perception Associated with Recreational Beach Use. Int. J.
Environ. Res. Public Health, 2019; 16: 2783.

Ferguson, A.C., Mena, K.D., Solo-Gabriele, H.M., Assessment for Oil Spill Chemicals:
Current Knowledge, Data Gaps and Uncertainties Addressing Human Physical
Health Risk. Marine Pollution Bulletin, 2020a; 150: 110746.

Ferguson, A., Dwivedi, A.K., Ehindero, E., Adelabu, F., Rattler, K., Perone, H.R., Montas,
L., Mena, K., Solo-Gabriele, H., Soil Hand and Body Adherence Measures.
International Journal of Environmental Research and Public Health, 2020b; 17: 4196.

Finucane, M.L., Clark-Ginsberg, A., Parker, A.M., Becerra-Ornelas, A.U., Clancy, N.,
Ramchand, R., Slack, T., Parks, V., Ayer, L., Edelman, A.F., Petrun,Sayers, E.L.,
Nataraj, S., Bond, C.A., Lesen, A.E., Ferreira, R.J., Drakeford, L., Fiore, J., Weden,

M.M., Venable, K.B., Black, A.B., Building Community Resilience to Large Oil Spills:
50



1125

OO WNER

71126

8

9
10
11
121128
13

14
112
15 ?

1127

16
171130
18
191131
20

21
221132
23
241133
25
26
271134
28
291135
30
31
32
33
341137
35

361138
37

1136

38
391139
40
411140
42

43
441141
45
461142
47
48
491143
50
511144
52

53
1145
54

55
561146
57
581147
59

60
61
62
63
64
65

Findings and Recommendations from a Synthesis of Research on the Mental Health,
Economic, and Community Distress Associated with the Deepwater Horizon Oil Spill.
Santa Monica, CA: RAND Corporation, 2020;
https://www.rand.org/pubs/research_reports/RRA409-1.html. Also available in print
form.

Forrester, J.W., Industrial Dynamics. MIT Press, 1961.

Forrester, J.W., The Beginning of System Dynamics. Banquet Talk at the international
meeting of the System Dynamics Society, 1989.

Forrester, J.W., System Dynamics: the Foundation Under Systems Thinking. 2010;
www.clexchange.org.

Forrester, S.N., Leoutsakos, J.-M., Gallo, J.J., Thorpe, R.J., Seeman, T.E., Association
between allostatic load and health behaviours: A latent class approach. Journal of
Epidemiology  and Community  Health, 2019; 73 (4): 340-345.
https://doi.org/10.1136/jech-2018-211289.

Frazier, T., Thompson, C.M., Dezzani, R.J., A framework for the development of the
SERV model: A Spatially Explicit Resilience-Vulnerability model. Applied
Geography,2014; 51: 158-172.

Frazier, T. Selection of Scale in Vulnerability and Resilience Assessments. Journal of

Geography & Natural Disasters, 2012; 2: 3.

French, D., Reed, M., Jayko, K., Feng, S., Rines, H., Pavignano, S., Isaji, T., Puckett, S.,
Keller, A., French, F.W., lll, Gifford, D., McCue, J., Brown, G., MacDonald, E., Quirk,

J., Natzke, S., Bishop, R., Welsh, M., Phillips. M., Ingram, B.S., Final Report, The
51


https://doi.org/10.1136/jech-2018-211289
www.clexchange.org
https://www.rand.org/pubs/research_reports/RRA409-1.html

1148

OO WNER

71149

8

9
10
11
121151
13

14
1152
15 >

1150

16
171153
18
191154
20

21
291155
23
241156
25
26
271157
28
291158
30
31
32
33
341160
35

361161
37

1159

38
391162
40
411163
42

43
441164
45
461165
47
48
491166
50
511167
52

53
1168
54

55
561169
57
58
59
60
61
62
63
64
65

CERCLA Type A Natural Resource Damage Assessment Model for Coastal and
Marine Environments (NRDAM/CME), Technical Documentation, Vol. | - V.,
Submitted to the Office of Environmental Policy and Compliance, U.S. Department of
the Interior, Washington, DC, 1996.

French-McCay, D., Crowley, D., McStay, L.. Sensitivity of Modeled Oil Fate and Exposure
from a Subsea Blowout to Oil Droplet Sizes, Depth, Dispersant Use, and Degradation
Rates. Marine Pollution Bulletin, 2019; 146: 779-793,
https://doi.org/10.1016/j.marpolbul.2019.07.038.

Fulton, E.A., Smith, A.D.M., Punt, A.E., Which ecological indicators can robustly detect
effects of fishing? ICES J. Mar. Sci., 2005; 62: 540-551.

Galen Buckwalter, J., Castellani, B., McEwen, B., Karlamangla, A.S., Rizzo, A.A., John,
B., O'donnell, K., Seeman, T., Allostatic load as a complex clinical construct: A case-
based computational modeling approach. Complexity, 2016; 21: 291-306.
https://doi.org/10.1002/cplx.21743.

Goldstein, B.D., Osofsky, H.J., Lichtveld, M.Y., Current concepts: The gulf oil spill. New
England Journal of Medicine, 2011; 364 (14): 1334-1348. DOI:
10.1056/NEJMral007197.

Grigalunas, T., Anderson, R., Brown, Jr G., Congar, R., Meade, N., Sorensen, P.,
Estimating the cost of oil spills: Lessons from the Amoco Cadiz incident. Marine
Resource Economics, 1986; 2: 239-262.

Groth, C., Banerjee, S., Ramachandran, G., Stenzel, M.R., Sandler, D.P., Engel, L.E.,

Kowk, R.K., Stewart, P.A., Bivariate left-censored Bayesian model for predicting

52



1170

OO WNER

71171

8

9
10
11
121173
13

14
1174
15

1172

16
171175
18
191176
20

21
551177
23
241178
25
26
571179
28
291180
30
31
32
33
341182
35

361183
37

1181

38
391184
40
411185
42

43
421186
45
461187
47
48
491188
50
511189
52

53
1190
54

55
561191
57
581192
59

60
61
62
63
64
65

exposure: preliminary analysis of worker exposure during the Deepwater Horizon oil
spill. Annals of Work Exposure and Health, 2017; 6(1): 76-86.

Guo, Y., Zhang, J., Zhang, Y., Zheng, C., Catalyst or barrier: the influence of place
attachment on community resilience in tourist destinations. Sustainability, 2018;
10(7): 1-14.

Grubesic, T.H., Nelson, J.R., Wei, R., A strategic planning approach for protecting
environmentally sensitive coastlines from oil spills: Allocating response resources on
a limited budget, Marine Policy, 2019; 108: 103549.
https://doi.org/10.1016/j.marpol.2019.103549.

Hale, C., Graham, L., Maung-Douglass, E., Partyka, M., Sempier, S., Skelton, T., Wilson,
M., Sea Grant audience oil spill science questions—unpublished data, 2019.

Hansel, T.C., Osofsky, H.J., Osofsky, J.D., Speier, A., Longer-term mental and behavioral
health effects of the deepwater horizon gulf oil spill. Journal of Marine Science and
Engineering, 2015; 3 (4): 1260-1271. https://doi.org/10.3390/jmse3041260.

Harville, E.W., Shankar, A., Schetter, C.D., Lichtveld, M., Cumulative effects of the Gulf
oil spill and other disasters on mental health among reproductive-aged women: The
Gulf Resilience on Women's Health study. Psychological Trauma: Theory, Research,
Practice, and Policy, 2018; 10 (5): 533-541. https://doi.org/10.1037/tra0000345.

Hausman, J., Leonard, G., McFadden, D., A utility-consistent, combined discrete choice
and count data model assessing recreational use losses due to natural resource
damage. Journal of Public Economics, 1995; 56: 1-30.

Hopkins, T.L., Sutton T.T., Lancraft, T.M., Trophic structure and predation impact of a low

latitude midwater fish community. Progress in Oceanography,1996; 38, 205-239.
53


https://doi.org/10.1037/tra0000345
https://doi.org/10.3390/jmse3041260
https://doi.org/10.1016/j.marpol.2019.103549

1193

OO WNER

71194

8

9
10
11
121196
13

14
1197
15 ?

1195

16
171198
18
191199
20

21
221200
23
241201
25
26
271202
28
291203
30
31
32
33
341205
35

361206
37

1204

38
391207
40
411208
42

43
421209
45
461210
47
48
491211
50
511212
52

531213
54

55
561214
57
58
59
60
61
62
63
64
65

IMPLAN Group LLC, The IMPLAN Application©. Economic impact analysis and social
accounting software and associated data, 2020; URL: https://implan.com/application/

Koliou, M., van de Lindt, J.W., McAllister, T.P., Ellingwood, B.R., Hard, M.D., Cutler, H.,
State of the re-search in community resilience: progress and challenges. Sustainable
and Resilient Infrastructure, 2018.

Kourafalou, V.H., Kang, H., Florida Current meandering and evolution of cyclonic eddies
along the Florida Keys Reef Tract: are they inter-connected? J. Geophys. Res., 2012;
117, C05028. https://doi.org/2011JC007383.

Kwok, R.K., Engel, L.S., Miller, A.K., Blair, A., Curry, M.D., Jackson, W.B. Il, Stewart,
P.A., Stenzel, M.R., Birnbaum, L.S., Sandler, D.P., GuLF STUDY Research Team,
The GuLF STUDY: a prospective study of persons involved in the Deepwater Horizon
oil spill response and clean-up. Environ Health Perspect, 2017a; 125:570-578.
http://dx.doi.org/10.1289/EHP715.

Kwok, R.K., McGrath, J.A., Lowe, S.R., Engel, L.S., Jackson, W.B., Curry, M.D., Payne,
J., Galea, S., Sandler, D.P., Mental health indicators associated with oil spill response
and clean-up: cross-sectional analysis of the GULF STUDY cohort. The Lancet Public
Health, 2017b; 2(12): e560-e567. https://doi.org/10.1016/S2468-2667(17)30194-9.

Laffon, B., Pasaro, E., Valdigesias. V., Effects of exposure to oil spills on human health:
updated review. J. Toxicol. Environ. Health, 2016; 19(3-4): 105-128.

Larkin, S., Huffaker, R., Clouser, R., Negative Externalities and Oil Spills: A Case for
Reduced Brand Value to the State of Florida. Journal of Agricultural and Applied

Economics, 2013; 45(3): 389-399.

54


https://doi.org/10.1016/S2468-2667(17)30194-9
http://dx.doi.org/10.1289/EHP715
https://doi.org/2011JC007383
https://implan.com/application

1215

OO WNER

71216

8

9
10
11
121218
13

14
121
15 ?

1217

16
171220
18
191221
20

21
551222
23
241223
25
26
571224
28
291225
30
31
32
33
341227
35

361228
37

1226

38
391229
40
411230
42

43
441231
45
461232
47
48
491233
50
511234
52

53
1235
54

55
561236
57
581237
59

60
61
62
63
64
65

Le Hénaff, M., Kourafalou, V.H., Mississippi waters reaching South Florida reefs under
no flood conditions: synthesis of observing and modeling system findings. Ocean
Dynamics, 2016; 66:435-459. https://doi.org/10.1007/s10236-016-0932-4.

Liu, Y., MacFadyen, A., Ji, Z.-G., Weisberg,R.H., Monitoring and Modeling the Deepwater
Horizon Oil Spill: A Record-Breaking Enterprise, Geophys. Monogr. Ser.,
AGU/geopress, 2011a; 195, 271 PP.

Liu, Y., Weisberg, R.H., Hu, C., Zheng, L., Tracking the Deepwater Horizon oil spill: A
modeling  perspective, Eos Trans.,, AGU, 2011b; 92(6): 45-46,
https://doi.org/10.1029/2011EO060001.

Liu, Y., Weisberg, R.H., Hu, C., Zheng, L., Trajectory forecast as a rapid response to the
Deepwater Horizon oil spill, in Monitoring and Modeling the Deepwater Horizon Oill
Spill: A Record-Breaking Enterprise, Geophys. Monogr. Ser., 2011c, 195: 153-165.
https://doi.org/10.1029/2011GM001121.

Loureiro, M., Loomis, J., International public preferences and provision of public goods:
Assessment of passive use values in large oil spill. Environmental Resource
Economics, 2013; 56: 521-534.

Loureiro, M., Loomis, J., Vazquez, M., Economic valuation of environmental damages
due to the Prestige oil spill in Spain. Environmental Resource Economics, 2009; 44
537-553.

Lowe, S.R., McGrath, J.A., Young, M.N., Kwok, R.K., Engel, L.S., Galea, S., Sandler,
D.P., Cumulative Disaster Exposure and Mental and Physical Health Symptoms
Among a Large Sample of Gulf Coast Residents. Journal of Traumatic Stress, 2019;

32 (2): 196-205. https://10.1002/jts.22392.
55


https://10.1002/jts.22392
https://doi.org/10.1029/2011GM001121
https://doi.org/10.1029/2011EO060001
https://doi.org/10.1007/s10236-016-0932-4

1238

OO WNER

71239

8

9
10
11
121241
13

14
1242
15

1240

16
171243
18
191244
20

21
221245
23
241246
25
26
271247
28
291248
30
31
32
33
341250
35

361751
37

1249

38
391252
40
411253
42

43
441254
45
461255
47
48
491256
50
511257
52

53
1258
54

55
561259
57
581260
59

60
61
62
63
64
65

Mazzotta, M., Opaluch, J., Grigalunas, T., Natural resource damage assessment: The
role of resource restoration. Natural Resources Journal, 1994; 34,153-178.

McCrea-Stub, A., Kleisner, K., Samaila, U., Swartz, W., Watson, R., Zeller, D., Pauly, D.,
Potential Impact of the Deepwater Horizon Oil Spill on Commercial Fisheries in the
Gulf of Mexico. Fisheries, 2011; 36(7): 332-336.

McEwen, B.S, Allostasis and allostatic load: implications for neuropsychopharmacology.
Neuropsychopharmacology, 2000; 22(2):108-124.

McEwen, B.S., Stellar, E. Stress and the individual: mechanisms leading to disease. Arch
Intern Med, 1993; 153(18): 2093-2101.

McKendree, M. G., Ortega, D.L., Widmar, N.O.,Wang, H.H., Consumer perceptions of
seafood industries in the wake of the Deepwater Horizon oil spill and Fukushima
Daiichi nuclear disaster, Michigan State University, Department of Agricultural, Food,
and Resource Economics, 2013; No. 155582.
https://ideas.repec.org/p/ags/midasp/155582.html.

McNutt, M.K., Camilli, R., Crone, T.J., Guthrie, G.D., Hsieh, P.A., Ryerson, T.B., Savas,
O., Shaffer, F., Review of flow rate estimates of the Deepwater Horizon oil spill.
Proceedings of the National Academy of Sciences, 2012; 109, 20260-20267.
https://doi.org/10.1073/pnas.1112139108.

Miles, S., Foundations of community disaster resilience: well-being, identity, services, and
capitals. Journal of Environmental Hazards, 2015; 14(2): 103-121.

Montas, L., Ferguson, A.C., Mena, K.D., Solo-Gabriele, H.M., Categorization of
nearshore sampling data using oil slick trajectory predictions, Marine Pollution

Bulletin, 2019; 150: 110577.
56


https://doi.org/10.1073/pnas.1112139108
https://ideas.repec.org/p/ags/midasp/155582.html

1261

OO WNER

71262

8

9
10
11
121264
13

14
151265

1263

16
171266
18
191267
20

21
221268
23
241269
25
26
271270
28
291271
30
31
32
33
341273
35

361274
37

1272

38
391275
40
411276
42

43
421277
45
461278
47
48
491279
50
511280
52
53
o, 1281
55
56
57
58
59
60
61
62
63
64
65

Morgan, O.A., Whitehead, J.C., Huth, W.L., Martin, G.S., Sjolander, R., Measuring the
impact of the BP Deepwater Horizon oil spill on consumer behavior, Land Econ.,
2016; 92(1), 82—95. https://doi.org/10.3368/1e.92.1.82.

National Academies of Sciences, Engineering, and Medicine (NASEM) Measures of
Community Resilience for Local Decision Makers: Proceedings of a Workshop.
Washington, DC: The National Academies Press, 2017,
https://doi.org/10.17226/21911.

National Academies of Sciences, Engineering, and Medicine (NASEM), Building and
Measuring Community Resilience: Actions for Communities and the Gulf Research
Program. Washington, DC: National Academies Press (US), 2019;
https://www.ncbi.nlm.nih.gov/books/NBK540795/.

National Oceanic and Atmospheric Administration (NOAA), GNOME (General NOAA
Operational Modeling Environment) Version 1.3.8. Emergency Response Division of
NOAA's Office of Response and Restoration, 2014,
http://response.restoration.noaa.gov/oil-and-chemical-spills/oil-spills/response-
tools/gnome.html.

National Ocean Service (NOS), What is a Natural Resource Damage Assessment?
National Oceanic and Atmospheric Administration, U.S. Dept. of Commerce, 2020;
https://oceanservice.noaa.gov/facts/nrda.html.

Nelson, J.R., Grubesic, T.H., Oil spill modeling: risk, spatial vulnerability, and impact

assessment. Progress in Physical Geography: Earth and Environment, 2017.

57


https://oceanservice.noaa.gov/facts/nrda.html
http://response.restoration.noaa.gov/oil-and-chemical-spills/oil-spills/response
https://www.ncbi.nlm.nih.gov/books/NBK540795
https://doi.org/10.17226/21911
https://doi.org/10.3368/le.92.1.82

1282

OO WNER

71283

8

9
10
11
121285
13

14
151286

1284

16
171287
18
191788
20

21
221289
23
241290
25
26
271291
28
291292
30
31
32
33
341294
35

361295
37

1293

38
391296
40
411297
42

43
421298
45
461299
47
48
491300
50
511301
52

53
1302
54

55
561303
57
581304
59

60
61
62
63
64
65

Nelson, J.R., Grubesic, T.H., Oil spill modeling: Mapping the knowledge domain,
Progress in Physical Geography: Earth and Environment, 2020;
https://doi.org/10.1177/0309133319897503.

Osofsky, H.J., Hansel, T.C., Osofsky, J.D., Speier, A., Factors Contributing to Mental and
Physical Health Care in a Disaster-Prone Environment. Behavioral Medicine, 2015;
41(3): 131-137. https://doi.org/08964289.2015.1032201.

Osofsky, J.D., Osofsky, H.J., Weems, C.F., Hansel, T.C., King, L.S., Effects of Stress
Related to the Gulf Oil Spill on Child and Adolescent Mental Health. Journal of
Pediatric Psychology, 2016; 41(1): 65-72. https://doi.org/10.1093/jpepsy/jsu085.

Pagoni, E.G., Patroklos, G.A., System dynamics model for the assessment of national
public—private partnership programmes’ sustainable performance. Simulation
Modelling Practice and Theory, 2019; 97, art. no. 101949.

Palinkas, L.A., A conceptual framework for understanding the mental health impacts of
oil spills: Lessons from the Exxon Valdez oil spill, Psychiatry, 2012; 75(3): 203—-222.
https://doi.org/10.1521/psyc.2012.75.3.203.

Pan, H., Edwards, S.W., Ives, C., Covert, H., Harville, E.W, Lichtveld, M.Y., Wickliffe, J.K.,
Hamilton, C.M., An assessment of environmental health measures in the Deepwater
Horizon Research Consortia, Current Opinion in Toxicology, 2019; 16: 75-82.
https://doi.org/10.1016/j.cotox.2019.07.003.

Paris, C.B., Helgers, J., Van Sebille, E., Srinivasan, A., Connectivity Modeling System: A
probabilistic modeling tool for the multi-scale tracking of biotic and abiotic variability
in the ocean. Environ. Model. Softw., 2013; 42: 47-54.

https://doi.org/10.1016/j.envsoft.2012.12.006.
58



1305

OO WNER

71306

8

9
10
11
121308
13

14
151309

1307

16
171310
18
191311
20

21
221312
23
241313
25
26
271314
28
291315
30
31
321316
33
341317
35

361318
37

38
391319
40
411320
42
43
441321
45
461322
47
48
491323
50
511324
52
53
541325
55
56
57
58
59
60
61
62
63
64
65

Paris C.B., Hénaff M.L., Aman Z.M., Subramaniam A., Helgers J., Wang D.P., Kourafalou
V.H., Srinivasan A., Evolution of the Macondo well blowout: simulating the effects of
the circulation and synthetic dispersants on the subsea oil transport. Environmental
Science & Technology, 2012; 46(24): 13293-13302.

Parker, A.M., Finucane, M.L., Ayer, L., Ramchand, R., Parks, V., Clancy, N. Persistent
risk-related worry as a function of recalled exposure to the Deepwater Horizon oil spill
and prior trauma. Risk Anal., 2019; 40(3): 624-637.

Patel, S.S., Rogers, M.B., Amlot, R., Rubin, G.J., What Do We Mean by ‘Community
Resilience’? A Systematic Literature Review of How It Is Defined in the Literature.
PLOS Currents Disasters, 2017, Edition 1. https://doi.org/
10.1371/currents.dis.db775aff25efc5ac4f0660ad9c9f7db2.

Pérez-Pérez, J.F., Serrano-Garcia, J., Arbelaez-Toro, J.J., Methods to analyze eco-
innovation implementation: A theoretical review. Advances in Intelligent Systems and
Computing, 2020, 894: 153-168. https://doi.org/10.1007/978-3-030-15413-4_12.

Perlin, N., Paris, C.B., Berenshtein, I., Vaz, A.C., Faillettaz, R., Aman, Z.M., Schwing,
P.T., Romero, I.C., Schlluter, M., Liese, A., Noirungsee, N., Hackbusch, S., Far-field
modeling of a seep-sea blowout: Sensitivity studies of initial conditions,
biodegradation, sedimentation, and subsurface dispersant injection on surface slicks
and oil plume concentrations. In Deep Oil Spills, 2020; pp. 170-192. Springer.

Petrolia, D.R., What Have We Learned from the Deepwater Horizon Disaster? An

Economist’s Perspective. Journal of Ocean and Coastal Economics, 2014; Article 1.

59



1326

OO WNER

71327

8

9
10
11
121329
13

14
151330

1328

16
171331
18
191332
20

21
251333
23
241334
25
26
571335
28
291336
30
31
321337
33
341338
35

361339
37

38
391340
40
411341
42

43
441342
45
461343
47
48
491344
50
511345
52
53
o, 1346
55
56
57
58
59
60
61
62
63
64
65

Prasad, T.G., Hogan, P.J., Upper-ocean response to Hurricane Ivan in a 1/25_ nest-ed
Gulf of Mexico HYCOM, J. Geophys., 2007; Res., 112, C04013,
https://doi.org/10.1029/2006JC003695.

Quigg, A., Passow, U., Daly, K. L., Burd, A., Hollander, D.J., Schwing, P.T., Lee, K.,
Chapter 12: Marine Oil Snow Sedimentation and Flocculent Accumulation (MOSSFA)
events: learning from the past to predict the future, 2020; pp: 199-224, In: Murawski
SA, Ainsworth C, Gilbert S, Hollander D, Paris CB, Schluter M, Wetzel D (Eds.) Deep
Oil Spills — Facts, Fate and Effects. Springer 608 pp. ISBN 978-3-030-11605-7
(eBook) https://doi.org/10.1007/978-3-030-11605-7.

Ramchand, R., Seelam,R., Parks, V.,Ghosh-Dastidar, B., Lee, M., Finucane, M., Ex-
posure to the Deepwater Horizon oil spill, associated resource loss, and long-term
mental and behavioral health outcomes. Disaster Medicine and Public Health
Preparedness, first view, 2019; 13(5-6): 889-897.
https://doi.org/10.1017/dmp.2019.3.

Reed, M., French, D.P., Grigalunas, T., Opaluch, J., Overview of a natural resource
damage assessment model system for coastal and marine environments, Oil and
Chemical Pollution, 1989; 5(2-3): 85-97.

Reed, M., Daling, P.S.. Brakstd, O.G., Singsaas, |., Faksness, L.-G., Hetland, B., Efrol,
N., OSCAR 2000: A multi-component 3-dimensional oil spill contingency and
response model. In: Proceedings of the 23rd Arctic Marine Oilspill Program (AMOP)

Technical Seminar, Environment Canada, Ottawa, Ontario, 2000; pp.663-952.

60



1347

OO WNER

71348

8

9
10
11
121350
13

14
151351

1349

16
171352
18
191353
20

21
221354
23
241355
25
26
271356
28
291357
30
31
321358
33
341359
35

361360
37

38
391361
40
411362
42

43
441363
45
461364
47
48
491365
50
511366
52

53
1367
54

55
561368
57
581369
59

60
61
62
63
64
65

Ritchie, B.W., Crotts, J.C., Zehrer, A., Volsky, G.T., Understanding the effects of a tourism
crisis: the impact of the BP oil spill on regional lodging demand. Journal of Travel
Res., 2013; 53(1): 12-25.

Rodriguez, J.M., Karlamangla, A.S., Gruenewald, T.L., Miller-Martinez, D., Merkin, S.S.,
Seeman, T.E., Social stratification and allostatic load: Shapes of health differences
in the MIDUS study in the United States. Journal of Biosocial Science, 2019; 51(5):
627-644. https:/doi.org/10.1017/S0021932018000378.

Rouwette, E.A.J.A., Vennix, J.AM., van Mullekom, T., Group model building
effectiveness: a review of assessment studies. System Dynamics Review, 2002; 18
(1): 5-45.

Rusiecki, J., Alexander, M., Schwartz, E.G., Wang, L., Weems, L., Barrett, J.,
Christenbury, K., Johndrow, D., Funk, R.H., Engel, L.S., The Deepwater Horizon Oil
Spill Coast Guard Cohort Study. Occupational and Environmental Medicine, 2018;
75(3): 165-175.

Sandifer, P. A., Knapp, L.C., Collier, T.K., Jones, A.L., Juster, R.-P., Kelble, C.R., Kwok,
R.K., Miglarese, J.V., Palinkas, L.A., Porter, D.E., Scott, G.I., Smith, L.M., Sullivan,
W.C., Sutton-Grier, A. E., A conceptual model to assess stress-associated health
effects of multiple ecosystem services degraded by disaster events in the Gulf of
Mexico and elsewhere, GeoHealth, 2017; 1: 17- 36.
https://doi.org/10.1002/2016GH000038.

Sandifer, P., Knapp, L., Lichtveld, M., Manley, R., Abramson, D., Caffey, R., Cochran,
D., Collier, T., Ebi, K., Engel, L., Farrington, J., Finucane, M., Hale, C., Halpern, D.,

Harville, E., Hart, L., Hswen, Y., Kirkpatrick, B. McEwen, B,, Morris, G., Orbach, R.,
61


https://doi.org/10.1002/2016GH000038
https:/doi.org/10.1017/S0021932018000378

1370

OO WNER

71371

8

9
10
11
121373
13

14
151374
16
17
181375
19

201376
21

22
231377
24
251378
26
27
281379
29
301380
31

321381
33

1372

34
351382
36
371383
38

39
201384
41

421385
43

44
45 1386

46

471387

48

49
1388

50

51

521389

53

541390
55

56
571391
58
59
60
61
62
63
64
65

Palinkas, L., Partyka, M., Porter, D., Prather, A., Rowles, T., Scott, G., Seeman, T.,
Solo-Gabriel, H., Svendsen, E., Tincher, T., Trtanj, J., Walker, A.H., Yehuda, R.,
Yip, F., Yoskowitz' D., Singer, B. Framework for a community health observing
system for the Gulf of Mexico region: preparing for future disasters. Frontiers in

Public Health, 2020; 8: 578463. https://doi.org/10.3389/fpubh.2020.578463.

Sandifer, P.A., Ferguson, A., Finucane, M.L., Partyka, M., Solo-Gabriele, H., Walker,
A.H., Wowk, K., Caffey, R., and Yoskowitz, D. Oceanography Special Issue- Chapter
13: Human Health and Socioeconomic Effects of the Deepwater Horizon Oil Spill in
the Gulf of Mexico, 202Xb; In review.

Seeman, T. E., McEwen, B.S., Rowe, J.W., Singer, B.H., Allostatic load as a marker of
cumulative biological risk: MacArthur studies of successful aging, Proc. Natl. Acad.
Sci. U.S.A., 2001; 98, 4770-4775.

Sempier, S.H., Ellis, C., Swann, L., Summary Statistics from the 2014 Oil Spill Science
Social Network Analysis. Mississippi-Alabama Sea Grant Consortium, 2019a; 19
pages. Accessed Nov 2019, http://masgc.org/oilscience/2014-sna-summary-
report.pdf.

Sempier, S.H., Ellis, C., Swann, L., Summary Statistics from the 2016 Oil Spill Science
Social Network Analysis. Mississippi-Alabama Sea Grant Consortium, 2019b; 34
pages. Accessed Nov 2019, http://masgc.org/oilscience/SNA-2016-report.pdf.

Sempier, S.H., Graham, L.J., Maung-Douglass, E.S., Wilson, M., Hale, C.M.S., Summary
of Target Audience Input on Oil Spill Science Topics Based on Input Collected

Between August 2014 and February 2015. Mississippi-Alabama Sea Grant

62


http://masgc.org/oilscience/SNA-2016-report.pdf
http://masgc.org/oilscience/2014-sna-summary
https://doi.org/10.3389/fpubh.2020.578463

1392

OO WNER

71393

8

9
10
11
121395
13

14
151396

1394

16
171397
18
191393
20

21
221399
23
241400
25
26
271401
28
291402
30
31
32
33
341404
35

361405
37

1403

38
391406
40
411407
42

43
441408
45
461409
47
48
491410
50
511411
52

53
1412
54

55
561413
57
581414
59

60
61
62
63
64
65

Consortium, 2019c; 19 pages. Accessed Nov 2019. Available:
http://masgc.org/oilscience/final-target-audience-input-2014-early-2015. pdf

Sharifi, A., A critical review of selected tools for assessing community resilience.
Ecological Indicators 69, 2016; 629-647.

Smith, L. M., Case, J.L., Smith, H.M., Harwell, L.C., Summers, J.K., Relating eco-system
services to domains of human well-being: Foundation for a U.S. index, Ecol. Indic.,
2013; 28: 79-90. https:/doi.org/10.1016/j.ecolind.2012.02.032.

Spaulding, M.L., State of the art review and future directions in oil spill modeling. Marine
Pollution Bulletin, 2017; 115(1-2): 7-19.

Steele, J.H., Ruzicka, J.J., Constructing end-to-end models using ECOPATH data.
Journal of Marine Systems, 2011; 87: 227-238.

Sterman, J.D., All models are wrong: reflections on becoming a systems scientist. Syst.
Dyn. Rev., 2002; 18: 501-531. https://doi.org/10.1002/sdr.261.

Sumaila, U.R., Cisneros-Montemayor, A.M., Dyck, A., Huang, L., Cheung, W., Jacquet,
J., Kleisner, K., Lam, V., McCrea-Strub, A., Swartz, W., Watson, R., Zeller, D., Pauly,
D., Impact of the Deepwater Horizon well blowout on the economics of US Gulf
fisheries. Canadian Journal of Fisheries and Aquatic Sciences, 2012; 69(3): 499-510.

Summers, J.K., Harwell, L.C., Smith, L.M., A model for change: An approach for
forecasting well-being from service-based decisions, Ecol. Indic., 2016; 69, 295-309.
https://doi.org/10.1016/j.ecolind.2016.04.033.

Summers, K., Harwell, L., Smith, L.M., Buck, K., Regionalizing resilience to acute
meteorological events: comparison of regions in the U.S. Front. Environ. Sci., 2018;

6: 147. https://doi.org/10.3389/fenvs.2018.00147.
63



1415

OO WNER

71416

8

9
10
11
121418
13

14
141
15 ?

1417

16
171420
18
191421
20

21
551422
23
241423
25
26
51424
28
291425
30
31
32
33
341427
35

361428
37

1426

38
391429
40
411430
42

43
441431
45
461432
47
48
491433
50
511434
52

53
1435
54

55
56 1436
57
58
59
60
61
62
63
64
65

Sutton, T.T., Clark, M.R., Dunn, D.C., Halpin, P.N., Rogers, A.D., Guinotte, J., Bograd,
S.J., An-gel, M.V, Perez, J.A.A., Wishner, K., Haedrich, R.L., Lindsay, D.J., Drazen,
J.C., Veresh-chaka, A., Piatkowski, U., Morato, T., Btachowiak-Samotyk, K., Robison,
B.H., Gjerde, K.M., Pierrot-Bults, A., Bernal, P., Reygondeau, G., Heino, M., A global
biogeographic classification of the mesopelagic zone. Deep-Sea Research, 2017;
126, 85-102.

Tasch, C., Larcher, L., Can triggers be cumulative in inducing heart attack in soccer game
spectators? Wiener Medizinische Wochenschrift, 2012; 162: 337-339.

Thomas, M.J., Yoon, P.W., Collins, J.M., Davidson, A.J., MacKenzie, W.R., Evaluation of
syndromic surveillance systems in 6 US state and local health departments. J Public
Heal Manag Pract., 2018; 24(3): 235-240.

Tomenchok, L.E., Gidley, M.L., Mena, K.D., Ferguson, A.C., Solo-Gabriele, H., Children’s
abrasions in recreational beach areas and a review of possible wound infections.
International Journal of Environmental Research and Public Health, 2020; 17, 4060.

United Nations Office for Disaster Risk Reduction (UNDRR). 2017. Disaster Resilience
Scorecard for Cities: Detailed Level Assessment.

U.S. Bureau of Economic Analysis, Regional Input-Output Modeling System (RIMS 11).
Economic impact analysis application and associated data, 2020;
https://apps.bea.gov/regional/rims/rimsii/.

U.S. Coast Guard National Response Team (USCGNRT), 2011. On Scene Coordinator
Report: Deepwater Horizon Oil Spill. Washington, DC: U.S. Dept. of Homeland

Security, U.S. Coast Guard.

64


https://apps.bea.gov/regional/rims/rimsii

1437

OO WNER

71438

8

9
10
11
121440
13

14
1441
15

1439

16
17 1442
18
191443
20

21
51444
23
241445
25
26
5-1446
28
291447
30
31
32
33
341449
35

361450
37

1448

38
39 1451
40
411452
42

43
441453
45
461454
47
48
491455
50
511456
52

53
1457
54

55
56 1458
57
58
59
60
61
62
63
64
65

Vaz, A.C., Paris, C.B., Dissanayake, A. L., Socolofsky, S. A., Gros, J., Boufadel, M. C.,
Direct coupling of near-field and far-field models hones predictions of oil spill
transport and fate from deep-sea blowout, Proceedings - 42nd AMOP Technical
Seminar on Environmental Contamination and Response, Halifax, Canada, 2019; pp.
502-521.

Vaz, A.C., Falllettaz, R., Paris, C.B. A coupled Lagrangian Earth-System model for
predicting oil photooxidation, Frontiers in Marine Sciences, 202X, 13/09/2020 in
review.

Verburg, R., Selnes, T., Verweij, P., Governing ecosystem services: National and local
lessons from policy appraisal and implementation, Ecosystem Services, 2016; 18:
186-197.

Walker, A.H., Pavia, R., Bostrom, A., Leschine, T.M., Starbird, K., Communication
practices for oil spills: Stakeholder engagement during preparedness and response.
Human and Ecological Risk Assessment: An International Journal, 2015; 21(3): 667-
690.

Walker, A.H., McKinnon, R., Hasenauer, T., Ritchie, L., Gill, D., Giese, J., Oil Spill
Preparedness and Response: Building the Capacity to Protect Public Welfare and
Support Community Resilience. International Oil Spill Conference New Orleans,
2021.

Warner, J.C., Armstrong, B., He, R., Zambon, J.B., Development of a Coupled Ocean-
Atmosphere-Wave-Sediment Transport (COAWST) modeling system: Ocean

Modeling, 2010; 35(3): 230-244.

65



1459

OO WNER

71460

8

9
10
11
121462
13

14
151463

1461

16
17 1464
18
191465
20

21
51466
23
241467
25
26
5-1468
28
291469
30
31
32
33
341471
35

361472
37

1470

38
391473
40
411474
42

43
441475
45
461476
47
48
491477
50
511478
52

53
1479
54

55
561480
57
581481
59

60
61
62
63
64
65

Weisberg, R.H., Zheng, L., Liu, Y., Tracking subsurface oil in the aftermath of the
Deepwater Horizon well blowout, in Monitoring and Modeling the Deepwater Horizon
Oil Spill: A Record-Breaking Enterprise, Geophys. Monogr., 2011; Ser, 195: 205-215,
https://doi.org/10.1029/2011GM001131.

Weisberg, R.H., Zheng, L., Liu, Y., Lembke, C., Lenes, J.M., Walsh, J.J., Why no red tide
was observed on the west Florida continental shelf in 2010, Harmful Algae, 2014, 38,
119-136. https://doi.org/10.1016/j.hal.2014.04.010.

Weisberg, R.H., Zheng, L., Liu, Y., Murawski, S., Hu, C., Paul, J., Did Deepwater Horizon
hydrocarbons transit to the west Florida continental shelf? Deep Sea Res., 2016; I,
129: 259-272. http://dx.doi.org/10.1016/j.dsr2.2014.02.002.

Whitehead, J.C., Haab, T., Larkin, S.L., Loomis, J.B., Alvarez, S., Ropicki, A., Estimating
Lost Recreational Use Values of Visitors to Northwest Florida due to the Deepwater
Horizon Oil Spill Using Cancelled Trip Data, Marine Resource Economics, 2018;
33(2): 119-132.

Wickliffe, J., Overton, E., Frickel, S., Howard, J., Wilson, M., Simon, B., Echsner, S.,
Nguyen, D., Gauthe, D., Blake, D., Miller, C., Elferink, C., Ansari, S., Fernando, H.,
Trapido, E., Kane, A., Evaluation of polycyclic aromatic hydrocarbons using analytical
methods, toxicology, and risk assessment research: seafood safety after a petroleum
spill as an example. Environ Health Perspect, 2014; 122: 6-9. http://
doi.org/10.1289/ehp.1306724.

Wickliffe, J.K., Simon-Friedt, B. , Howard, J.L., Frahm, E. , Meyer, B. , Wilson, M.J.,
Pangeni, D., Overton, E.B., Consumption of Fish and Shrimp from Southeast

Louisiana Poses No Unacceptable Lifetime Cancer Risks Attributable to High-Priority
66


https://doi.org/10.1289/ehp.1306724
http://dx.doi.org/10.1016/j.dsr2.2014.02.002
https://doi.org/10.1016/j.hal.2014.04.010
https://doi.org/10.1029/2011GM001131

1482

OO WNER

71483

8

9
10
11
121485
13

14
151486

1484

16
17 1487
18
191488
20

21
221489
23
241490
25
26
271491
28
291492
30
31
32
33
341494
35

36 1495
37

1493

38
391496
40
411497
42

43
441498
45
461499
47
48
49 1500
50
511501
52
53
o 1502
55
56
57
58
59
60
61
62
63
64
65

Polycyclic Aromatic Hydrocarbons. Risk Analysis, 2018; 38: 1944-1961.
https:/doi.org/10.1111/risa.12985.

Wilson, M.J., Frickel, S., Nguyen, D., Bui, T., Echsner, S., Simon, B.R., Howard, J.L.,
Miller, K., Wickliffe, J.K., A targeted health risk assessment following the Deepwater
Horizon Oil Spill: polycyclic aromatic hydrocarbon exposure in Viethamese-American
shrimp  consumers. Environ Health Perspect, 2015; 123: 152-159.
http://dx.doi.org/10.1289/ehp.1408684

Xia, J., Zhang, W., Ferguson, A.C., Mena, K.D., Ozgokmen, T.M., Solo-Gabriele, H.M.,
Use of chemical concentration changes in coastal sediments to compute oil exposure
dates. Environmental Pollution, 2020; 259: 11358.

Ylitalo, G.M., Krahn, M.M., Dickhoff, W.W., Stein, J.E., Walker, C.C., Lassitter, C.L.,
Garrett, E.S., Desfosse, L.L., Mitchell, K.M., Noble, B.T., Wilson, S., Beck, N.B.,
Benner, R.A., Koufopoulos, P.N., Dickey, R.W., Federal seafood safety response to
the Deepwater Horizon oil spill. Proc. Natl. Acad. Sci. U.S.A., 2012; 109(50), 20274—
20279, doi:10.1073/pnas.1108886109.

Yoskowitz, D., Carollo, C., Pollack, J.B., Santos, C. and Welder, K., Integrated ecosystem
services assessment: Valuation of changes due to sea level rise in Galveston Bay,
Texas, USA. Integr Environ Assess Manag, 2017; 13: 431-443.

Zheng, L.Y., Weisberg, R.H., Modeling the west Florida coastal ocean by downscaling
from the deep ocean, across the continental shelf and into the estuaries, Ocean

Modell., 2012; 48: 10-29. https:/doi.org/10.1016/j.0cemo0d.2012.02.002.

67


https:/doi.org/10.1016/j.ocemod.2012.02.002
http://dx.doi.org/10.1289/ehp.1408684
https:/doi.org/10.1111/risa.12985

OO WNER

Zhou, W., Moncaster, A., Reiner, D.M., Guthrie, P. Developing a generic System
Dynamics model for building stock transformation towards energy efficiency and low-
carbon development. Energy and Buildings, 2020; 224: art. no. 110246.

Zolfagharian, M., Romme, A.G.L., Walrave, B., Why, when, and how to combine system
dynamics with other methods: Towards an evidence-based framework. Journal of

Simulation, 2018; 12(2): 98-114.

68



3

=
(9}
O©CO~NOEBEPRWNPE

Table 1: Target audiences engaged by GoM Sea Grant Oil Spill Science Outreach Team

Elected officials

Port and harbor employees

Emergency responders or managers

Tribal communities

Environmental non-profit staff members

Health professionals

Fishers (commercial, for-hire, recreational)

Tourism staff

Natural resource managers

University and college researchers

Oil industry

Sea Grant Extension and GoMRI
outreach specialists
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3

15@7 Table 2: List of Selected Stakeholder Questions from within Each Knowledge Domain and Consolidated by
15¢8  the GoM Sea Grant Oil Spill Science Outreach Team

7 Ocean Environment
g 1. Where did the oil go? What are the biggest deposits today?
10 2. How long did the oil take to reach the deposits?
11 3. Which beaches are affected?
12 4. How much is buried on the sea floor?
13 5. Could a big storm bring the oil on the sea floor up into the water column and start the process

14 all over?

15 6. Did any oil make it into the organisms living in the water column or on the seafloor?

16 7. What happens to the oil over time when dispersants are applied?

g 8. What are the natural organisms that decompose hydrocarbons (crude oil) and how can we
19 increase this process?

20 9. Was it possible to track the oil with numerical models? If not, can we do it better now?

21 Biological Ecosystems

22 1.Within ecosystems there were 48 questions that related to the following topics

23 a. Food webs e. Inshore/deep-sea habitats

24 b. Benthic/pelagic/infaunal f. Sub-lethal effects

25 organisms g. Dispersants

gg C. Mammals_ h. Fisheries and stock assessment

o8 d. Juvenile fishes

29 Examples of specific questions include

30 A. We need to solve the [tradeoff] of short-term effects of oil vs. long recovery [to better
31 understand] actions like dispersant use that may cause short-term negative effects but
32 are beneficial in the long term.

33 B. How does food web and ecosystem connectivity affect injury assessment?

34 Socioeconomics

gg 1. How can vulnerable communities with subsistence economy become resilient to incessant oil
37 spillages?

38 2. Very interested in impacts to the economy and infrastructure.

39 3. What are the long-term expert consensus prognosis and predictions for any continued
40 significant health risk or resource effects or community structure changes in the affected
41 areas?

42 4. What was done most effectively to ensure that the economic concerns of those impacted were

43 met in a sustainable fashion?

44 5. Short and long-term economic impacts of the BP oil spill on GoM fisheries.
jg 6. Socioecpnpmic impacts of spill (true costs of closgres, lost tourism and fishing income, etc.).
47 7. Economic impact on areas due to habitat destruction.

48 8. Impact on coastal communities.

49 Human Health

50 1. How are humans affected by eating contaminated fish?

51 2. Effects of airborne dispersants on community health.

52 3. Inhalation hazards from aerosol oil spray or burning of oil.

53 4. What are the potential health risks for the people responding for clean ups?
gg 5. Health impacts on anglers, people working during/in the area of the spill.

56 6. What health impacts did the spill have on residents?

57 7. Dispersant effects on human/animal health.

58 8. Impacts of stress to mental health.

59 9. Are our citizens safe and healthy living in a region where "big oil" exists?
60 70
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Table 3:

List of Representative Models and Summary of Their Capabilities for Simulating Ocean

Environment, Ecosystem, Socioeconomic, and Human Health Impacts of an Oil Spill. For a more complete
list please see Ainsworth et al. 202X.

Model Name | Description

| Reference

Ocean Enviro

nment - Operational Ocean Current Models Relevant to GoM

Nowcast/Forecast System

HYCOM HYbrid Coordinate Ocean Model. Oceanic hydrodynamic and | Chassignet et al.
general circulation model. Global ocean circulation model. (2007, 2009)
HYCOM HYbrid Coordinate Ocean Model. Oceanic hydrodynamic and | Prasad and Hogan
(GoM 1/25) general circulation model. GoM regional model at 1/25° | (2007)
resolution (Naval Research Lab — SSC)
HYCOM HYbrid Coordinate Ocean Model. Oceanic hydrodynamic and | Le Hénaff and
(GoM 1/50) general circulation model. GoM regional model at 1/50° | Kourafalou (2016)
resolution (Univ. of Miami)
HYCOM HYbrid Coordinate Ocean Model. Oceanic hydrodynamic and | Kourafalou and Kang
(FKEYS) general circulation model. Southeastern Gulfof Mexico and | (2012)
Straits of Florida regional model at 1/100° resolution (Univ. of
Miami)
TBCOM Tampa Bay Coastal Ocean Model (TBCOM) Nowcast/Forecast | Chen et al. (2018,
System 2019)
WFCOM West  Florida Coastal Ocean Model (WFCOM) | Zheng and Weisberg

(2012), Weisberg et al.
(2014,2016)

Ocean Enviro

nment - Integrated Models

CMS

Connectivity Modeling System. Probabilistic Lagrangian model
platform that tracks the movement of biotic and abiotic particles.

Paris et al. (2013),
Faillettaz et al. (202X)

wave-ocean-land model for prediction of transport, weathering,

mixing, and coastal impacts.

0il-CMS CMS Module that tracks the oil concentration and fate from the| Paris et al. (2012),
deep-sea blowout to the sea surface with an ensemble off Perlin et al. (2020),
boundary conditions for gas to oil ration (GOR), dispersant to oil| Vaz et al. (2020)
ratio (DOR), and initial droplet size distribution (iDSD). Couples
NOGAPS winds and NAVGEM irradiance for photooxidation.

oil-CMS- Couples 0il-CMS with the Texas A&M OQil Spill Calculator| Vaz et al. (2019)

TAMOC (TAMOC) that provides equation of state of oil and gas in the
nearfield plume and their time-variable droplet and bubble size
distributions.

COAWST- Coupled Ocean-Atmosphere-Wave-Sediment Transport - Warner et al. (2010)

ROMS Regional Ocean Modeling Systems. Oceanic hydrodynamic and
general circulation model.

DwH Oil Spill Lagrangian trajectory modeling system in rapid response to the| Liu et al. (2011a,b,c),

Trajectory Deepwater Horizon oil spill that combines satellite-inferred oil Weisberg et al. (2011)

Model slicks with an ensemble of six different ocean circulation models.

GNOME General NOAA Operational Modeling Environment. Oil transport Beegle-Krause (2001),
model with fate capabilities that include dissolution andl NOAA (2014)
evaporation.

MITgcm-spoil | MITgcm ocean and atmospheric model with a multiphase| Fabregat et al. (2016,
package called 'spoil'. Simulates a nearfield multiphase plume. | 2017), Deremble (2016)

UWIN-CM Unified Wave Interface — Coupled Model, coupled atmosphere-| Chen et al. (2013),

Chen and Curcic (2016)
Curcic et al. 2016
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Table 3 (continued)

Model Name | Description

| Reference

Ocean Environment - Integrated Models (continued)

evaluates oil transport and fate; environmental resource
exposures; toxic effects; fish, invertebrate and wildlife
mortalities; lower trophic level production losses, food web
losses; and population losses of wildlife species.
Compensatory restoration scaling based on production gains
and resource equivalency analysis (REA)

NRDAM/CME | Natural Resource Damage Assessment Model for Coastal and | Reed et al. (1989),
Marine Environments. Oil transport and fate, biological effects, | French et al. (1996)
and economic damages model for use in simplified natural
resource damage assessments.

OSCAR Oil Spill Contingency And Response. Oil transport and fate Reed et al. (2000)
model

SIMAP Spill Impact Model Application Package. Proprietary model that | French-McCay et al.

(2019)

Biological Eco

systems

Atlantis

Modular modeling framework that simulates food webs and
capable of evaluating climate scenarios, human impacts on the
environment including fisheries, changes in land use, non-point
source pollution, and the effect of wind and wave farms. Applied
to GoM fisheries.

Fulton et al. (2005),
Ainsworth et al. (2015,
2018)

oil-CMS-
Atlantis

Couples CMS oil Module with Atlantis model to simulate
biomass loss and recovery.

Ainsworth et al. (2018),
Berenshtein et al.
(2020a)

CSOMIO

Consortium for Simulation of Oil-Microbial Interactions in the
Ocean. Nearfield and far-field oil transport and fate, including
sediment transport and an emphasis on microbial processes
including marine snow and enzymatic processes and evolution
of microbial populations through a genomics functional group
model. Couples COAWST-ROMS and GENOME.

Dukhovskoy et al.
(2020)

DEEPEND

Provides new data for tracking water column organismal
abundance and biomass over time (2010-2029) and quanti-
fying vertical connections in ecosystem processes.

Hopkins et al. (1996),
Sutton et al. (2017)

EwE

Ecopath with Ecosim models the marine food-web comprising
major clades of marine organisms using a mass balance
approach. The model simulates marine fishes, birds, reptiles,
invertebrates, and mammals allowing for a better
understanding of the complex dynamics occurring in the marine
ecosystem. Can be used to evaluate policies.

Christensen et al.
(1992, 2004)

GENOME

Genome-based EmergeNt Ocean Microbial Ecosystem Model.
Simulates the microbial genes responsible for different
metabolic functions, including hydrocarbon degradation.

Coles et al. (2017)

GoMex-
ECOTRAN

Vertically resolved food web model for the oceanic north central
section of the GoM. Expands upon the Ecopath model by
simulating vertical migration of organisms, detritus sinking, and

physical mixing of nutrients.

Steele and Ruzicka
(2011)
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Table 3 (continued)

Model Name |

Description

| Reference

Socioeconomics

Atlantisand | Used output from Atlantis model to evaluate temporal | Court et al. (2019)
Input-output | distribution of changes in commercial species catch by species
Analysis and recreational fishing efforts and used this to estimate
(IMPLAN) economic impacts for the northern GoM region.
oil-CMS- 0il-CMS computes fisheries closure based on toxic oil | Berenshtein et al.
Fisheries concentration and couples a fisheries socioeconomics module | (2019, 2020b)
that estimated vulnerability of impacted fishing areas and
counties.
Gulf GoM Space-Time Regional Economic Analysis Model. | Court, C.D., personal
STREAM Proposed model that will forecast economic impacts associated | communication
with trends and variability in living and coastal marine
resources.
OECM Offshore Environmental Cost Model. Calculates the | BOEM (2016)
environmental and social costs resulting from the impact of
activities associated with Outer Continental Shelf oil production.
Evaluates six environmental and social cost categories: air
guality, ecological, recreation, property values, subsistence
harvests, and commercial fisheries. Used by the Bureau Ocean
Energy Management to estimate the impacts from routine
activities.
Travel cost Economic impacts of cancelled recreational trips to NW Florida | Court et al. (2017)
method and | after the DWH oil spill.
Input-output
Analysis
(IMPLAN)
Human Health
Bayesian A Bayesian hierarchical linear model was developed to | Groth et al. (2017)
model estimate exposures to specific volatile oil components
(benzene, toluene, ethylbenzene, xylene, and hexane) to oil
drill workers charged with drilling a relief well.
BEACHES Beach Exposure and Child Health Study. Risk assessment | Black et al. (2016)
platform that uses Monte Carlo simulations to evaluate
chemical concentration distributions and child activities to
estimate probabilities of physical health outcomes.
Resilience Analysis of multiple observational disaster cohorts, | Abramson et al. (2015)
Activation supplemented with hierarchical secondary data on hazards,
Conceptual risks, infrastructure, vulnerability, and resiliency. Used to
Framework develop Z scores as measures of resiliency.
DPSERH Disaster-Pressure  State-Ecosystem  Services-Response- | Sandifer et al. (2017)
Health Model. Conceptual non-quantitative model that
evaluates the link between disasters and human physical and
mental health, including allostatic load.
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Figure 2. Causal Loop Diagram (CLD) for Conceptual System Structure for Evaluating Oil Spill
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realm of existing quantitative model frameworks. These quantitative frameworks are yet to be fully
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