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Abstract: Sea level rise (SLR) and storm surge inundation are major concerns along the coast of the
San Francisco Bay (the Bay Area), impacting both coastal communities and critical infrastructure
networks. The oil industry comprises a complex and critical infrastructure network located in
the Bay Area. There is an urgent need to assess consequences and identify risk-based solutions
to increase the resilience of this industrial network in the Bay Area to SLR and storm surge. In
this study, a comprehensive multi-modal network model representing the fuel supply system was
built. A total of 120 coastal flooding scenarios, including four General Circulation Models, two
Representative Concentration Pathways, three percentiles of future SLR estimates, and five planning
horizons (20 year intervals from 2000 to 2100) were considered. The impact of coastal flooding on fuel
transportation networks was studied at two different scales: regional and local. At the regional scale,
basic network properties and network efficiency were analyzed across multiple flooding scenarios.
At the local scale, cascading effects of individual node disruptions were simulated. Based on this
research, smarter and more holistic risk-based adaptation strategies can be established which could
lead to a more resilient fuel transportation network system.

Keywords: sea level rise; coastal flooding; network modeling; fuel transportation network

1. Introduction

Critical infrastructure (CI) is part of the central nervous system of the economy in
many developed and developing countries. Although there are many definitions of CI, the
first official definition of CI in the United States comes from Executive Order 13,010, signed
in 1996, where CI is defined as “the framework of interdependent networks and systems
comprising identifiable industries, institutions (including people and procedures), and
distribution capabilities that provide a reliable flow of products and services essential to the
defense and economic security of the United States, the smooth functioning of government
at all levels, and society as a whole.” [1]. Telecommunications, electrical power grids, oil
and gas transportation systems, banking and finance institutions, water supply systems,
and emergency service networks are all considered to be CIs. It is impossible to achieve
the goals of energy stability, and economic or social development, if the operation of the
interconnected CI networks is at risk, unstable, or vulnerable [2].

The oil industry is a good example of a sector with complex CI networks, in which any
disruption or failure to the process of hydrocarbon discovery, fuel extraction, processing,
and distribution can have a significant impact on the industry’s ability to function as a
system [3]. Traditionally, this industry sector is subdivided into three segments: upstream,
midstream, and downstream [4,5]. The upstream segment manages the exploration and
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production of crude oil, the midstream segment refines the crude oil into fuel-based
products, and the downstream segment transports the products to end users, such as
airports and gas stations. From upstream to downstream, multiple modes of transportation
networks are necessary to ensure stable and secure fuel flow from supply to demand.
Components of the fuel sector interconnect with one another, forming a complex fuel
supply infrastructure network (Figure 1). To increase efficiency, the physical connections
and operational interrelations between fuel infrastructure assets tend to be strengthened,
promoting the growth of large-scale interconnected systems [6]. However, this connectivity
results in an increase in potential uncontrollable risks within the complex CI systems,
because the functionality of an individual asset now depends on an ever-increasing number
of external assets [7,8].
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Figure 1. Conceptual visualization of the complex fuel transportation network in the Bay Area. The fuel transportation
network is a complex system that consists of various infrastructure assets that can be conceptualized into two categories:
nodes and links. Nodes are an abstraction of infrastructure assets where fuel feedstock and products are processed,
transferred, stored, or consumed, such as refineries, terminals, ports, airports, and gas stations. Links are an abstraction of
key transportation modes, such as pipelines, railways, marine routes, and roads. Fuel feedstock and products travel along
these transportation infrastructures from the upstream towards the downstream along the fuel supply chain. Please refer to
Appendix A for more details on node and link asset types.

In recent decades, climate change has had an increasing impact on the frequency,
intensity, and length of extreme weather events at both global and regional scales. Such
impacts are also projected to increase in the coming decades [9–18]. These events, such
as heatwaves, extreme storms, and coastal flooding, have had major impacts on the fuel
infrastructure networks, causing damage of up to USD 1 billion per event [19,20]. Among
these, coastal flooding poses major threats to the U.S. fuel transportation infrastructure
and interconnected systems because much of it is spatially proximal to coastlines [21,22].
Global sea level rise is a long-term phenomenon measured from the last glacial maximum,
to which ocean’s thermal expansion and ice mass loss are major contributors. However,
sea level rise differs regionally and locally based on changes in the elevation values of
the geoid, changes in sea surface elevation relative to the geoid, and vertical land motion
(local sediment compaction, land subsidence, tectonics, and the Earth’s deformation based
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on ice and ocean mass redistribution). Locally, sea level rise is exacerbated in regions
with widespread compacting artificial landfills such as the San Francisco Bay Area [23].
Regionally, recent discoveries in ice loss dynamics reveal that the Californian coast is highly
exposed to the most vulnerable major ice sheet loss in West Antarctica. For every meter
in global sea level rise induced by the loss of West Antarctica ice, the Californian coast
will experience an increase of approximately 1.25 m [24]. Furthermore, the short-term
elevations of sea levels from storm surges are also expected to intensify the effects of global
and regional sea level rise. Compound effects of long-term rising sea levels, perigean high
tides, intense coastal storms, and heavy precipitation events from the Pacific Basin climate
fluctuations or winter storms, threaten coastal fuel infrastructure networks as a result of
inundation, sloshing, beach erosion, and cliff retreat in California [10,25–27]. Extreme
storm surge events at high tides are expected to increase [28], raising the risk of inundating
and disrupting interconnected critical energy facilities such as power plants, refineries,
pipelines, and transmission and distribution networks. For example, rail transportation
lines that carry coal to power plants often follow coastlines and riverbeds (In 2020 alone,
the U.S. railroads moved three million carloads of coal, with each rail car carrying enough
coal to power 19 homes for an entire year. More than two-thirds (67%) of the coal that was
delivered to the U.S. electric power sector in 2020 was shipped either completely or in part
by rail; the remainder was shipped by river barge, truck, or other methods [29]). More
intense rainstorms can lead to flooding that degrades or washes out nearby railroads and
roadbeds [16,30].

In addition, fuel transportation networks are connected and interdependent on other
physical and economic systems, many with critical components of fuel supply, such as coal,
oil, and electricity. Disruptions in one location in a particular transportation infrastructure
network could induce a “ripple effect”, causing damage and failure of varying lengths
and magnitudes in dependent or interdependent systems. In 2005, the damage to oil and
gas production and delivery infrastructure due to Hurricanes Katrina and Rita affected
natural gas, oil, and electricity systems in most parts of the United States [31,32]. Market
impacts were felt as far away as New York and New England [33], highlighting the
significant indirect economic impacts of climate-related events that go well beyond the
direct damages to the infrastructure itself. It is, therefore, paramount to understand the
underlying complexity of fuel transportation networks and evaluate the potential impact of
these extreme events on the fuel transportation sector under future climate change scenarios.
The outcome of such efforts should be made available for the public and policymakers to
proactively develop more resilient critical infrastructure networks.

In this study, we reexamined the role of science-based environmental planning in
creating more resilient CI networks through a case study of the fuel transportation net-
work in the San Francisco Bay Area (hereafter referred to as the Bay Area). We used
the outputs of the state’s latest effort to model coastal flooding impacts on the critical
infrastructure (California’s 4th Climate Change Assessment) under 120 climate scenarios,
moving from simple place-based analysis to a networked approach where we evaluated the
impact of multi-scenario coastal flooding on the multi-modal fuel transportation network
as a complex connected system. Evaluation and estimation of uncertainties from both
climate variation and network effect perspectives were undertaken. The analytical process
and findings from this study offer new insights into understanding, characterizing, and
modeling complex CI networks, and highlight the importance of science-based proactive
environmental planning that considers both network interdependencies and the challenges
posed by future climate change.

2. Materials and Methods
2.1. Fuel Transportation Infrastructure in the Bay Area

Located on the west coast of the United States, the Bay Area has a high concentration
of fuel transportation network assets, and houses the second largest refinery complex in
the state (a total of 18 refineries are operational in California’s fuel supply chain—the
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largest concentration of refineries is in the Los Angeles–Long Beach complex, with a total
of nine refineries, whereas the Bay Area complex includes five refineries); five of the nine
major ports (there are nine major ports transporting fuel in California—five serve the
San Francisco Bay Area from the south bay to Stockton, and the other four are located in
southern California between Port Hueneme and San Diego [22]); and nearly half of the
terminals in the state of California (Figure 1). These infrastructure assets are especially
concentrated in low-lying areas near the coastline where the hazard risk of coastal flooding
is high. Figure 2 illustrates the location of node and link assets that compose the fuel
transportation infrastructure in the study area. The data relating to these assets were
collected from the multiple sources shown in Table 1. Node assets include refineries,
terminals, ports, airports, and gas stations. Link assets include marine routes, pipelines
(transporting crude oil and finished fuel product), railways, and roads. These assets
interconnect with one another, forming a complex network that enables the flow of fuel
from supply to demand.
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Figure 2. Map of node and link assets that compose the fuel transportation network in the San Francisco Bay study area. The
study area is bounded by four geographic coordinate pairs denoted as: [38.902, −123.711], [38.902, −121.051], [36.855, −121.051],
and [36.855, −123.711].

Table 1. Data sources for node and link assets collected in the study.

Node Assets Link Assets

Refineries Energy Information Administration Railways ArcGIS Business Analyst
Terminals Energy Information Administration Pipelines National Pipeline Mapping System

Gas Stations Google Places Roads Open Street Map

Docks U.S. Department of Transportation/Bureau of Transportation
Statistics’ National Transportation Atlas Database

Marine Routes
U.S. Department of Transportation/Bureau

of Transportation Statistics’ National
Transportation Atlas DatabaseAirports State of California, Department of Transportation,

Division of Aeronautics
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2.2. Coastal Flooding

In addition to identifying and collecting data about the node and link assets that
comprise the fuel transportation network, building a comprehensive understanding of
future coastal flooding inundation conditions in the Bay Area is also critical in evaluating
hazard risk and identifying resilience options for the infrastructure network. To achieve
this goal, we leveraged coastal flooding model outputs from a research project led by
Radke et al. [22], in which a hydrodynamic model—3Di [34,35]—was used to model coastal
flooding for 120 climate scenarios. The 3Di hydrodynamic model was developed by the
Delft University of Technology and is a commercial model that dynamically simulates
the movement of tides and flood events over digital representations of land surfaces. The
inputs of 3Di include time-series water levels to provide boundary forcing to generate
water flows, and digital surface data containing topography, bathymetry, and aboveground
objects, such as levees, to direct the waterflows. It should be noted that building structures
were excluded in our model because they are too granular to be represented. However,
critical flood prevention structures, namely levees, are preserved [36]. A unique advantage
of the 3Di model for this study is its feasible computation over large regions at fine spatial
resolutions, which is enabled by the model’s quadtree-based compression algorithm that
simplifies the input digital surface while preserving significant topographic variations,
such as those from levees [34]. Our model simulates an entire tidal cycle and calculates, in a
series of time steps, the flow direction, velocity, and water depth as a flood event progresses.
A detailed description of the modeling process is well documented in reference [22] under
Appendix A.

In this study, we modeled the depth and extent of coastal flooding induced by climate
drivers, including sea level rise (SLR) and intensified storms. We took sea level and
climate projections between 2000 and 2100 from California’s Fourth Climate Change
Assessment [37,38] as inputs and created flood inundation time series maps for:

(1) Two Representative Concentration Pathways (RCPs). An RCP is a greenhouse gas
concentration trajectory adopted by the IPCC [10]. Four pathways were used for climate
modeling and research for the IPCC fifth Assessment Report (AR5) in 2014. Of these we
modeled two: RCP 8.5, portraying a high greenhouse gas concentration scenario with
minimal mitigation, and RCP 4.5, representing a mitigation heavy scenario with lower
greenhouse gas emission concentrations.

(2) Four General Circulation Models (GCMs). General Circulation Models are math-
ematical models that represent physical processes in the atmosphere, ocean, cryosphere,
and land surface. They are the most advanced tools currently available for simulating the
response of the global climate system to increasing greenhouse gas concentrations [10].
The four GCMs we used were HadGEM2-ES, CNRM-CM5, CanESM2, and MIROC5.

(3) Three probabilistic percentile estimates of SLR at 50 m spatial resolution. The three
SLR percentiles used in the model were 50%, 95%, and 99.9%. The long term SLR was
projected probabilistically for both RCP 4.5 and 8.5 by Cayan et al. based on a method
developed by Kopp et al. [38,39], with additional SLR contributions from the loss of
Antarctica ice sheets modeled by DeConto and Pollard [40].

The combination of RCPs, SLR percentiles, and GCMs resulted in 24 scenarios of sea
level values between 2000 and 2100. This time horizon (2000–2100) was subdivided using
20 year time intervals. For each 20 year interval and each of the 24 scenarios, a high sea level
event (i.e., the 72 h period with the highest sea level within the 20 year interval) was selected
and the hourly water levels during the event were used as inputs to the 3Di model [22]. In
total, there were 120 coastal flooding model outputs (two RCPs × four GCMs × three SLR
percentiles × five time horizons), and these were spatially overlaid with the node and link
assets of the fuel transportation network to provide robust information on the exposure of
infrastructure to coastal flooding under multiple climate scenarios (Figure 3).
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2.3. Multimodal Network Model

The fuel transportation network is inherently complex with multiple asset types that
are interconnected with one another. A major challenge in this study was the creation of
a multimodal network that accurately captures the spatial and operational relationships
between networked components. We first created a relationship diagram that captures the
physical connectivity between asset types following the fuel supply chain from upstream
to downstream. Figure 4 shows the relationship between five node asset types and five link
asset types of the fuel transportation network in the study area. The lines between node and
link assets define physical connections between different asset types. For example, ports
such as the Richmond Long Wharf are physically connected to a crude oil pipeline that
transports crude oil to the Chevron Richmond refinery. Therefore, we observe connections
between (1) port and crude oil pipeline, and (2) crude oil pipeline and refinery. It should be
noted that each link asset type represents one layer of the transportation network in the
multimodal network model and there is no direct connection between these layers. The
node asset types connect different transportation layers, thus forming a network structure
similar to a multiplex network. The main difference between the fuel transportation
network structure created in this study and the standard multiplex network is the addition
of node asset types (port, terminal, refinery, airport, and gas station) as connecting points
between different network layers, rather than direct connections between nodes in the
subnetwork layers [41–43].
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After the connection was validated for each pair of node and link assets, we con-
structed a network model that was able to capture the interconnections within the fuel
transportation networks. In this study, a multimodal fuel transportation network was
constructed as a directed graph using NetworkX, which is a Python package for the cre-
ation, manipulation, and study of the structure, dynamics, and functions of complex
networks [44]. In NetworkX, the structure of a network, or graph, is encoded in the links
(connections, edges, arcs) between nodes (vertices). It provides basic network data struc-
tures for the representation of simple graphs, directed graphs, and graphs with self-loops
and parallel edges [44]. The node and link infrastructure assets previously collected were
loaded as inputs into NetworkX. The link asset types were first mapped in topographic
form and then inserted into the graph as subnetwork layers with nodes and links. The
nodes within these subnetworks represent the vertexes of line infrastructure segments (e.g.,
connection points between pipeline segments). The direction of each link follows the fuel
supply logic from upstream to downstream. For example, the road network layer consists
of intersections represented as nodes and road segments represented as links. Next, the
node assets were inserted into the graph connecting different link asset layers following
the relational diagram in Figure 4. For example, the refinery connects four different link
asset layers/subnetworks, namely, crude oil pipeline, product pipeline, railway, and road.
Table A1 shows five types of line assets in their original data format, geographic represen-
tation, and topographic representation (graph). Detailed documentation of this process is
summarized in Table A2.

The final multimodal fuel transportation network in the study area has 1455 nodes
and 1797 links. The average node degree (where the degree of a node equals the number of
edges connected to the node) is 2.74 and the average path length (the average path length
is defined as the average number of steps along the shortest paths for all possible pairs
of network nodes; this is a measure of the efficiency of information within a network) is
14.75. Most nodes have a relatively low degree (fewer than four), yet a small number of
nodes have a degree greater than ten, with 17 the maximum (Figure 5). From a network
science perspective, nodes with higher degrees are generally considered “hubs” within the
network. Figure 6 shows a topologic visualization of the multimodal network where the
hubs within the network are individually identified. It is evident that terminals (BNSF rail
terminal, Kinder Morgan Concord terminal, Nustar Energy Crockett terminal, and Buckeye
Sacramento terminal), refineries (Valero Benicia refinery and Shell Martinez refinery), and
ports (Port of Richmond and Port of Oakland) have more connections than other nodes
within the network. This result aligns well with knowledge gained from stakeholder
interviews [22]. Terminals and ports are critical assets to the operational success of the fuel
transportation network because they connect crude oil supply (upstream to midstream)
to refined fuel products’ distribution (midstream to downstream). Refineries are the
central nodes in the fuel supply–demand chain because they connect upstream supply to
downstream demand. Each drop of crude oil must pass through the refining process before
it reaches consumers.

To gain a better understanding of the impact of coastal flooding on the fuel trans-
portation network, we spatially overlaid the 120 flood model outputs onto the multimodal
network. For each node and link within the network, flood water depth (under 120 scenar-
ios) was extracted and attached to the node or link as an attribute. Our model assumes
assets exposed to one meter or more of inundation depth are likely to suffer disruption or
failure. This assumption does not take into consideration the diverse impact typologies
of coastal flooding on different fuel assets. For example, for assets that are entirely under-
ground, such as pipeline segments, inundation depth is not as relevant a damage typology
as erosion and sloshing hazards. Alternatively, for road assets where fuel trucks operate,
the minimum flood impact threshold may be lower [45]. For marine routes, for example,
increase in sea levels does not represent any damage potential per se but could induce
changes in vertical clearance restrictions for large fuel tankers circulating the Bay Area.
Therefore, all nodes and links shown to have greater than one meter floodwater inundation
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were removed from the network. As a result, a total of 120 “impacted” networks were
created in which regional and local effects of an assumed disruption given one meter
inundation depth could be assessed for each coastal flooding scenario.
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2.4. Flood Impact Analysis

We studied flood impact at two scales: regional and local. The regional scale analysis
focuses on measuring the impact of coastal flooding in terms of hazard exposure and
changes in network level properties over time (from 2000 to 2100) and under different
GCMs and RCPs scenarios. This process is broken down into three sections: (1) measuring
the change in the total number of nodes and links; (2) measuring the change in the number
of connected components; and (3) measuring the change in network efficiency. The first
section aimed to evaluate the total place-based exposure of the nodes and links within the
network under 120 flooding scenarios. This was achieved by subtracting the remaining
number of nodes and links from the original count that is not impacted by coastal flooding.
The second section aimed to explore whether the network becomes more fragmented
under various coastal flooding scenarios. Initially, the network is fully connected as one
component. However, if nodes within the network are disrupted by coastal flooding,
and therefore removed from the network, the network may break down into several
components or sub-networks. As a result, the routes between nodes will be impacted
and the performance of the network will decrease due to connectivity-based impacts. To
test whether coastal flooding impact on the fuel transportation multimodal network will
cause network fragmentation, the number of connected components was calculated. The
third section aimed to measure how the efficiency of the network changes over time. In
this study, Global Efficiency (GE) was used to quantify the changes in the efficiency of
the network under different flooding scenarios. The GE of a network, first proposed by
Latora and Machori [46], is a measure of the exchange of information within a network.
Osei-Asamoah et al. [47] explained that GE quantifies how flow is exchanged between
nodes in a transportation network. Specifically, the GE of the network is defined as:

GE =
1

N(N − 1) ∑
s 6=t

1
Zst

where: Zst is the length of the shortest path between node s and node t; N is the number of
nodes in the network.

The GE value obtained was normalized (min = 0, max = 1) by dividing by the GE of
an ideal network in which all node pairs are connected. Using the equation introduced
above, the global efficiency of all 120 impacted networks was calculated.

The local impact analysis focuses on the ripple effects due to disruptions of a particular
node within the network. This process was modeled based on the connectivity within the
original multimodal network. If one node is disrupted, then this node was identified as the
1st “ripple”, and all nodes that were directly connected to this node were labeled as the
2nd ripple. Similarly, the nodes that were connected to those identified as the 2nd ripple
were labeled as the 3rd ripple. This process was repeated until there were no other nodes
left that were connected to all previous nodes. In reality, fuel constantly flows through the
multimodal network from supply nodes to demand nodes with minimal stopping points. The
above-described model can approximate the downstream impacts of local network failures.

3. Results
3.1. Regional Impact

At the regional level, the impact of coastal flooding on the multimodal network was
first measured by evaluating the number of nodes and links that are directly exposed.
Figure 7 shows the result of node and link exposure across five time horizons. Overall, we
observe an uprising exposure pattern across both node and link assets over time. The RCP
8.5 scenarios have relatively larger exposure profiles than RCP 4.5 scenarios. Given the
same RCP, the 95th and 99.9th percentile sea level rise scenarios have a relatively larger
impact than the 50th percentile scenario. Furthermore, the variation in hazard exposure for
both node and link assets to coastal flooding also increases over time and is smaller for the
first two time horizons and larger for the following three time horizons.



ISPRS Int. J. Geo-Inf. 2021, 10, 573 10 of 21

ISPRS Int. J. Geo-Inf. 2021, 10, x FOR PEER REVIEW 10 of 24 
 

 

Figure 7 shows the result of node and link exposure across five time horizons. Overall, we 
observe an uprising exposure pattern across both node and link assets over time. The RCP 
8.5 scenarios have relatively larger exposure profiles than RCP 4.5 scenarios. Given the 
same RCP, the 95th and 99.9th percentile sea level rise scenarios have a relatively larger 
impact than the 50th percentile scenario. Furthermore, the variation in hazard exposure 
for both node and link assets to coastal flooding also increases over time and is smaller 
for the first two time horizons and larger for the following three time horizons. 

 

 

 

Figure 7. Node (top panel) and link (bottom panel) infrastructure asset exposure to 120 coastal 
flooding scenarios. The horizontal axis shows the five time horizons and the vertical axis shows the 
Figure 7. Node (top panel) and link (bottom panel) infrastructure asset exposure to 120 coastal flooding
scenarios. The horizontal axis shows the five time horizons and the vertical axis shows the count of
node and link assets. Median inundation scenarios under RCP 4.5 and RCP 8.5 are also included.

The percentage of nodes and links that are impacted by different coastal flooding
scenarios were also calculated and categorized according to the type of asset they represent
(Figure 8). On average, link assets have greater exposure to coastal flooding compared with
node assets. Among all asset types, product pipelines have a higher percentage of hazard
exposure, whereas refineries have a relatively lower percentage exposure. When compared
across different time horizons, all asset types experience a higher percentage of flood
hazard exposure towards later time horizons. The variation of exposure (within the same
time horizon) increases over time due to the uncertainties in future climate projections. A
similar pattern can also be observed for the count of the number of connected components,
in which the potential variation resulting in a fragmented network after disturbance by
coastal flooding dramatically increases in later time horizons (Figure 9). In particular, in
the first time horizon (2000–2020), the network generally remains as one fully connected
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network. However, in later time horizons, the total number of connected components
within the multimodal network and its variation within the given time horizon starts
to increase. This result suggests that, due to coastal flooding, the multimodal network
becomes increasingly fragmented over time with increasing variation. Such a result is
to be expected because short-, mid-, and long-term impacts of climate-change-induced
extreme weather events, namely, coastal flooding, were not fully accounted for when the
fuel transportation network was first designed.
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The global efficiency metric measures and compares flow exchanges between nodes
across different time horizons (Figure 10). Our results show that, in general, the efficiency
within the multimodal network decreases over time for both RCP 4.5 and RCP 8.5 scenarios.
For the first three time horizons (2000–2020, 2020–2040, and 2040–2060), network efficiency
remains stable. For RCP 4.5 scenarios, a steep drop in network efficiency occurs during
the last time horizon (2080–2100); however, for RCP 8.5 scenarios, the drop in network
efficiency happens earlier in the fourth time horizon (2060–2080). In the last time horizon,
the minimum value for global efficiency is higher compared with the fourth time horizon.
This is potentially caused by the significant divergence between RCP 4.5 and RCP 8.5 after the
third time horizon (Figure 7), which results in heterogeneous exposure of fuel transportation
infrastructure to coastal flooding under different climate scenarios. As previously mentioned
in Section 2.4, the shortest path distance between node pairs is a key component of the global
efficiency metric. It is possible that the shortest path distances for some node pairs are reduced
in some flood scenarios, resulting in a higher global efficiency value.
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3.2. Local Impact

At the local scale, the “ripple” effect caused by node asset failures on individual
node and link assets within the fuel transportation network was calculated and visualized
(Figure 11). Our results show that the potential impact of local coastal flooding disruptions
is greater than that observed in previous hazard exposure analysis. Although a particular
node in the multimodal network is not directly exposed to coastal flooding, it might still
experience disruptions due to network connectivity. In addition, it is commonly assumed
that nodes with a higher degree (‘hubs’ within the network) will likely cause a larger ripple
effect in terms of the total number of nodes that are indirectly impacted. However, the
results show that this might not always be the case. Some nodes within the network might
have a relatively low degree; however, the number of nodes that are impacted indirectly
due to a disruption to this node may be large. For example, the Valero Benicia refinery
has a relatively low degree compared with the BNSF rail terminal, yet the total number of
nodes that would be impacted due to local failure in the refinery is larger than that of the
rail terminal.
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4. Discussion

To the best of our knowledge, this study is one of the first attempts to understand
what the fuel transportation multimodal network is and how coastal flooding under future
climate scenarios impacts the CI network regionally, considering its interdependencies
between upstream and downstream infrastructures in the Bay Area. There are limitations
in our analysis that can be improved with future research. First, this study only considers
the impact of coastal flooding on the multimodal network. However, in coastal regions,
infrastructure networks are also vulnerable to inland flood hazards during extreme weather
events. Future research should model and measure the impact of both coastal and inland
flooding on fuel transportation multimodal networks under various climate scenarios. Our
preliminary experiments in the Bay Area using the 3Di hydrodynamic model that created
the 120 coastal flooding scenarios show impact potential from inland flooding caused
by extreme precipitation events. Second, although real-time fuel flow data is disclosed
at fuel asset owner and operator organization levels, a deeper understanding of the fuel
flow rates (volume transported in time units) is necessary to foster better contingency
plans in case of network disruptions to the fuel distribution. Fuel flow is essential to
measure capacity, asset criticality, and network robustness, using the steps implemented in
private organizations, but at the Bay Area level. Multiple network simulations should be
employed so that the region can better cope with fuel shortage events by understanding:
(1) how to redirect fuel flow in case of a node and/or link disruption; (2) whether there
exist reliable alternative routes or alternative transportation modes for fuel distribution;
and (3) which routes are critical in terms of redundancy or alternative routing. Third,
this analysis only incorporates flood depth as the coastal flooding hazard element. It
assumes a one-meter depth threshold to all fuel asset types to model disruption scenarios.
A finer assessment of damage typologies is needed to better understand how flood depths,
flood-water dynamics, duration, erosion, and other coastal flooding dynamics can impact
the diverse range of infrastructure assets that comprise the transportation fuel sector.
Finally, by better understanding coastal flooding damage typologies and integrating fuel
flow disruptions at the network level, future emergency planning can be enhanced via
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National Infrastructure Protection Plans and Energy Sector-Specific Plans formulated by the
Department of Homeland Security, and state-level emergency training, such as California’s
Emergency Fuels Set-A-Side Exercises [48–50].

5. Conclusions

Based on the analysis above, four main conclusions can be drawn:
First, the expected impact of coastal flooding on the fuel transportation multimodal

network increases over time with more uncertainty. The regional analysis results show that
the total number of nodes and links directly exposed to coastal flooding increases over time.
When examining the percentage of flood exposure by asset type, the same temporal pattern
remains. Overall, RCP 8.5 scenarios would have a bigger impact on the network than the RCP
4.5 scenarios. Given the same RCP, a higher percentile of sea level rise estimation would result
in a bigger impact on the multimodal network. Among all types of assets, product pipelines
are the most exposed to coastal flooding in terms of average inundation percentage.

Second, the multimodal network is likely to become more fragmented in the future
and network efficiency is likely to decrease over time, particularly during the last two
time horizons (2060–2080 and 2080–2100). Based on the results of this study, the number
of connected components within the multimodal network increases, suggesting that the
network is breaking apart, and forming many smaller sub-networks that are not connected
to one another. This also suggests that the number of all possible paths within the network
will decrease, leading to a drop in global efficiency. A steep drop in network efficiency
during the last two time horizons suggests that the exchange of flows within the network
will be hindered due to coastal flooding.

Third, when taking the ripple effects within the network into consideration, the
real impact of coastal flooding is much larger. One of the key characteristics of the fuel
transportation multimodal network is that all node and link assets are fully connected with
one another. Nodes within the network depend on many other nodes and links to maintain
normal operations. If a disruption occurs to one of the nodes, it is possible that other nodes
that are connected to this disrupted node will also be negatively affected. In other words,
even though a node in the network is not directly exposed and affected by coastal flooding,
it may still be impacted due to connectivity. Additionally, when comparing the ripple effect
of a node disruption based on the total number of nodes that will be impacted, the local
results show that smaller hubs within the network may cause a larger ripple effect than
some of the biggest hubs.

Finally, there are different sources of uncertainty in coastal flooding projections and
fuel transportation multimodal network exposure. Regarding network asset exposure to
coastal flooding, there is significant variation over the five time horizons. This stems from
the uncertainty embedded in global climate models, sea level rise estimates, and carbon
emission projections. From the first time horizon (2000–2020) to the final time horizon
(2080–2100), the variation in asset exposure to coastal flooding increases dramatically.
The uncertainty of the projected coastal flood models of the Bay Area identifies how
infrastructure exposed to the median coastal flooding scenario varies between 20 and 54%
during the period 2080–2100 under RCP 4.5, and between 40 and 67% for the same period
under RCP 8.5 [36]. The long-term variability in the exposure results (from the mid-21st
century onward) stems mostly from the choice of RCP scenarios. The same pattern is
observed for the percentage of asset exposure, the total number of connected components,
and the network global efficiency. The short-term variability in the exposure results (first
two time horizons) is derived predominantly from the inherent approximations of the
Earth systems’ complex interacting processes [24].

In summary, this paper proposes a science-based environmental planning approach to
understand the impact of coastal flooding on the fuel transportation network under multi-
ple climate scenarios for the Bay Area. The approach developed in this study goes beyond
the traditional place-based approach, in which risk is only assessed for assets directly ex-
posed to hazard areas. A network model is proposed to capture complex interdependencies
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of the fuel CI and to model the ripple effects of local network disturbances. This approach
and its results play an important role in (1) forming a comprehensive vulnerability and
risk profile for infrastructure network components, and the infrastructure network as a
whole; (2) measuring uncertainty in the potential impacts of sea level rise combined with
climate-change-induced coastal flooding on complex infrastructure; and (3) identifying
resilience options and proactive planning strategies towards more resilient fuel supply
systems for emergency management and other CI networks.
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Appendix A

Node assets:

1. Refinery: Refineries are the central node in the fuel supply chain system because
they are the convergence points between crude oil feedstock supply and fuel product
distribution. It is a complex industrial facility where raw crude oil is converted by a
range of different processes into usable fuel products [51]. In California, refineries
are mainly concentrated in the San Francisco Bay area, Los Angeles area, and the
Central Valley. Two million barrels of petroleum are processed into a variety of fuel
products, with gasoline representing about half of the total product volume [52]. In
the global oil industry, an oil barrel is defined as 42 US gallons, which is about 159 L
or 35 imperial gallons.)

2. Terminal: A terminal facility may have various meanings or functionalities depending
on the organization that works with them. They represent a highly complex com-
ponent of fuel transportation networks because they are functionally distinct, both
in terms of the mode involved and the commodities that are being transported [53].
There is no single definition of a terminal. Different agencies and institutions define
“terminal” differently according to their specific criteria. In this study, we define
terminals as locations in the fuel transportation networks in which liquid bulk fuel
commodity originates, terminates, or is handled in the supply and distribution pro-
cess [22]. They are a type of intermediary facility in the fuel supply system to transport
fuel from one node to another. They can be used to transport fuel within the same
mode of transportation or between different modes of transportation.

3. Port: In the state of California, ports are usually located along the coast and are
fully connected with the marine transportation network, and the crude and product
pipeline network. According to the California Department of Transportation (DOT),
there are 213 port facilities that handle fuel products within the state. These ports can
be used as crude oil unloading terminals, intermediate fuel transloading facilities, or

http://keystone.gisc.berkeley.edu/
http://keystone.gisc.berkeley.edu/
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destinations for refined fuel products. For example, the Richmond Long Wharf (RLW)
near the eastern terminus of the Richmond San Rafael Bridge is one of the largest
ports in California, with six berths for receiving crude oil and shipping refined fuel
products. It is connected to the Chevron Richmond refinery via a three-foot diameter
pipe, moving an average of 10,000,000 gallons of crude oil per day off tanker ships,
primarily from Alaska and a small number from the Middle East, to the refinery [54].

4. Gas station: Gas stations or retail fuel outlets are considered to be one type of end
consumer node of the fuel supply network in this study. According to the California
Retail Fuel Outlet Annual Reporting, there are 10,202 fuel stations that sell gasoline,
diesel, and other transportation fuel to the end users within the state [55]. After crude
oil is refined at the refinery, fuel products such as gasoline and diesel are transported
through product pipelines to terminals. Then, these products are offloaded onto tank
trucks through racks at the terminal and then delivered to gas stations. Almost all gas
stations within the state receive fuel delivery by tank trucks via the road network.

5. Airport: Airports in California are huge consumers of fuel: aviation gasoline (AvGas)
and jet fuel. According to Caltrans, there are approximately 200 commercial airport
facilities within the state that integrate the National Plan of Integrated Airport Systems
and thus are classified for functions that require fuel storage facilities within their
premises. Other primary jet fuel endpoints in the state are the 23 military airports [56].
In contrast to gas stations, airports usually rely on product pipelines for fuel transport.
A majority of jet fuel is transported via a pipeline from the refinery to an intermediated
terminal before it is distributed to the airport [22].

Link assets:

1. Pipeline: The U.S. has the world’s largest network of energy pipelines. Pipelines are
one of the most cost-efficient means of transporting energy fuels and are critical to
the oil industry. There are two general types of energy pipelines—liquid petroleum
pipelines and natural gas pipelines. In this research, we only studied the former type
of pipeline network. The liquid petroleum pipeline network comprises crude oil lines,
refined product lines, etc. In California, there are nearly 6000 km of crude oil pipelines
in service or idle [57]. Crude oil pipelines are mainly used to transport crude oil
from either marine oil terminals or inland terminals to refineries. For example, when
Alaskan crude oil arrives at the Richmond Long Wharf, it is transported via a crude
oil pipeline directly to the Chevron Richmond refinery. Regarding product pipelines,
Kinder Morgan operates over 60% of the product pipeline network in California,
followed by Chevron, Shell, and ExxonMobil, which operate between 5–10% each.
Phillip66, Andeavor, and the Department of Defense operate between 1–5% each of
product pipeline transects [22]. These product pipelines are used to deliver various
types of refined fuel products, such as gasoline, diesel, and jet fuel, to the end nodes
of the supply chain: gas stations, airports, etc.

2. Road: Among all modes of fuel transportation networks, the road network has the
highest density, which translates into higher redundancy and flexibility in case of a
link asset disruption. It is well connected to many types of nodes within the fuel
transportation network. Different trucking companies operate in different areas of the
state to move the finished products from intermediary distribution terminals to the
consumer. This mode of fuel transportation does not compete with other modes that are
designed for long-haul movements, and is thus limited to shorter distance distributions.

3. Rail: The railway is an important part of fuel transportation networks. A portion of the
crude oil supply to California depends on the railway system. There are some crude
railway terminals along these railway lines equipped with a rail yard for transloading
fuel to other modes of transportation, such as the crude oil pipeline network. The
two main rail operators in the state that work with crude oil transportation are Union
Pacific Railroad (UP) and Burlington Northern Santa Fe Railways (BNSF).

4. Marine route: The marine transportation network is also one of the most cost-efficient
ways of transporting liquid fuels. It is connected to the larger fuel transportation
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network system through ports and marine terminals. These routes can be used to
bring crude oil from out-of-state supply locations to California and they are also
used to transport refined fuel products from refineries to other demand nodes. For
example, 80% of the crude oil shipment to southern California arrives at Long Beach
Terminal 1/Berth 121 via the marine network.

Table A1. The process of creating topological representations of line asset types.

Network Type Original GIS Data Geographic
Representation

Topographic
Representation

Crude Oil Pipeline
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Table A2. The process of creating connections between all asset types.

Type of Node Asset Type of Link Asset Method of Connection Example

Port

Marine Route

Ports are the endpoints (vertex with degree of
one) of marine transportation routes. In the
network model, all ports are connect to the
nearest marine route vertex.

Port of Stockton, wharf No.9 is
connected to the nearest vertex
along the marine route.

Crude Oil Pipeline

Some ports are connected to crude oil pipelines
in order to provide crude oil supply directly to
refineries. In the network model, a port is
connected to crude oil pipeline endpoints if
this port is within 200 m radius of that crude
pipeline endpoint. The reason is that after a
screening of all crude oil pipeline endpoints,
all the ports that are connected to crude oil
pipeline locates within 200-m radius.

Benicia Industries Wharf No. 95
is connected to the nearby crude
oil pipeline endpoint to provide
crude oil supply to the Valero
Benicia Refinery.

Product Pipeline

Some ports serve as intermediate transition
points to receive and ship petroleum products.
Based on a screening of product pipeline
endpoints, a majority of the connecting ports
locates within 1 km of the product pipeline
endpoint. Therefore in the network model,
ports are connected to the nearest product
pipeline endpoint within 1km radius.

The Tosco Refining barge wharf
is connected to product pipelines
for the purpose of transporting
refined fuel products to other
demand locations.

Terminal

Marine Route

Crude oil from out-of-state is delivered to the
Bay Area via marine routes to marine
terminals for temporary storage purposes. The
subset of marine terminals (all marine
terminals locates within 1km buffer of marine
routes) are selected and then connected to the
nearest marine route vertex.

The Andeavor Martinez Refinery
receives crude oil by tanker
through the San Francisco Bay at
the Logistics LP Martinez marine
terminal, a third party terminal
in Martinez and third-party
pipeline systems.

Crude Oil Pipeline

Crude oil from California is delivered to the
coastal refineries by crude oil pipelines via
terminals or directly to refineries. Based on
existing knowledge on the connection between
terminals and crude oil pipelines, we find that
all terminals that connect to a crude oil
pipeline locate within 500-m radius of the
pipeline endpoint. Therefore, in the network
model, these terminals are connected to all
crude oil pipeline endpoints within 500 m.

Plains Martinez terminal is
connected to crude oil pipelines
to deliver crude oil to refinery.

Product Pipeline

Some terminals are directly connected to
product pipelines for refined fuel product
transmission purposes. Based on existing
knowledge on the connections between
terminals and product pipelines, we find that
all terminals that connect to product pipelines
locate within 500-m radius of the pipeline
endpoint. Therefore, in the network model,
these terminals are connected to all product
pipeline endpoints that are within 500 m.

The Kinder Morgan Concord
terminal is the biggest fuel
terminal in northern California.
It is connected to various
product pipelines in order to
transport refined products from
the refineries in Richmond to
Brisbane, Sacramento, Chico,
Fresno, Stockton, San Jose etc.

Railway

Railway terminals are transmission locations
for crude oil transportation. Based on a
screening of the subset of rail terminals, we
find that they locate within a 500 m radius of
railway endpoints. Therefore, in the network
model, rail terminals are connected to all
railway endpoints within a 500 m radius.

The BNSF crude rail terminal in
Richmond is connected to
multiple railway lines to
transport crude oil from state oil
fields to northern refineries.
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Table A2. Cont.

Type of Node Asset Type of Link Asset Method of Connection Example

Road

Terminals are usually connected to the drivable
road network for on/off loading of refined
products. In the network model, these
terminals are connected to the nearest road
network vertex.

The Kinder Morgan Brisbane
terminal has racks that could
off-load refined fuel products
onto tanker trucks for
final delivery.

Refinery

Crude Oil Pipeline

Refineries are often directly connected to crude
oil pipelines for crude oil supply. In the
network model, all five refineries within the
study area are connected to crude oil pipeline
endpoints based on online and previously
conducted interview findings.

The Chevron Richmond refinery
is connected to the Richmond
Long Wharf via a crude oil
pipeline for 100% of its
crude input.

Product Pipeline

Refineries are often connected to product
pipelines to transport refined fuel products to
other demand locations. In the network model,
the refineries are connected to product pipeline
endpoints based on online and previously
conducted interview findings.

The Chevron Richmond refinery
is connected to multiple product
pipelines to transport fuel
products such as jet fuel to San
Francisco airport.

Railway

Some refineries receive crude oil supply from
southern California via railways. Based on
interview findings, the crude oil coming into
the Bay Area by rail was idle therefore are not
considered in network model.

N/A

Gas Station Road

Gas stations are connected to the road network so
that tanker trucks can carry refined fuel products
from terminals or refineries to gas stations.
Therefore, in the network model, each gas station
is connected to the nearest road vertex.

The Shell gas station at 999 San
Pablo Ave, Albany is connected
to the road network for gasoline
and diesel supply.

Airport

Product Pipeline

Airports are big consumers of jet fuel and they
are always connected to product pipelines to
receive fuel supply. Based on online research
and interview findings, we selected San
Francisco Airport, Oakland International
Airport and San Jose International Airport and
connect them to the all product pipeline
endpoint within 500 m in the network model.

The San Francisco International
Airport is connected to jet fuel
product pipeline for its
fuel supply.

Road

Each airport is also connected to the nearest
road network vertex in the network model
because in real situation, almost all airports are
accessible by car.

The San Francisco International
Airport is connected to the
road network.
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