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Abstract

Estimates of flood-related damages and costs often rely on asset-specific depth-
damage curves that characterize the fragility of a given asset. To date, there are
very few depth-damage curves that are potentially applicable to rail rapid tran-
sit infrastructure, and no studies attempt to construct these relationships spe-
cifically these asset classes. Given the lack of empirical performance data or
asset-specific reliability tests, we solicited expert engineering judgment to char-
acterize the fragility of transit assets to saltwater flood exposure. We validate
the resulting synthetic depth-damage relationships via a benchmarking
approach and demonstrate consistency with previously published depth-
damage curves for similar asset classes. The solicitation framework presented
can easily be extended to other infrastructure assets and systems, potentially

serving as a key step toward a more rigorous quantification of the potential

Authority; U.S. Department of Defense
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1 | INTRODUCTION

Current climate projections and expected sea level rise
(SLR) suggest the frequency and severity of extreme
weather and coastal flood events will increase throughout
the 21st century (Buchanan et al., 2016; Kopp et al.,
2014). This expected increase in coastal flooding poses
particular challenges for highly developed and heavily
urbanized coastal cities, where valuable waterfront devel-
opment, low-income communities, and critical infra-
structure will become increasingly vulnerable and prone
to flood damage. In particular, current and future coastal
flood risk represent a significant threat to rail rapid tran-
sit infrastructure (Martello et al., 2021) as demonstrated
firsthand by the significant and extensive damage caused
by Hurricane Sandy, 2012 (Aerts et al., 2013). Despite an
emerging understanding of this threat and assessments of

risks posed to infrastructure by natural hazards and climate change.

coastal flooding, depth-damage, fragility, infrastructure, rail, risk assessment, transit

the damage sustained during Hurricane Sandy," the rela-
tionship between flood depth and damage to transit infra-
structure assets remains very poorly characterized
(Habermann & Hedel, 2018; Rosenzweig et al., 2011).
Recent research projects global average annual flood
losses in major coastal cities could increase 860% from
2005 levels to an estimated $52 billion in annualized
damages by 2050 (Hallegatte et al., 2013). Yet, these esti-
mates likely underrepresent the expected direct damage
to infrastructure systems, as they do not attempt to quan-
tify damages to infrastructure systems and instead rely on
a proportional multiplier of insured losses (based on lim-
ited case study data) to approximate infrastructure dam-
age costs (Hallegatte et al, 2011). Other studies,
particularly those focused on regional estimates of flood-
related losses and risk (e.g., Kirshen et al., 2018; Oddo
et al., 2020; Rasmussen et al., 2020) neglect flood damage
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and losses to infrastructure entirely. This lack of charac-
terization can be primarily attributed to the relative com-
plexity of infrastructure systems compared to other
physical assets (particularly residential and commercial
structures), as well as a prevailing lack of relevant infor-
mation characterizing the sensitivity of infrastructure
assets, particularly for rail rapid transit systems
(Rosenzweig et al., 2011).

As transit agencies increasingly focus resources and
efforts to improve climate change resilience (Miao
et al., 2018; NASEM, 2017, NASEM, 2021), an improved
understanding of the sensitivity of assets and subsystems
will be increasingly important, particularly when con-
ducting economic analyses and quantifying the risk
reduction benefits of climate change adaptation projects.
Adequate estimates of asset sensitivity to flood exposure
will also be increasingly important as transit agencies
begin to plan climate change adaptation projects, issue
green bonds to finance such projects (TRB &
NASEM, 2021), and obtain insurance policies
(e.g., catastrophe bond issuance or purchase of paramet-
ric insurance; Evans, 2020). Such actions will require
accurate and unbiased estimates of projected flood-
related damage costs if they are to be priced and struc-
tured in alignment with present and projected future
levels of risk (Franco et al., 2020; Keenan, 2019).

In this paper, we aim to address this gap in the litera-
ture and practice by constructing a set of synthetic
(i.e., expert judgment derived) depth-damage curves for
rail rapid transit facilities and assets. Aggregating the
expert judgment of transit professionals, researchers,
insurance underwriters, and consulting engineers, we
obtain best estimates of flood damage (as a percentage of
replacement cost) for various depths of saltwater flooding
across a set of rapid transit facilities and linear assets. We
further benchmark these survey results against previ-
ously published depth-damage curves for related assets,
demonstrating a general agreement with less specific
depth-damage curves currently employed in practice.

2 | DEPTH DAMAGE
RELATIONSHIPS

Flood depth is typically used as a primary indicator of
damage severity in standard flood damage cost estima-
tion practices (de Moel, 2012; Gerl et al., 2016; Kok
et al., 2004; Wagenaar et al., 2016). This relationship is
characterized via a depth-damage function, which char-
acterizes the relationship between flood depth and the
associated magnitude of damage (relative to replacement
cost) for a given asset class (Budiyono et al., 2015; Kok
et al.,, 2004; de Moel, 2012; USACE, 2015; Wagenaar
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et al., 2016). Depth-damage functions are among the
most important factors influencing flood damage esti-
mates and flood risk, though they are often weakly based
in factual knowledge (USACE, 1992a). Depth-damage
curves in the literature are often presented or employed
with little justification other than the authority of the
original source (most often a government institution).
This lack of provenance partially contributes to the pre-
sent consensus that depth-damage curves are among the
most uncertain aspects of flood damage models (e.g., de
Moel, 2012; Kok et al., 2004; Prahl et al., 2016; Saint-
Geours et al., 2015). Where the construction of depth-
damage curves is mentioned, they are typically either
empirically derived via correlation of available data
(USACE, 1992b; Pistrika et al., 2014; Lehman & Hasanza-
deh Nafari, 2016) or synthetically-constructed via solicita-
tion of expert judgment (Gerl et al, 2016;
USACE, 2006, 2015).

Aside from a lack of provenance, there is also a recog-
nition that other attributes can inform damage magni-
tude aside from flood depth. Wave action, flood duration,
water salinity, sediment load, water quality, flood timing,
asset age, and construction typology can also influence
flood damage magnitude, though such factors typically
do not directly inform present flood damage estimation
practices (Dottori et al., 2016; Franco et al., 2020;
USACE, 1992a, 2015; Pistrika et al., 2014). Despite these
inherent limitations, depth-damage curves remain the
most prevalent, transparent, and direct approach of esti-
mating the magnitude of damage (relative to replacement
cost) to assets affected by a flood event.

3 | TRANSIT SPECIFIC DEPTH-
DAMAGE DATA

Unlike residential or commercial buildings, for which
instances of damage are well-documented for insurance
claims processing (Dombrowski et al., 2020) and less
frequently for construction of depth-damage relation-
ships (USACE, 2015) flood damage to transit systems is
comparatively poorly documented. This is further com-
pounded by a comparative lack of flood events that
have significantly affected transit systems. While this is
in some sense fortunate, insofar as there have only
been a handful of noteworthy flooding events damaging
transit systems prior to 2009 (Compton, 2009) and even
fewer since then® (most notably Hurricane Sandy in
2012; Aerts et al., 2013), this lack of empirical data
makes the construction of depth-damage relationships
via statistical methods (e.g., Lehman & Hasanzadeh
Nafari, 2016; Pistrika et al., 2014) impractical, if not
impossible.

85UB01 T SUOLUIOD aA 111D 3[Rl dde ayy Aq peuenob ae sojoiLe VO ‘85N JO SNl 1oy Aleld18UIIUQ AB]IM UO (SUDNIPUO-PUR-SLUB)I0Y A8 |1 Afed 18Ul [Uo//Scy) SUORIPUOD pue swie 1 ay) 88S *[£202/c0/Tz] uo AklqiTauliuo AB|IM ‘0jouyde L Jo aImisu| spesnydesse |\ AQ 9G8ZT 'S4 //TTTT'0T/I0p/wW00 A8 1M Aseiq1puljuo//Scny wouy papeojumoqd ‘T ‘€202 XBTEESLT



MARTELLO ET AL.

While limited data pertaining to the direct damage
sustained by the New York City Transit (NYCT) system
from Hurricane Sandy is publicly available, it is insuffi-
cient to draw any meaningful conclusions regarding sen-
sitivity of assets to floodwater depth. A study conducted
by Aerts et al. (2013) likely contains the most comprehen-
sive collection of publicly available damage information
for Hurricane Sandy; however, a detailed record of flood
depths is not listed alongside damages, making the data
provided insufficient for computing depth-damage corre-
lations. Similarly, a study conducted by HNTB (2014)
investigating the extent of flooding and damage to
Amtrak tunnels after Hurricane Sandy potentially con-
tains enough information to estimate depth-damage rela-
tionships. However, such an estimate would require a
significant level of subjective judgment to disentangle
suggested upgrades and prior state of good repair back-
logs from any damages directly attributable to flooding.
Due to these shortcomings, the publicly available record
of damages to NYCT and Amtrak assets from Hurricane
Sandy is insufficient to glean any meaningful information
to construct empirical depth-damage estimates for transit
assets.

4 | EXPERTJUDGMENT
SOLICITATION METHODOLOGY

Without an appreciable quantity of relevant data, expert
judgment is the most viable method for constructing
depth-damage functions. Depth-damage functions con-
structed in this manner, often referred to as synthetic
depth-damage curves, are quite common in the literature,
comprising nearly half of all cataloged damage curves in
a recent extensive literature review (Gerl et al., 2016).
The process of collecting damage estimates via the judg-
ment of qualified experts, can be formally characterized
as a structured expert judgment solicitation process.
Regardless of the area of expertise, all structured expert
judgment processes require an aggregation technique to
combine expert assessments (Aspinall & Cooke, 2013;
Cooke, 1991; Hanea et al., 2021). These aggregation tech-
niques can be subdivided into either behavioral or mathe-
matical techniques (Hanea et al., 2018). Behavioral
aggregation techniques require experts to form a consen-
sus and collectively converge on an answer (Hanea
et al., 2021). Mathematical techniques instead combine
individual answers via either equal weighting or
performance-based weighting schemes based on expert
performance on a set of calibration questions
(Cooke, 1991).

There are very few studies available detailing the con-
struction of synthetic depth-damage curves, and fewer
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still that explain underlying expert judgment aggregation
techniques in detail. Of the literature surveyed by the
authors, only a single report (USACE, 2015) provided
insight into aggregation techniques for synthetic depth-
damage curve construction. The study allowed for a lim-
ited degree of behavioral aggregation, iteratively display-
ing responses to all experts, allowing for some degree of
information sharing, discussion, and reevaluation. Not-
withstanding this iteration process, the study relied on
mathematical aggregation of responses using equal
weights, ultimately following an approach similar to the
IDEA protocol outlined by Hanea et al. (2018).

Rather than apply an identical approach, which
would require synchronous interaction of experts, we
instead solicited expert judgment via survey, relying only
on mathematical aggregation of responses. Practical limi-
tations on the availability of potential expert respondents
ultimately constrained solicitation to an asynchronous
format, as participants were not compensated and
spanned multiple cities, organizations, and time zones.

4.1 | Mathematical aggregation
approach

Given the prevailing lack of data on rapid transit asset
flood damage, there was insufficient information avail-
able to generate calibration questions with non-trivial
answers. In such circumstances, recent literature instead
suggests equal weighting of expert respondents in lieu of
assignment of performance weights (Hemming
et al., 2021). Further, equally weighted aggregations of
expert opinion are likely to score higher on measures of
statistical accuracy than performance weighted aggrega-
tions (Clemen, 2008; Hemming et al., 2021). In particular,
equally-weighted aggregations typically achieve better
predictive accuracy for out-of-sample data (i.e., performed
better on questions not used in calibration of perfor-
mance weights; Clemen, 2008). In addition, performance-
weighted assessments may not be well suited for situa-
tions of deep uncertainty, where a variance of credible
underlying assumptions can lead to diverging sets of pro-
jections, from which it is only possible to discern correct
assumptions in hindsight (Morgan, 2014). For these rea-
sons, we chose to mathematically aggregate answers by
giving equal weighting to each respondent, rather than
implementing a performance-weighted aggregation.

5 | SURVEY OVERVIEW

Informed by several discussions with Massachusetts Bay
Transportation Authority (MBTA) personnel, we
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TABLE 1
included in the flood damage estimation survey

Summary of transit facilities and linear assets
Facilities Linear assets
Underground station Rail

At-grade station Track switches

Ventilation room Signal system

pump room Tunnel structure
Rail maintenance facility Third rail
Catenary

Power conduit

Tunnel lighting

designed a transit asset flood damage estimation survey
to solicit expert engineering judgment to obtain damage
estimates for specific rail rapid transit assets subject to
varying levels of saltwater flooding. Damage estimates
were provided as a percentage relative to complete
replacement, wherein values can range from 0% (i.e., no
damage) to 100% (i.e., fully damaged and requiring com-
plete replacement). We first asked survey respondents to
provide damage estimates associated with saltwater
flooding at four depths of standing water (0.5, 3, 7, and
15 ft) for several types of facilities. Facilities were limited
to the basic facility types and mechanical support rooms
listed in Table 1. We then presented survey respondents
with a typical tunnel cross-section (Figure 1) flooded at
four depths of standing water and asked to provide dam-
age estimates for a set of linear assets also listed in
Table 1. Here, we considered rail (inclusive of ties and
ballast), track switches (electronic and mechanical com-
ponents placed at-grade responsible for enabling trains to
transfer tracks), signal systems (electronic components
responsible for detecting and directing trains), third rail
(which provides DC power to heavy rail cars), catenary
(provides DC power to light rail cars), power conduit
(providing DC and AC current; height of placement can
vary within and across transit systems), tunnel lighting,
and tunnel structure.

Rather than solicit a maximum, minimum, and best
estimate (i.e., median) for each asset type (as done by
USACE, 2015) we instead asked respondents only for a
best estimate of flood damage. When validated against a
set of (empirical) surveyed damage data, the maximum
and minimum depth-damage curves produced by the
USACE (2015) study were of mixed quality. While the
majority of the best-estimate (median) depth-damage
curves presented by USACE (2015) well-approximated
the empirical survey data trend, the maximum and mini-
mum curves poorly bounded the survey data, suggesting
an overconfidence bias among USACE experts. While
expert solicitation of a three-point estimate

MARTELLO ET AL.

characterizing a range of values is generally preferred
over provision of single point estimates (Ayyub, 2001;
TRB & NASEM, 2007), the results from USACE (2015)
suggest the predictive power of upper and lower bound
estimates for depth-damage curves is quite low when
compared to empirical data. Given this low predictive
power and the significant additional effort required of
participating experts to provide such ranges for each asset
type, we instead separately solicited their judgment on
general damage uncertainty and variability by soliciting
generalized upper and lower bound estimates of damage.
We also solicited respondents’ estimates of the relative
severity of saltwater as compared to freshwater flooding.

6 | RESULTS

A total of n = 31 experts responded to the survey.
Seventy-one percent (n = 22) of respondents were transit
agency professionals, 15% (n = 5) engineering consul-
tants, 10% (n = 3) academic researchers, and 3% (n = 1)
insurance professionals. Fifty-eight percent of respon-
dents (n = 18) identified the MBTA as their primary sys-
tem of expertise, 32% (n = 10) were most familiar with
the New York City Metropolitan Transit Authority
(MTA), and 10% (n = 3) were more familiar with other
transit systems (Hong Kong MTR, Metrolink, and
Amsterdam Metro). Figure 2 summarizes the breakdown
of survey respondents. Responses were collected in two
rounds during late spring (Round 1) and summer (Round
2) of 2021. A meeting with prospective first round respon-
dents was also conducted with MBTA personnel on April
21, 2021 where feedback and suggestions on survey struc-
ture were collected.

6.1 | Facilities

Expected depth-damage curves and associated standard
deviations of responses for transit facilities are shown in
Figures 3 and 4, respectively. The shape of the depth-
damage curves across all facility types are very similar,
with nearly identical depth-damage curves for mainte-
nance facilities and underground stations. The standard
deviation of responses is more variable across facility
type, with maintenance facility responses showing the
closest agreement among respondents (i.e., lowest stan-
dard deviation). Respondents noted that in addition to
depth, the duration of flooding also influences the dam-
age estimates, consistent with prior findings (e.g., Dottori
et al., 2016; USACE, 2015). Respondents further sug-
gested this is of particular importance for electrical equip-
ment located throughout facilities, as the degree of
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Water and Environmental

FIGURE 1 Typical tunnel
cross section presented to survey
respondents, highlighting the
linear assets of interest within
the study

FIGURE 2  Survey respondents’
(a) industry backgrounds and
(b) primary agency of familiarity

FIGURE 3
curves for transit facilities
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corrosion is expected to be greater when equipment is

exposed for longer periods. For more severe flooding,
respondents expect electrical infrastructure within the
facilities (e.g., fare collection, fire alarm, communica-
tions, and power systems) would be damaged beyond
repair and require complete replacement.
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Respondents also noted that the layout of facilities,
particularly the placement of equipment in ventilation
and pump rooms would inform damage estimates. In the
case of pump rooms, respondents noted that submer-
gence of centrifugal pumps (typically mounted a few feet
off the ground) for any length of time would likely render
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of survey responses for transit
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them inoperable and require replacement. For ventilation
rooms, respondents note that while ventilation fans are
typically wall or ceiling mounted, motor starters and sen-
sitive electrical control equipment are typically situated
only sit a few inches off the ground and could be signifi-
cantly damaged if exposed to a few feet of standing water.
Respondents also noted that flow velocity and wave
action, particularly for at-grade stations, would also
inform the extent and severity of damages, consistent
with prior literature (Dottori et al., 2016; USACE, 2015).

In the case of rail maintenance facilities, respondents
note that any level of standing water would result in
damage of all equipment that is installed below grade,
collecting in all pit areas. These areas contain critical
equipment, such as wheel truing machines, which are
integral to transit service, vehicle maintenance, and regu-
lar operations. MBTA respondents noted that significant
damage to these facilities would eliminate the ability to
run service on the affected lines. These comments are
consistent with conclusions of prior studies conducted on
the resilience of the MBTA Blue Line (MBTA, 2018;
MBTA, 2019). While not formally included in the survey,
respondents also mentioned that any vehicles or rolling
stock exposed to and damaged by saltwater would likely
be written off as a total loss, as the MBTA would be
unable to guarantee the safe operation of revenue vehi-
cles after saltwater inundation. In such instances, rolling
stock would require replacement, though respondents
note they could potentially be salvaged for parts.

6.2 | Linear assets

Depth-damage curves and associated standard devia-
tions of responses for linear assets are shown in

Figures 5 and 6, respectively. The depth-damage curves
shown for signals and track switches are identical for
less severe (i.e., >3 ft) flooding, with signals expected to
be more sensitive to more severe flooding. The depth-
damage curves for rail and third rail were found to be
quite similar at all flood depths, suggesting similar sen-
sitivity to saltwater flooding. Overall, there was less
agreement among respondents for linear assets, as
observed by the generally higher standard deviations as
compared to transit facilities. Tunnel structure damage
estimates were a partial exception, with comparatively
high agreement among respondents at lower flood
depths, decreasing thereafter (i.e., increasing standard
deviation with depth).

Several respondents noted that structural damage to
tunnel walls would be highly dependent on age and con-
struction type, suggesting that a correlation between
flood depth and structural damage would be highly vari-
able. This aligns with prior assessments, which indicate
tunnel design, material quality, and construction quality
influence the susceptibility of tunnel structure to water-
related damage (Chen & Lalas, 2012; FHWA, 2005;
Nazarchuk, 2008). Further, there exists an increased
potential for damage at locations of mixed-face geologic
conditions (HNTB, 2014), construction joints (particu-
larly for cut-and-cover tunnel sections), and preexisting
cracks (FHWA, 2005; Nazarchuk, 2008; Chen &
Lalas, 2012), particularly under prolonged exposure to
water. While saltwater exposure has the potential to uni-
formly accelerate corrosion and spalling, preexisting
cracks in the tunnel structure can allow for a deeper pen-
etration of sulfates into the tunnel lining, which is likely
to accelerate deterioration (HNTB, 2014; Nazarchuk,
2008) and contribute to spatial variability in structural
damage to the tunnel.
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FIGURE 5
curves for linear transit assets
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Respondents noted that the specific location and ele-
vation of linear assets relative to the tunnel invert and/or
along the right of way greatly informs damage estimates.
This was especially noted for duct banks and DC power
cables, which are typically 0-3 ft off the ground in the
MTA system, and can be located below grade, as is some-
times the case for catenary feeder cables in the MBTA
system. MBTA respondents noted that most operational
components in tunnels are typically at-grade and are also
sensitive to saltwater corrosion.

In the particular case of signal systems, respondents
noted that signal bungalows are critical facilities: Any
replacement of signal bungalows would also trigger
replacement of a significant portion of the affected signal-
ing system, requiring a difficult repair and replacement
process. One MBTA respondent noted a historic flood on
the Green Line (October 1996) resulted in significant
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flooding at Kenmore Station and led to the replacement
of a signal bungalow and all associated signals. The sub-
sequent inspection, de-watering, and repairs efforts after
the flood event required 7 days of full tunnel closure and
1.5 months before complete service restoration (Moore &
Chiasson, 1996). Respondents also mentioned that the
condition of equipment, particularly for electrical systems
would also inform damage estimates.

6.3 | Damage variability

Respondents expected a significant degree of variability
in damage associated with a given flood depth across all
asset classes, as shown in Figure 7a. Averaging across all
respondents, the anticipated lower bound of damages
was found to be 50% of the damage estimate, though
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several respondents provided a lower bound of 0%
(ie., no damage). Conversely, the anticipated upper
bound of damages was found to be 176% of the damage
estimate, with several respondents suggesting this could
be as high as 200% (i.e., twice the damage estimate).
These results are broadly consistent with respondent
comments and damage variability observations from
prior studies (e.g., Dottori et al., 2016; Franco et al., 2020;
Pistrika et al., 2014; USACE, 1992a, 2015), suggesting
other factors also inform damage magnitude and contrib-
ute to damage model uncertainty. While these general
expectations of damage variability can be used to inform
models that scale damage uncertainty proportional to
flood damage (e.g., Saint-Geours et al., 2015), damage
variability is also likely to vary with flood depth (Egorova
et al., 2008; Lehman & Hasanzadeh Nafari, 2016;
USACE, 2015). As such, these results can also be used to
inform alternative damage uncertainty models that cap-
ture such variability with flood depth, such as Egorova
et al. (2008) which requires the calibration of an uncer-
tainty parameter, k, that remains constant with respect to
flood depth.

Water salinity is an important additional factor
influencing the severity of flood damage, particularly
for electronic components. While we provide damage
estimates for saltwater flood exposure, we also investi-
gated general expectations of the relative severity of
saltwater versus freshwater flooding. On average, survey
respondents estimated that relative to an equivalent
depth of saltwater, a fresh water flood event would
result in less than one third (31%) the damage, though
there was significant wvariability across respondents
(Figure 7b). Freshwater damage factor estimates exhib-
ited significant variability and ranged as low as 17%
and as high as 80% of the expected saltwater damage
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FIGURE 7
variability estimates (a) across

Damage
baseline
all assets for a given flood depth
(lower and upper bound
estimates); (b) for freshwater
flood exposure as compared to

an equivalent saltwater flood
exposure

for an equivalent flood depth. This variability and lack
of consensus among respondents suggests such a gen-
eral freshwater damage factor has limited predictive
power. Future collection of transit asset-specific fresh-
water damage factors or freshwater damage curves is
likely needed to further elucidate the relation between
freshwater flood exposure and transit asset damage
estimates.

6.4 | Validation via benchmarking

Validation of depth-damage curves (i.e., determining
whether a depth-damage curve accurately reflects the fra-
gility of an asset) is an important but challenging exercise
requiring some degree of engineering judgment, as there
is generally insufficient empirical data available for more
conventional validation efforts. This holds true for com-
paratively more common residential and commercial
structures; as such, benchmarking (i.e., comparisons with
existing depth-damage curves) is typically the only practi-
cal, available, and reliable method of depth-damage curve
validation (Gerl et al., 2016). In the context of transit sys-
tem assets, there are very few potentially relevant depth-
damage functions currently available in literature
(Habermann & Hedel, 2018) which further complicates
validation efforts. At present, the most relevant depth-
damage functions available are those for general infra-
structure, electrical and communication systems, and
railways (de Moel & Aerts, 2011; Kok et al., 2004;
Vanneuville et al., 2003).3 The construction methods for
these damage curves remains unclear (i.e., whether they
are empirically derived from observations, or syntheti-
cally constructed from expert judgment), though absent
this information or other potentially credible sources, we
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assume these curves adequately characterize asset fragil-
ities to flooding.

Figures 7 and 8 compare the relevant depth-damage
curves found in the literature with results from the cur-
rent study for rail facilities and linear assets, respectively.
The general infrastructure curve from de Moel and Aerts
(2011), Damage Model 2 (DM2), most closely matches
the current survey results for rail facilities. The published
results for communications systems (Kok et al., 2004),
Figure 9, underestimates the expected damage for signal
and track switch assets from our study for smaller flood
events (<5 ft) but overestimates for the larger events.
Similarly, relative to the rail curve produced by this
study, the previously published curve (Kok et al., 2004;

Vanneuville et al., 2003) underestimates damage for most
of the flood depths shown (<10 ft) and overestimates
thereafter. The first general infrastructure curve (DM1) is
a clear lower bound of the published studies and is only
comparable to the curves for catenary power and tunnel
lighting at low flood depths (<3 ft), while the third gen-
eral infrastructure curve (DM3) comes closest to approxi-
mating the curves produced for rail, third-rail, and power
conduits. Overall, while the variance in the depth-
damage curves relative to previously published curves is
notable, these variances largely fall within the ranges of
previously published curves for related assets. Based on
these comparisons and exercising some degree of engi-
neering judgment, we can conclude only the first general
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infrastructure curve (DM1; de Moel & Aerts, 2011) fails
this benchmarking validation exercise, as it differs signifi-
cantly from all other curves presented.

While this comparison focuses on the depth-damage
curves synthesized for saltwater flooding, a similar evalu-
ation can also be conducted for freshwater damage
curves. Application of the expected freshwater damage
factor presented above (31%) significantly changes these
comparisons, and instead results in freshwater depth
damage curves incongruent with all but the first general
infrastructure curve (DM1) presented in de Moel and
Aerts (2011). While the DM1 curve, derived from the
Rhine Atlas, is likely representative of freshwater flood-
ing, given the potential applicability of the remaining
curves to freshwater flooding, the validity of freshwater
factor adjusted curves remains unclear. These results
could suggest the DM1 curve is most indicative of fresh-
water flooding, though further research is needed to fur-
ther investigate freshwater depth-damage relationships.

7 | DISCUSSION

Overall, the relatively consistent agreement across all
asset classes coupled with the thoughtful and detailed
commentary of respondents suggests a high-quality set of
survey responses. While the benchmarking validation
presented above validates the depth-damage curves pre-
sented in this study, future validation using empirical
data would provide stronger support for the predictive
accuracy of the depth-damage curves presented. Future
work collecting such data for empirical validation would
likely require a rapid response collection effort following
in the wake of a significant flood event. Absent such
efforts or other comparable depth-damage curves, given
the quality of responses and the benchmarking valida-
tion, the results presented represent the best available
estimate of transit asset fragility to saltwater flooding.

7.1 | Limitations

While this study attempts to characterize the effect of
water salinity on damage estimates, further investigation
is needed to better characterize the impact of other fac-
tors, such as wave action, flood duration, sediment load,
water quality, flood timing, asset age, and construction
typology on flood damage to transit assets. In particular,
further consideration of the relationship between saltwa-
ter flood duration and damage could help to quantify the
potential benefits of mitigation projects (e.g., by increas-
ing pump resiliency and capacity in tunnels and under-
ground stations, such as in recent MTA capital projects;
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USACE, 2019). Based on survey responses, such flood
duration reduction efforts would be particularly benefi-
cial for more sensitive assets with electrical and elec-
tronic components (power, signal systems, etc.), though
additional research is needed to further explore the rela-
tion between flood duration and damage severity. In the
absence of an understanding of how these additional fac-
tors inform flood damage estimates, it is important to rec-
ognize their potential to introduce variability in projected
flood damages. The flood damage variability estimates
presented can be used to characterize damage uncer-
tainty distributions (e.g., Egorova et al., 2008) to recog-
nize the potential influence of these additional factors.
Though informative and useful, these variability esti-
mates should be interpreted with caution, as these results
are likely subject to an overconfidence bias (Hanea
et al.,, 2018; Moret & Einstein, 2012) where aggregate
expert judgment estimates a narrower range of variability
as compared to actual outcomes (e.g., USACE, 2015).

These other factors outstanding, in order to operatio-
nalize the proposed depth-damage curves, it is necessary
to estimate the replacement cost of the relevant transit
assets. While a catalog of these costs can be compiled
based on historic pricing of completed projects and inter-
nal cost estimates, macroeconomic forces also have the
potential to increase overall flood damage costs. Respon-
dents noted that in the wake of Hurricane Katrina in
2005 and Hurricane Sandy in 2012, the recovery efforts of
RTA and the MTA respectively were severely limited by
supply chains, with lasting component supply shortages
noted by respondents not directly affected by either
event. While such post-disaster macroeconomic shocks
are difficult to forecast and understand with accuracy ex
ante, parallel research investigating vaccine supply chain
resilience in the context of the COVID-19 pandemic sug-
gests a tradeoff exists between supply chain efficiency
and resilience (Golan et al., 2021). Further research
investigating the resilience of transit component supply
chains could elucidate potential macroeconomic compli-
cations that are likely to impinge transit system recovery
to flood events and increase the overall costs of flood
events.

8 | CONCLUSION

The synthetic depth-damage curves presented in this
paper represent the first extensive attempt to systemati-
cally characterize the fragility of transit assets to saltwa-
ter flood exposure and represent a significant step toward
a greater understanding of present flood risk exposure
and the increasing threat climate change poses to transit
systems. The expert elicitation methods presented can be
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readily extended to create similar depth-damage curves
for other types of infrastructure assets for which such
information is presently lacking. Future work collecting
relevant empirical data for transit systems would further
improve collective understanding of the fragility of transit
system assets to saltwater flooding and allow for further
validation of the depth-damage curves presented. The
construction of depth-damage curves for rail rapid transit
infrastructure assets also represents a significant step
toward quantifying the true costs of flood damage in
coastal cities and enabling improved valuation of the
direct benefits of climate change adaptation projects.
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ENDNOTES

! During Hurricane Sandy, infrastructure systems in the greater
NY-NJ area sustained an estimated $17.1B in direct damages,
23% of the $62.3B total estimated direct damages reported by
Aerts et al. (2013).

2 More recent precipitation-based flood events in London, Zheng-
zhou, and New York City have received media coverage (Barry &
McGloin, 2021) though have not yielded substantive relevant doc-
umentation for the research community as of the time of writing.

3 None of these functions explicitly consider saltwater flooding. Kok
et al. (2004) assert that their functions are valid for fresh or salt
water, while the other references neglect to mention the type of
flooding, though DM1, derived from the Rhine Atlas (de Moel &
Aerts, 2011) is likely representative of freshwater flooding.
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