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Abstract
Interdependent critical infrastructures in coastal regions, including transportation, electri-
cal grid, and emergency services, are continually threatened by storm-induced flooding. 
This has been demonstrated a number of times, most recently by hurricanes such as Har-
vey and Maria, as well as Sandy and Katrina. The need to protect these infrastructures 
with robust protection mechanisms is critical for our continued existence along the world’s 
coastlines. Planning these protections is non-trivial given the rare-event nature of strong 
storms and climate change manifested through sea level rise. This article proposes a frame-
work for a methodology that combines multiple computational models, stakeholder inter-
views, and optimization to find an optimal protective strategy over time for critical coastal 
infrastructure while being constrained by budgetary considerations.
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1 Introduction

The nation’s and the world’s infrastructure is threatened by climate change. Nowhere is 
this threat more direct than along the coastlines where interdependent critical infrastructure 
(ICI) provides life-lines not only to those living in coastal regions but also for those far into 
the interior of the nation as coastal communities provide critical conduits for goods and 
services to travel inward. Storm surge, flooding due to a storm pushing water against the 
coastline, is a major threat in many coastal areas throughout the world, causing widespread 
damage across large swaths of coastlines as recently demonstrated by Hurricane Sandy 
(2012), which caused $67.6 billion in direct damage (NCEI 2018). Today and in the future, 
these disastrous events may become more common due to the impacts of climate change. 
Sea level rise, predicted to rise at least 1 meter in the world-wide mean by the end of the 
century (Parris et al. 2012; Stocker et al. 2013), is expected to cause storm surges associ-
ated with previously moderate coastal storm events to become disasters. New York City 
demonstrates this as seen in Fig. 1, where the predicted flood-plain expands with time and 
associated sea level rise. The result is increased vulnerability of the critical infrastructure 
as observed during Hurricane Sandy that caused significant interruptions to transportation, 
power and emergency services in New York. Finding ways to prevent these interruptions is 
central to ensuring the safety and longevity of our coastal areas and broader communities 
that depend on them.

Fig. 1  100 year-floodplain with sea level rise in the Lower Manhattan area. Bright blue color shows the 
floodplain in the 2020s and dark blue color shows the floodplain in the 2050s (Mayor’s Office of Sustain-
ability 2017a, b)
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Coastal protection strategies take a variety of forms and often the optimal strategy 
requires the combination of a number of different approaches. Finding the optimal strat-
egy, however, is extremely difficult and the true breadth of possibilities is rarely explored, 
especially when considering storms that are outside the historical record. The methodo-
logical framework proposed here combines computational models and social science to 
find “optimal” coastal protection strategies for infrastructure. It should be noted that in this 
article, “optimal” solution means “most effective and preferred” solution, given a number 
of prescribed constraints. Consequently, there are certain limitations in the definition of 
optimality, as future storms and sea level rise are highly uncertain events. The social sci-
ence component includes interviews of local and regional stakeholders who have technical 
and first-hand knowledge about the risks to critical infrastructure and about priorities in the 
area of interest. Stakeholders’ knowledge and perspectives are integrated into the compu-
tational component of the methodology in order to identify strategies that can successfully 
mitigate risks while also meeting local needs. In the end, the goal is to develop tools for 
determining optimal coastal protection of ICI accounting for climate change in ways that 
include the physical, financial, cultural, and social factors that are critical components for a 
successful adaptation (Adger et al. 2005).

In the following, the focus will be on New York City, although the proposed methodol-
ogy is general enough to be applied in any coastal area around the world. The NYC region 
provides a number of advantages as a test bed for the proposed methodological framework 
as the authors’ prior research was conducted in the area where they established valuable 
connections with important stakeholders. In addition, the complexities of the ICI in New 
York City make it an ideal test bed for any methodology claiming to address such complex-
ities. Finally, Hurricane Sandy’s relatively recent landfall provides an excellent validation 
test-case for the proposed models, as well as a test-case that resonates with stakeholders. 
This test-case will then be generalized with additional stakeholder input for other commu-
nities with a focus on the interdisciplinary aspect of the approach.

Summarizing, the paper is aiming to develop and present a new methodological frame-
work for determining the optimal coastal protection strategy for ICI subjected to the com-
bination of storm surges and sea level rise, including the identification of models and data 
sets required, and then to demonstrate the modeling and data integration using a simple, 
illustrative example. The full implementation of the method with its optimization compo-
nent is currently in progress and will be presented in future work.

2  Risk to the interdependent critical infrastructures (ICI) of New York 
City

When storm surge damages critical infrastructures, important interdependencies among 
infrastructure components may extend and exacerbate impacts well beyond any initial 
infrastructure failures. One example is the failure of critical arterial roadways prevent-
ing emergency services from reaching certain areas. Impacts to the power grid, especially 
long-term ones, can impact both transportation networks and medical services due to lack 
of consistent power. These include loss of the signaling system in mass transit or of sup-
ply of consistent power to hospitals, both experienced during Hurricane Sandy. New York 
City’s experiences during Sandy demonstrated these and other failures due to interdepend-
encies that must be addressed to ensure a more resilient city. We will focus on three com-
ponents of New York City’s ICI: the transportation infrastructure, the power infrastructure, 
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and the emergency services infrastructure, in relation to their risk from storm surge and 
climate change through sea level rise.

2.1  Transportation

The transportation infrastructure includes both above and below ground components, but 
due to its susceptibility to storm-induced flooding and sea level rise, more emphasis will 
be placed on the underground component (subway or train tunnels and stations, car tunnels, 
etc.). The above ground component is also considered, especially in low-lying areas/flood 
zones (e.g., roads, bus depots, subway car parking areas, etc.).

During Hurricane Sandy, there was extensive damage to the transportation infrastruc-
ture of New York City. The underground transportation infrastructure in New York City 
is essentially open to the air. Water entered subway/rail tunnels through low-lying sta-
tions and ventilation grilles/openings. After the massive damage that occurred, the Met-
ropolitan Transportation Authority of New York City has been implementing the installa-
tion of watertight hatches, doors, and coverings to locations that flooded during Sandy. In 
addition, water can sometimes enter tunnels through basements of nearby buildings. Car 
tunnels were also flooded through their entrances and ventilation mechanisms. Once the 
underground transportation infrastructure is flooded, restoration to its prior serviceability 
level can be long, as water has to be pumped out first and then affected electrical systems 
have to be checked and repaired as necessary.

New York City’s transportation infrastructure is particularly complex. For the purposes 
of this work, emphasis will be placed on (1) the subway system, (2) the rail system (3) all 
car tunnels, (4) streets and roadways in low-lying areas with particular emphasis to those 
providing access to critical medical facilities, and (5) low-lying bus depots and subway/
train car parking areas in flood-prone zones. The subway system will be fully accounted for 
with particular emphasis to the underground part of the network and the above ground part 
located in low-lying areas. The rail system, including Amtrak, Long Island Railroad, PATH 
Train and Metro North, is heavily interconnected with the subway system (e.g., at Penn-
sylvania Station, Grand Central Station, and World Trade Center Station), and this will be 
taken into account.

2.2  Power grid

The power grid in New York City is another critical piece of its infrastructure that expe-
rienced significant failures during Hurricane Sandy. Most of the grid’s power lines are 
located underground and this serves as a safety feature for certain weather-related hazards 
such as strong wind and ice storms. However, and most critically, this feature also exposes 
the grid to an increasingly important weather-related hazard: flooding. The power grid also 
includes above ground features, such as power stations that are vulnerable to storm-induced 
flooding, as illustrated by the power outage that occurred in Lower Manhattan during Hur-
ricane Sandy.

New York City’s power grid is a distribution system which provides power within a rel-
atively narrow geographical area. Transmission systems, in contrast, transport power over 
long distances at high voltages while distribution systems operate at lower voltages. Per-
haps uniquely among major metropolitan areas, New York City generates a comparatively 
large fraction of its power, approximately 60%. The 40% shortfall is large enough that if 
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in the event of severe weather little or no power reaches the city from outside sources, the 
intra-city power grid would collapse or deliver only a small fraction of the 60%.

Along these lines, it is important to have an intuitive understanding of the process by 
which a grid “fails.” The process starts with the failure of some components, such as a 
power line (e.g., disabled by wind or a short-circuit) or a transformer (e.g., disabled by 
flooding). Following such an event, power is redistributed according to laws of physics. 
This redistribution may place an overload on other equipment, such as other power lines. 
Overloaded power lines “trip” (stop operating) when local circuit breakers indicate that 
temperature has reached a critical point. Thus, it is possible to observe a set of secondary 
line interruptions, which may cause loss of power to customers or may cascade into a larger 
systemic failure. Such a cascade may lead to a complete system collapse when the avail-
able power sources can only provide a relatively small fraction of the overall power that is 
needed at the time. “Smart-grid” protective measures that intelligently reduce demand in 
real time, to mitigate such a cascade, are still in the research stage.

2.3  Emergency services

The third component of the infrastructure system that will be considered is emergency ser-
vices that are especially critical during any catastrophic event. The components that will be 
considered include police and fire stations, hospitals and other treatment centers, as well 
as the associated delivery of these services via the transportation infrastructure. The infra-
structure needed to coordinate emergency services will be considered, as well as any other 
services identified by the relevant stakeholders. The most important objective for hospitals 
during a major flooding event is to continue operating with emergency power generators. 
If the area surrounding a hospital becomes flooded, it becomes impossible for emergency 
response vehicles to reach the hospital. The interconnectivity of emergency medical ser-
vices and the transportation infrastructure is absolutely critical and will be considered as 
part of this study.

All hospitals and treatment centers in New York City will be accounted for. They will 
be considered as nodes of a network connected through the transportation infrastructure. 
The risk of failure of emergency power generators will be considered in our analysis.

2.4  Interdependencies

The aforementioned infrastructures in New York City can be heavily dependent on one 
another. For example, it was a loss of power due to explosions of an electric utility located 
close to the East River during Hurricane Sandy that triggered the evacuation of the New 
York University Hospital Center/Bellevue Hospital following the failure of its power gen-
erators due to flooding. A breakdown in transportation (flooded roads and subways) pre-
vented emergency services to reach areas that were in critical need and impeded access to 
medical facilities. Such interdependencies of the various infrastructures will be considered 
as part of this work.

2.5  Data availability

To evaluate the proposed methodology, databases from the authors’ past research for the 
transportation system, the power grid, and critical emergency services are used. These 
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databases are combined into a highly detailed Geographical Information System (GIS) 
including the: 

1. Underground transportation system of New York City A detailed description of NYC’s 
subway system, train system, and all car tunnels is currently available from the Metro-
politan Transportation Authority of New York City (MTA), the Port Authority of New 
York and New Jersey (PANYNJ), and Amtrak. This database includes critical elevations 
of all openings of the underground infrastructure such as station entrances and ventila-
tion openings, size of all these openings, and exact mapping of all stations and tunnels 
including their location, dimensions, and overall volume.

2. Above ground transportation system Location and critical elevations of all streets and 
roads in New York City, as well as of selected low-lying bus depots, subway car parking 
areas, airports, etc., are also available.

3. Critical facilities Location and critical elevations of all critical facilities including hospi-
tals, fire departments, police departments, military installations, gas and electric utilities, 
are available as depicted in Fig. 2.

4. Complete building information in New York City Location, critical elevations, building 
usage, and asset data are finally available for every building in the city.

Fig. 2  Locations of hospitals, fire departments, police departments, military installations, gas and electric 
utilities, and schools



1827Natural Hazards (2021) 107:1821–1843 

1 3

3  Framework of the proposed methodology

The proposed methodology aims at determining optimal protective strategies based on 
parameterizations of various protective measures, physics-based storm surge models that 
will evaluate these strategies, damage estimates due to storm-induced flooding, and quan-
tification of the success of a protective strategy, integrated with input from professional 
stakeholders and members of at-risk communities for determining a realistic optimal 
solution.

The conceptual layout of the proposed methodological framework is depicted in Fig. 3. 
Its four basic components are: 

1. New protective strategy Each iteration starts with the formulation of a new protective 
strategy which is based on the evaluation of previous protective strategies as well as 
random perturbations. A protective strategy may consist of multiple protective measures 
implemented at different geographic (spatial) locations and at different times.

2. Simulated flooding The extent of the storm-induced flooding over the area under con-
sideration is estimated accounting for the various different protective measures of the 
corresponding protective strategy. This is accomplished using the available simulation 
tools (the more computationally inexpensive GIS-based model or the more accurate 
GeoClaw model).

3. Flooding damage assessment Using the extent of the storm-induced flooding over the 
area under consideration, the resulting damage/loss is estimated.

4. Suitability of protective strategy Using the estimated damage/loss for the current itera-
tion and corresponding damage/loss of previous iterations, it is possible to assess the 
relative suitability or effectiveness of the current protective strategy with respect to those 
of previous iterations. The cost of implementing the protective strategies and stakeholder 
feedback are taken into account.

Fig. 3  Conceptual layout of proposed methodological framework
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Key aspects of the proposed methodological framework are described in further detail in 
the following.

3.1  Parameterization of protective strategies

Each protective strategy at a specific iteration will include a set of different protective 
measures that will be appropriately parameterized. There are various possible protective 
measures such as large-scale storm barriers, seawalls, levees, artificial islands and reefs, 
restoration of wetlands, sand dunes, sealing of individual components of the infrastruc-
tures (e.g., installing water-tight door/hatches at subway station entrances and ventilation 
openings), raising individual components of the infrastructure to larger heights, relocation 
of individual components of the infrastructure or of entire communities to higher ground 
away from their current location, etc.

For example, for the case of a seawall, the corresponding parameterization includes: (1) 
the location and length of the seawall and (2) its height. The parameterization allows for 
spatially and temporarily varying location, length, and height of the seawalls. The temporal 
dependence allows for the sea-wall to be built at a certain height at a certain time and to 
increase its height at a later time if needed. The construction cost including labor wages 
will be provided by stakeholders and informed by previous similar projects. A critical con-
sideration when building the original wall will be to design it in such a way that it could 
carry the additional weight resulting from an increase in its height in the future. Param-
eterizations can be easily developed for all the other protective mechanisms considered.

3.2  Storm‑induced flood models

Previous approaches to calculating storm-induced flood damage have addressed the prob-
lem by using either a computationally inexpensive model capable of performing a large 
number of calculations with limited accuracy (lacking a robust and complete description 
of the flood), or a computationally expensive and highly accurate model that can only be 
used to perform a limited number of calculations because of its high computational cost. 
One of the main innovations of the proposed methodology is the combination of both of 
these models by narrowing down the parameter space using the computationally inexpen-
sive model, before using the higher accuracy but more computationally expensive model to 
determine the exact final solution.

In the proposed methodological framework, the computationally inexpensive model 
uses a GIS-based flood model (GIS-based Subdivision-Redistribution Simulation (GISSR) 
Miura et al. 2021) described in Sect. 3.2.2. The computationally expensive but more accu-
rate model uses GeoClaw, which can solve the shallow water equations with high accuracy, 
providing a dynamic simulation of a body of water’s response to a storm. It is described in 
Sect. 3.2.3.

3.2.1  Future storms and sea level rise

Both models require a series of inputs. The first input is an ensemble of storms over a 
prescribed time frame that each protective strategy will be tested against. One major 
challenge in analyzing the susceptibility of New York City’s ICI to a weather-related 
exogenous event is that few such events have taken place. The ensemble of storms is 
defined using the record of historical storms that have hit the New York City area in a 



1829Natural Hazards (2021) 107:1821–1843 

1 3

probabilistic manner, as well as taking advantage of a synthetic ensemble of physically 
realizable storms as was done in Lin et  al. (2012). A specific maximum storm surge 
height can be simulated for each storm using a probabilistic model based on the his-
torical data. The simulation for the proposed optimization methodology uses a modified 
beta distribution function for the future peak storm surge estimations in Lower Man-
hattan, NY. The details of this modified beta distribution model will be provided in an 
upcoming paper. The uncertainties in occurrence and intensity of future storms over 
the prescribed period of time considered are addressed by simulating a large number of 
storm sequences over the time period considered. Each storm sequence contains a dif-
ferent number of storms, with different occurrences and corresponding intensities. At 
the end, a histogram of the overall damage loss can be established over the prescribed 
period of time.

The second input is the consideration of sea level rise. Given a time-frame for evalu-
ation defined at the outset of the optimization process, the specific amount of sea level 
rise at a specific time in the future will be determined using a probabilistic model. This 
sea level rise will be combined with the height of a storm surge. For example, the sea 
level rise projections for New York City shown in Table 1 (Horton et al. 2015; Gornitz 
et al. 2019) can be added to the generated storm surge data. It should be noted that the 
variations in sea level rise may alter the coastal configuration and the storm surges but 
this is beyond our current modeling capabilities.

3.2.2  GIS‑based dynamic flood level models

The initial iterations in the optimization process in Fig. 3 will use the GIS-based system 
GISSR developed by the authors (Miura et  al. 2021; Jacob et  al. 2011). The GISSR 
system includes a very detailed digital elevation model (DEM) with a resolution of 1 
ft, building footprints with essential building information [including height, area, value 
(asset), usage, and basement data] in New York City, complete description of transpor-
tation systems (above and below ground), etc. Layering these features together with 
flood height data will enable us to determine the overall height of water at the location 
of each and every infrastructure component in the city.

The simulation only needs topographical data, surge data (time history of water 
level along the coastline), and protective measures, if any, as inputs. The simulation 
can estimate the amount of flooding when the surge exceeds the height of the protective 
measures. Representative results from two different GIS systems regarding the flooding 
of the infrastructure systems above and below ground in New York City are shown in 
Figs. 4 and 5 (Jacob et al. 2011; Miura et al. 2021).

Table 1  Sea level rise projections (2000–2004 is the sea level baseline)

Low estimate (10th per-
centile)

Middle estimate (25th to 75th per-
centile)

High estimate 
(90th percen-
tile)

2050s 8 in. (0.203 m) 11–21 in. (0.279–0.533 m) 30 in. (0.762 m)
2080s 13 in. (0.330 m) 18–39 in. (0.457–0.991 m) 58 in. (1.473 m)
2100 15 in. (0.381 m) 22–50 in. (0.559–1.270 m) 75 in. (1.905 m)
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3.2.3  The GeoClaw model

Once the optimization process in Fig. 3 has sufficiently narrowed down the space of protec-
tive strategies using the fast GIS-based model GISSR, the GeoClaw model will be used to 
calculate time-dependent, storm-induced flooding with high accuracy. GeoClaw is a finite 
volume, wave-propagation numerical method described in LeVeque (2002) and is a part 
of the Clawpack (Mandli et al. 2016). An example of GeoClaw’s capabilities is shown in 
Fig. 6.

3.2.4  The overall simulation model

The GISSR model and the GeoClaw model can each calculate the extent of flooding from 
a specific storm with varying levels of accuracy and computational efficiency. However, 
the overall methodological framework and the associated optimization scheme depicted in 
Fig. 3 do not depend on the outcome of a single specific storm. Instead, they depend on the 
outcome of the entirety of possible storms over a prescribed period of time. This is accom-
plished in the following way.

Assuming that the prescribed period of time under consideration is N years, one simula-
tion consists of determining the number and occurrence times of all storms within these 

Fig. 4  Representative results of GISSR (Miura et al. 2021) in Lower Manhattan, NY. Light blue color indi-
cates the inundation area from Hurricane Sandy; darker blue color indicates Sandy’s inundation area with 
added middle estimate of sea level rise in 2050; darkest blue color indicates the inundation area of Sandy 
with added middle estimate sea level rise in 2100
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N years (a Poisson model can be used for this purpose). Then, a specific maximum storm 
surge height is simulated for each and every storm in this period of N years using the modi-
fied beta distribution model mentioned earlier. This simulation process over the period of 
N years is repeated a large number of times M (e.g., M = 1000 ). For each of these M times, 

Fig. 5  Representative results of the GIS system from Jacob et  al. (2011). Heavy blue lines indicate fully 
flooded subway tunnels from the 100-year flood in New York City

Fig. 6  Left: A snapshot of a GeoClaw storm surge simulation of Hurricane Ike at landfall. Right: Tide 
gauge data computed from GeoClaw along with observed data at the same location. The wall clock time 
was 2 h and the CPU time 8 h (Mandli and Dawson 2014)
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the number and specific times of occurrence of the storms within the N years will be dif-
ferent. The corresponding maximum storm surge heights will also be different. Eventually, 
statistics will be derived from the M simulations performed over the prescribed period of N 
years. For example, statistics of the overall damage/loss over the N years can be established 
(mean, standard deviation, and even a rough estimate of its PDF if M is large enough).

The following section describes how to compute damage/loss for a specific storm event. 
Adding the damage/loss from all storms within the N years of one of the M simulations 
provides the corresponding overall damage/loss. This is repeated M times to determine M 
values of the overall damage/loss over N years. After that, computation of corresponding 
statistics is straightforward. The resulting very large number of generated storms ensures 
the capturing of rare events with very large storm surges.

3.3  Flooding damage assessment

Using appropriate fragilities (e.g., Hazus 2018), the loss for every component of the infra-
structure can be computed (including structural damage, damage to contents, and loss of 
use) for a given storm with known water height at any location within the geographical 
area considered (using GISSR or GeoClaw). The losses are then added for all infrastruc-
ture components inside the geographical area considered to establish the overall loss from 
this specific event. The interconnections of different infrastructures will be considered. For 
example, a power failure can trigger interruptions in subway service, street traffic lights, 
communications (especially wireless), water supply to tall buildings and many other areas. 
The interconnections can continue beyond this level. For example, loss of street traffic 
lights can lead to traffic chaos preventing emergency vehicles to reach their assigned desti-
nations. Loss of wireless communications can negatively affect the coordination of emer-
gency services, and so on.

This damage assessment procedure requires a detailed description of all components 
of the infrastructure in the geographic area under consideration. This information has to 
include the following for each component of the infrastructure: exact geographic location, 
critical elevations (elevations of openings from where water can enter and flood the struc-
ture), description of structure (materials, form, use, etc.), fragility of structure as a function 
of the height of water at its location, value of structure and of its contents, per diem cost 
resulting from loss of use of the structure, etc. Note that here, cost is associated with the 
loss and subsequent repair of the infrastructure, not the cost of the protective measures that 
are accounted for separately. It should be pointed out that both the above ground and below 
ground infrastructures are accounted for.

3.3.1  Damage functions for physical loss

The first step in flooding damage assessment translates water height to percent loss of a 
structure using damage functions/fragilities. Water heights at the location of every struc-
ture are computed using GISSR or GeoClaw. This step will also be informed by the stake-
holder interviews so that first-hand knowledge of weaknesses, strengths, and interconnec-
tions of the infrastructure is included as accurately as possible.

Figure 7 shows typical damage functions providing damage percentage as a function of 
flood height for different types of structures. They are provided by Hazus that was devel-
oped by the Department of Homeland Security, Federal Emergency Management Agency. 
Damage functions are available for a variety of different classes of buildings, including 
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various residential building types, commercial building types, utilities, factories, theaters, 
hospitals, nursing homes, churches, etc. It should be mentioned here that the Hazus dam-
age functions/fragilities have been developed for static type of flooding resulting from rain-
fall. The storm surge type of flooding considered in this study is somehow different as it 
involves wave action close to the coastline. This is accounted for through appropriate mod-
ifications of Hazus damage functions. Another unique characteristic of this study centered 
in New York City is the prevalence of tall and very tall buildings. Appropriate damage 
functions will be developed for such buildings that usually sustain damage from flooding 
that is only a small percentage of their overall value. Finally, the authors have developed 
damage functions/fragilities for the underground transportation system in New York City 
including direct damage and loss of use. The total damage/loss in a target area Cdmg related 
to physical loss is computed from:

where N is the total number of buildings in the area, ai is a total value/asset of building 
i,   and Di is the percentage of the total replacement cost associated with flood height hi 
observed at the location of building i. The flood height at each location hi is computed by 
subtracting the critical elevation of each building from the flood height.

3.3.2  Economic loss assessment

Damage/loss due to suspended business operations during the restoration period will be 
considered if the building has commercial areas and did not collapse (the buildings with 
over 50% damage will be considered as collapsed). Hazus (2018) developed damage 

(1)Cdmg =

N
∑

i

aiDi(hi)

Fig. 7  Hazus (2018) damage functions related to physical loss for various types of structures as a function 
of flood height. The damage functions for police and fire departments and emergency operation centers are 
the same. The damage function for electric utilities is available only in the 0 to 3-meter range
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functions for two types of economic loss: inventory loss and income loss. The total inven-
tory loss Cinv is computed as:

where Ninv is the total number of commercial/industrial buildings/occupancies dealing 
with inventories, Ai is the floor area at and below the flood height hi , Si denotes the annual 
gross sales for occupancy i, and Bi is the business inventory which is a percentage of gross 
annual sales. This applies to retail trade, wholesale trade, and industrial facilities. The total 
income loss Cinc is computed from:

where Ncom is the total number of buildings/occupancies with commercial areas, fi is the 
income recapture factor for occupancy i, Ii is the income per day for occupancy i, and di 
is loss of function time for the business in days. When a storm destroys more than 50% of 
a building, the building is considered as collapsed and will be demolished (not repaired).

3.3.3  Overall damage assessment

Following the damage assessment methods described in Sects.  3.3.1 and 3.3.2, overall 
damage cost estimates can be computed as a function of flood height. The overall cost 
estimates include physical damage loss [Eq. (1)], inventory loss [Eq. (2)], and income loss 
[Eq. (3)]. For example, Fig. 8 displays representative damage cost estimates in Lower Man-
hattan for different levels of flood height using Eqs. (1) to (3).

3.4  Assessment of suitability of a specific protective strategy

The iterative process depicted in Fig. 3 is based on the assumption of a prescribed time 
horizon of N years (N can be 20, 50, 100 years or any other number). The first step is to 
calculate the overall losses over the N years from all possible storms during this period, 
without any protective strategy implemented. We denote these losses by Lno (losses are 
considered in a statistical sense in this section as Lno is computed M times from M different 
simulations over the period of N years).

The basic requirement for any protective strategy is that its implementation (construc-
tion) cost Lco and overall losses Lps is less than Lno:

If Eq. (4) is not satisfied for a specific protective strategy, then this strategy is unacceptable 
(since doing nothing has a lower overall cost).

During the iterative optimization process shown in Fig. 3, a large number of different pro-
tective strategies are considered (a new strategy at every iteration). If the sum of the imple-
mentation cost and overall losses of the protective strategy at iteration (i) is less than that 
of iteration ( i − 1 ), the protective strategy at iteration (i) becomes the temporarily optimum 

(2)Cinv =

Ninv
∑

i

Di(hi)Ai(hi)SiBi.

(3)Cinc =

Ncom
∑

i

(1 − fi)Ai(hi)Iidi(hi).

(4)Lco + Lps < Lno.
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solution. Otherwise, the protective strategy at iteration ( i − 1 ) remains the temporarily opti-
mum solution and a new protective strategy is tested against it. This procedure is expressed as: 

The iterations continue until (Lco + Lps) stabilizes without further reduction possible in 
subsequent iterations. It should be mentioned that as with Lno , Lps is considered in a statistical 
sense.

Stakeholder identification of pertinent metrics will be incorporated into the assessment 
through the social science component of the method. Knowledge from stakeholder interviews 
and community meetings will be included by adjusting the weighting of various components 
or adding new criteria as appropriate. For example, stakeholders might identify critical areas 
that should not flood and therefore should be weighted more heavily. Considering multiple 
time horizons will allow the evaluation of the long-term success of each protective strategy 
(Hancilar et al. 2014; Lopeman et al. 2015).

Finally, it is important to mention that the methodology includes an upper limit for the 
implementation cost of the optimal protective strategy:

(5a)
If (Lco + Lps)(i−1) > (Lco + Lps)(i) then (Lco + Lps)(i) becomes the new optimal

strategy temporarily and a new protective strategy is tested against it.

(5b)

If (Lco + Lps)(i−1) < (Lco + Lps)(i) then (Lco + Lps)(i−1) remains the optimal

strategy, (Lco + Lps)(i) is discarded and a new protective strategy is tested against

(Lco + Lps)(i−1).

(6)Lco ≤ upper limit of budget (dollars)

Fig. 8  Overall losses in Lower Manhattan (below 34th Street) from a single storm of different flood height, 
without accounting for any protective measures. Losses include physical damage loss [Eq. (1)], inventory 
loss [Eq. (2)], and income loss [Eq. (3)]
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3.5  Stakeholder interactions and feedback

As part of developing this method, local stakeholders who have technical and empiri-
cal first-hand knowledge about ICI in New York City have been interviewed to elicit their 
understandings and perceptions of how critical infrastructure is impacted by storm surges, 
and how these impacts are amplified through infrastructure interdependencies. Findings 
from these interviews provide information that goes beyond the strictly technical under-
standing that usually informs protective strategy planning. By engaging and integrating the 
knowledge of stakeholders in this arena, adaptation options to protect coastal infrastructure 
will be attuned to the particular and contextual risks that transportation, power grid, emer-
gency services, and other components of the infrastructure face due to storm surge hazards. 
Moreover, by understanding how storm surge intersects with infrastructure, and about inter-
dependencies within complex infrastructure systems from multiple perspectives, a deeper 
understanding of the complexity is gained than from any single perspective. In this way, the 
optimization methodological framework will not only rely on GISSR and GeoClaw mode-
ling but also on the wealth of experiential knowledge about infrastructure interdependencies 
held by local stakeholders, particularly based on their experiences with Hurricane Sandy 
which devastated communities and the infrastructure systems on which they rely.

Complementing the stakeholder interviews, the method also includes participating in 
community meetings with local groups who are actively pursuing coastal community resil-
ience activities. The community meetings will be an opportunity to reach out to selected 
communities with results of the optimization framework and assess it according to com-
munity needs and priorities.

3.5.1  Stakeholder interviews

Stakeholder interviews were conducted in the initial stages of the project to enable the inter-
view results to inform the optimization framework from the early stages of development. 
Stakeholders that were interviewed were selected based on relevance to the project and their 
connection to NYC’s ICI, with additional stakeholders identified based on recommendations 
from the initial interviewees following a purposive snowball sampling technique (Burawoy 
1998). According to standard social science practice, interviews were recorded and tran-
scribed for analysis. In order to ensure that interviews yield insight relevant to the operation 
and goals of the optimization framework, the research team collaborated iteratively to cre-
ate the interview protocol and the coding scheme used to guide analysis, thus including the 
computer modeling and infrastructure experts in the social science methodologies.

Our current implementation of the method includes interviews conducted in two phases. 
In phase one, at the beginning of the project, ten stakeholders were interviewed to elicit 
their mental models of storm surge impact on ICI in New York City. Mental models are 
causal beliefs about how the world works, including complex relationships within specific 
processes (Morgan et al. 2002; Jones et al. 2011; de Bruin and Bostrom 2013; Lazrus et al. 
2016). To characterize stakeholders’ mental models of storm surge impacts and critical 
infrastructure interdependencies, stakeholders were asked to describe storm surge risks to 
infrastructure in general and progressively narrow the field of questioning to follow up on 
and hone in on specific elements of their mental models following Lazrus et al. (2016) and 
Morss et al. (2015). Interviewees also viewed a sample of initial GeoClaw model simula-
tions and provided feedback on their understanding, trust, and potential utility of the model 
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information. In phase two, once initial modeling results using the input from the phase 
one interview became available, the same set of stakeholders was re-interviewed, this time 
to assess how well the optimization framework captures their perspectives and to identify 
key areas for improvements to the optimization methodology. The authors who developed 
physical models also joined the second set of interviews and discussed the models and 
simulations directly with the stakeholders to obtain their feedback.

Initial findings from the interviews have already informed the development of the opti-
mization framework, and they will continue to do so as the modeling and optimization are 
performed. First, they are informing the types of critical infrastructure and infrastructure 
interdependencies that we are including in the modeling. Second, among the stakehold-
ers interviewed, there is a great diversity of familiarity with storm surge models, and thus 
some stakeholders are much more fluent in interpreting the model simulations than others. 
We have made adjustments to how the model is presented with this in mind. For example, 
in order to make the simulations more legible to this audience, we have noted the impor-
tance of increasing the geographic resolution of the model so that stakeholders can more 
easily identify key features of the New York area. One example is the Rockaway Peninsula, 
which is a key geographic feature of the New York landscape and thus is important to 
resolve for stakeholders to become oriented in the simulations.

3.5.2  Community meetings

Another component of the method is participating in community meetings in the final 
phases of the project, as an opportunity to share results of the optimization framework, 
learn where it may need to be adjusted to conform to community values, and explore social 
acceptability. For example, if the optimization framework points to coastal solutions that 
may hinder crucial subsistence, recreational, or other cultural activities, the research team 
will understand where flexibility and options need to be included in the framework. Com-
munities in which these meetings will be held will be identified using the initial results of 
the optimization framework itself: where the risks of sea level rise are greatest and any 
existing protective/adaptation measures are inadequate to address them. Conversations dur-
ing the community meetings will be carefully guided to manage expectations based on the 
optimization framework results and to empower local community members to make adap-
tive decisions that meet economic, social, and cultural priorities.

3.6  Optimization component

The optimization component of the iterative scheme shown in Fig. 3 involves the selection 
of the new protective strategy to be evaluated in the following next iteration as described in 
Sect. 3.4. This constitutes a significant challenge due in part to the scale and scope of the 
underlying problem, but primarily due to deep nonlinearities in the model, and uncertain 
and noisy data. It is expected that a large number of iterations will be necessary to identify 
the optimal solution for the protective strategy. In the beginning, and for the majority of 
iterations, the computationally efficient GISSR model will be used. The GeoClaw model 
will be used at the end to provide high accuracy (but at a higher computational cost).

As discussed above, the optimization scheme includes a constraint: there is an upper 
limit of the budget available to implement the optimal protective strategy as indicated in 
Eq. (6). The optimal protective strategy will therefore be different with different budgetary 
considerations.
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4  Example: fast damage assessment with GISSR model

A GISSR-based flood risk assessment system has been developed by the authors and is able 
to determine the total loss to the infrastructure as a function of flood height that is assumed to 
be constant along the coastline. An example scenario of damage assessment is provided in this 
section considering losses only to the above ground infrastructure (although a full description 
of the underground transportation infrastructure exists and will be used later in this project).

4.1  3.44 m Height flood scenario

The Lower Manhattan area below 34th Street has been selected for this demonstration 
since the region experienced massive damage during Hurricane Sandy due to inundation 
and power-outage. Eventually, the entire New York City will be considered in this project. 
Based on the damage functions [Eqs. (1) to (3)] and complete building information in the 
Lower Manhattan area, the cost of physical loss and economic loss is computed assum-
ing a 3.44 m flood height (from Mean Sea Level) all over the targeted region. No protec-
tive measures or strategies are considered for demonstration purposes. The targeted area is 
shown in Fig. 9. The height of 3.44 m is the peak flood height at Battery, NY during Hur-
ricane Sandy.

Fig. 9  Target area focused on Lower Manhattan below 34th Street where buildings’ critical elevation is 
lower than other regions in the city and extensive power-outage happened during Hurricane Sandy. Subway 
stations are marked and subway lines are colored according to the MTA standard manner (although they are 
not considered in this example)
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Figure 10 shows the area inundated by the 3.44 m flood height. It is clear that multiple 
buildings exist within the flooded area.

4.2  Total damage assessment

There are 14,443 buildings in the targeted area shown in Fig. 9. 1014 of these buildings 
would be flooded to some degree, and consequently, they would experience some level of 
damage by the 3.44 m height flood. Total losses and corresponding damage percentages for 
each building are provided in Figs. 11 and 12. The total damage (physical) loss to all these 
building structures would be $678 million by applying the damage function in Eq. (1). The 
corresponding total inventory loss for commercial and industrial facilities is $4.3 million 
[Eq. (2)] and the total income loss is $328 million [Eq. (3)]. The total (overall) loss, $1.0 
billion, is a reasonable estimate considering that the targets here were only buildings in the 
Lower Manhattan area, compared to the total loss in the entire city induced by Hurricane 
Sandy that was $19 billion. As an example, the highest damage cost for a specific structure 
in this region is $137 million and this structure is a utility facility in the Midtown East area 
colored in red in Fig. 11. This structure sustained heavy damage during Sandy. The aver-
age damage cost of three hospital buildings in the Midtown East area, also colored in red 
in Fig. 11, is $71 million, and the corresponding total damage cost of the entire hospital 
complex is $213 million. These hospital facilities sustained severe damage during Sandy.

Fig. 10  The inundated area due to a 3.44 meter-flood (constant along the coastline) is colored in blue. Dam-
age assessment computation considers all buildings over this area
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This example considers 3.44 m of constant flood height all over the targeted area. The 
result would be more accurate with an exact flood height at each building location from 
the GeoClaw model. Hazus (2018) classifies that if the damage percentage exceeds 50%, 
structures are considered as collapsed. There are no collapsed buildings found in the simu-
lation (Fig. 12), as was the actual case at Sandy’s landfall.

5  Conclusions

The basic methodological framework to determine the “optimal” protective strategy over 
a prescribed multi-year period for coastal infrastructures subjected to storm surge-induced 
flooding and sea level rise was presented. It should be noted that optimality, as defined in 
this paper, has certain limitations due to the uncertainties involved with future storm events 
and sea level rise. The resulting optimal protective strategy is constrained by budgetary 
considerations. The methodology combines multiple computational models, optimization 
techniques, and stakeholders’ feedback and empirical knowledge.

Fig. 11  Total losses for every building in the area under consideration
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