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Estimating coastal flood damage costs to transit
infrastructure under future sea level rise

Michael V. Martello® ™ & Andrew J. Whittle!

Future sea level rise (SLR) and associated increases in the frequency and intensity of coastal
flooding poses significant threats to coastal communities and transit systems. Yet current
literature and practice lack methods for estimating flood damage costs to transit systems.
Here, we construct an event-specific flood damage cost estimation framework for transit
systems, simulating separately flood ingress into underground spaces. We apply this fra-
mework to the MBTA rail transit system in Boston, estimating damages under several coastal
flood events with SLR and project expected annualized losses (EAL) through 2100 with
uncertain SLR. We estimate EALs to the MBTA system have doubled since 2008 to
$24.4 M/year and are expected to reach $58 M/year by 2030 under all SLR scenarios. Our
results suggest that absent adaptation schemes, particularly at tunnel ingress locations,
coastal flood risk will continue to accelerate, potentially resulting in permanent inundation of
underground and low-lying sections of the transit system.
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limate change and sea level rise (SLR) are expected to

increase the frequency and severity of coastal flood events,

posing a wide array of technical, social, economic, and
scientific challenges!-2. Absent any mitigation measures, increases
in exposure to these hazards will result in higher risks and greater
consequences of flooding®*. Much like any other public or private
sector investment, motivating investment in such flood risk
reduction requires a demonstration that the benefits (i.e., of
avoiding future flood-related damages) outweighs the costs (of
design, construction, and maintenance). Quantifying the coastal
flood risk reduction benefits of a given project in monetary terms
requires the assessment of flood damage costs for the full range of
potential coastal flood events against which a given project is
expected to provide protection.

While there exists a well-established base of literature and
practice focused on estimating the damage costs of flood events
for commercial and residential buildings for both public3>-?
and private sector applications!®!!, similar methodologies have
yet to be extended to physical infrastructure assets. Despite
decades of practice and research, existing flood damage
cost estimation methods and resultant climate adaptation
assessments routinely neglect flood risk reduction benefits to
public infrastructures®213, In urban areas, the consequences of
damage to physical infrastructures are likely to represent a sig-
nificant portion of direct damage costs. For example, regional
infrastructure systems in the greater New York and New Jersey
area sustained $17.1B in direct damages due to Hurricane Sandy
in 2012, corresponding to 23% of the estimated $62.3B in overall
direct damage costs, with an estimated $5B in direct damages to
the New York City Transit (NYCT) system!4 As sea levels
continue to rise, infrastructure managers and planners will
increasingly require better flood risk quantification methods to
understand projected future risks and risk reduction benefits of
capital investments in climate adaptation projects. While some
prior studies include rather cursory estimates of flood risk
reduction benefits to infrastructure, either via a percentage-
multiplier based on limited case study datal® or inclusion of
infrastructure as a separate land use category!®, these methods do
not adequately address the causal mechanisms characterizing the
consequences of flood exposure for infrastructure assets or
subsystems.

In the particular case of urban rail rapid transit systems, which
are often located below-ground or transecting floodplains at-
grade, an understanding of present and projected future flood risk
not only requires a robust understanding of projected future
coastal flood exposure, but also requires a detailed understanding
of the associated infrastructure systems (e.g., power, signals,
etc.), the physical arrangement of the stations, tunnels, and
ventilation systems, as well as their relation to the built envir-
onment, particularly where water can flow into underground
spaces!”18. While flood severity along at-grade portions of a
transit system can be inferred directly from flood maps!®20
or hydrodynamic simulations?!, the determination of flood
severity in underground portions of the system is less straight-
forward. There are a variety of methods that have been proposed
to evaluate flood exposure in underground spaces including: i)
inference from the extent of flooding at the ground surface?!,
ii) probabilistic estimation as a percentage of the overall
tunnel network length??, iii) approximation via a gravity-based
heuristic (i.e., assuming water flows downhill through a tunnel
network!823, or iv) estimation via expert assessment*$2>. Flood
extents can be simulated at higher fidelity (i.e., inclusive of esti-
mated flood depths) via a hydraulic model, if sufficient infor-
mation is available to characterize water inflow volumes over
time26-30, Given these resulting flood extents, prior studies
have primarily focused on characterizing tunnel safety during

evacuation events?427, network performance via graph theoretic
measures'®21, or vulnerability as measured by various
indices?>2°. Though a small subset of the reviewed studies
attempt to quantify monetary damages to rail transit infra-
structure either based on the length of tunnel flooded?? or via
flood depth-informed damage categories!®29, neither assessment
method characterizes damage at the asset level, nor meaningfully
considers sources of uncertainty in damage assessment. Further,
none of the studies surveyed have employed a high-fidelity cou-
pled hydrodynamic-hydraulic model to inform a flood damage
cost estimation model.

Addressing this gap in the literature, we develop an asset-level
damage cost estimation model for rail rapid transit infrastructure,
by estimating the flood extent and severity via the coupling of a
previously established hydrodynamic coastal flood risk model3!
with a time-dependent hydraulic model of the underground
portions of a transit network. Here, we estimate the extent and
associated damage cost of coastal flooding across the MBTA rail
rapid transit network in Boston (configuration as of 2021; Fig. 1)
for a set of coastal flood events under a baseline sea level and
several projected future SLR conditions. Using these systemwide
flood projections, we use asset-level replacement cost estimates
and transit-specific relationships between flood depth and
damage severity>2, to estimate flood-related damages via a novel
implementation of the unit loss method®33. Our analyses incor-
porate uncertainties in flood depth estimates34, asset replacement
values (via an uncertain contingency estimate calibrated to real-
world cost escalation data3®, and depth-damage functions®® via
Monte Carlo simulation. Using the resulting event-specific coastal
flood damage estimates, we assess the full range of expected
annualized losses (EAL) for the MBTA rail rapid transit system,
characterizing the relationship between EAL and SLR. Given this
relationship and the latest available SLR projections!37-3%, we
then develop estimates of EAL over time for the MBTA rail rapid
transit system through the end of the 215t century.

Results

Using available data from the Massachusetts Coastal Flood Risk
Model (MC-FRM), we assessed coastal flood risk for the MBTA
rail rapid transit system considering flood events of varying
return periods (1-in-2-year, 1-in-10-year, 1-in-20-year, 1-in-100-
year, 1-in-1,000-year) across four sea level rise (SLR) regimes
(+0.07 m, +0.43m, +0.79 m, +1.34 m) measured relative to a
2000 baseline (1991-2009 tidal epoch). Figure 1 provides a
representative sample of regional flood severity, systemwide
tunnel inflow volumes, and flood depths under a 1-in-100-year
flood event (i.e., 1% coastal flood exceedance probability, CFEP)
with +0.79m of SLR. Here, we observe widespread flooding
throughout Greater Boston, with inundation along the entirety of
the Blue Line, significant portions of the Orange, Red, and Silver
Lines, and at critical rail maintenance facilities along the Orange,
Blue, and Red Lines. The results in Fig. 1, show widespread
flooding along the at-grade portions of the system with significant
volumes of inflow into underground portions of the system,
primarily through tunnel portals, that generate inflows one
order of magnitude greater than other ingress pathways at transit
stations (e.g., station entrances, ventilation shafts, etc.). The
analyses show widespread flooding throughout the underground
portions of the system in Downtown Boston, due to the inter-
connected nature of the underground space that allows flood-
waters to inundate adjacent lines in the system (e.g., the Red Line
in the sample event shown). Here, we expect flood depths
exceeding 5 m along the majority of the Red, Orange, Blue, and
Silver Line tunnels reaching to the crown of the running tunnels.
At this level of saltwater inundation, we expect most linear assets
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Fig. 1 Projected tunnel inflow volumes and flood depths across the MBTA rail rapid transit system under a 1-in-100-year (1% CFEP) coastal flood
event with +0.79 m of SLR. At grade flood extents and depths (shown in a blue stepwise gradient) are overlain by average flood depths along rail rapid
transit system segments (fluorescent blue) and tunnel inflow volumes (sky blue with black outline). At grade portions of the rail transit system are shown
in thin black lines; underground (tunnel) portions are shown in thick black lines. Names of key locations in the system are shown in corresponding transit
line color. Bottom right inset: overview of MBTA rail transit system (with corresponding line colors).

(i.e., rail, signals, power, lighting) and stations to sustain damages
equivalent to at least 75% of replacement cost32,

Considering the projected extent and severity of saltwater
inundation across the entirety of the system, we estimate $5.3B
(2020 USD) in direct flood damages to the MBTA rail rapid
transit system, with expected losses of ~$1.2B to the Red, Blue,
and Orange Lines, as shown in the probabilistic flood loss esti-
mate shown in Fig. 2. We further observe that damage to con-
necting stations (i.e., stations where passengers can transfer) are
expected to contribute $1.4B in flood losses, a greater proportion
than any single line in isolation. We note the significant uncer-
tainty in transit station replacement cost estimates largely informs
uncertainty in station flood damage cost estimates, as well as
uncertainty in overall flood damage estimates.

Figure 3 provides a summary of the probabilistic flood damage
cost estimates for the MBTA rail rapid transit system across all
assessed sea level conditions and flood severities (see Supple-
mentary Fig. 1 for a summary of the underlying sample dis-
tributions and Supplementary Figs. 3-22 for corresponding
inflows and flood extents). Here we find that estimated damage
costs under the 1-in-20-year (5% CFEP) and 1-in-100-year (1%
CFEP) coastal flood events are expected to increase by more
than 10-fold compared to the baseline SLR (+0.07 m SLR), under
even the most moderate SLR condition assessed (40.43 m).
Under future SLR, more frequent coastal flood events, notably the

1-in-2-year (50% CFEP), result in estimated damage costs that are
significantly greater than those expected under comparatively less
frequent coastal floods under the baseline SLR condition. Under
2008 baseline sea level conditions (+0.07 m of SLR) we expect
flood losses of $24 M for a 1-in-20-year (5% CFEP) coastal flood
event and $66 M in flood losses for a 1-in-100-year (1% CFEP)
event. Even with a comparatively moderate SLR of +0.43m
(possible in Boston Harbor as soon as 2040 under the latest SSP5-
8.5 SLR projections!37-39) we expect significant increases in
projected flood losses. For example, a 1-in-2-year (50% CFEP)
coastal flood event is expected to cause $82 M in flood damage,
which is greater than the losses expected in a 1-in-100-year flood
event for the baseline sea level conditions. Considering flood risks
under +1.34m of SLR (possible in Boston Harbor as soon as
2075 under the latest SSP5-8.5 SLR projections!»37-3%) we expect
flood losses several orders of magnitude greater, with the same 1-
in-2-year coastal flood event resulting in $5.4B in expected losses,
suggesting permanent inundation of the entire Blue Line, as well
as the interconnected underground portions of the network in
Downtown Boston, with flood pathways via Aquarium Station on
the Blue Line as well as via the tunnel portals along the Orange
and Red Lines, all assuming there are no adaptation measures in
place (Supplementary Fig. 18).

Estimating the expected annualized losses (EAL) to the MBTA
rail rapid transit system, we observe a significant nonlinear
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Fig. 2 Estimated flood losses to the MBTA rail rapid transit system under a 1-in-100-year (1% CFEP) coastal flood event with +0.79 m of SLR.
a Probability density function (PDF) for overall systemwide damages (gray). b PDF for damage costs by transit line (colors corresponding to each line).
c-g PDF for damage costs by asset type for each transit line (colors corresponding to each line). Lighter shaded PDF denotes damage costs to stations.

Darker shaded PDF denotes damage costs to linear assets.
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Fig. 3 Flood damage costs [2020 USD] vs. coastal flood exceedance probability (CFEP) under the four sea level rise (SLR) conditions assessed.
Expected values (thick line) and 90% confidence interval (shaded region) of coastal flood damage costs under +0.07 m SLR (light blue), +0.43 m SLR
(blue), +0.79 m SLR (dark blue), and +1.34 m SLR (navy blue). SLR values specified relative to a year 2000 baseline.

increase with respect to SLR (Fig. 4a). In fact, the sea level in
Boston Harbor has already risen ~0.1 m above the 2000 baseline#0
such that the current EAL exposure of $24.4 M, already repre-
sents more than a 2-fold increase in exposure above 2008 baseline
levels (EAL = $9.5 M). This increase is primarily driven by an
expected increase in frequency of flooding along the Blue Line. As
shown in Fig. 4b, relative to the mean value, we expect the range
of EAL values (as described by the max and min values) to
decrease with SLR, which has the practical effect of increasing the
normality of the resulting generalized beta probability distribu-
tions (i.e., « and f converge) that describe EAL uncertainty, as
shown in Fig. 4c, d.

Considering EAL over time for several uncertain SLR
scenarios’37-39, as shown in Fig. 5, we expect EAL to increase by
at least two orders of magnitude (i.e., 100x) across all SLR sce-
narios by 2100, though the 90% confidence interval also spans an
order of magnitude across all scenarios. These results suggest that
even under lowest warming scenario presented (ie., SSP1-2.6),
the MBTA could expect its coastal flood risk to reach ~$1.2B in
EAL by 2100, a 49-fold increase compared to current levels.
Under the worst case SLR scenario assessed (SSP5-8.5 low con-
fidence projection), we expect EAL to reach $9.6B by 2100, absent

any adaptation measures. Across all scenarios, we expect coastal
flood risk to increase to ~$60 M in EAL by 2030, representing a
2.6-fold increase (i.e., 16% year-over-year growth) over current
levels by the end of this decade. By 2050, EAL values range from
~$175M (under SSP1-2.6 and SSP2-4.5 scenarios) to
$200-$250 M (under the SSP5-8.5 and low confidence scenarios),
representing a 7- to 10-fold increase above current levels. Beyond
2050, EAL estimates begin to diverge significantly depending on
the SLR projection.

Discussion

These results suggest that the coastal flood risk of the MBTA rail
rapid transit system has risen significantly in the past decade and
is expected to compound at a 16% annual growth rate through
the end of the decade, reaching an estimated $58 M in EAL by
2030 under all shared socioeconomic pathway (SSP)
scenarios!37-3%. Absent the completion of regional climate
change adaptation measures or significant changes to the MBTA
system, our results suggest that even under more modest SLR
projections (SSP1-2.6) expected increases in sea level will result in
significant increases in coastal flood risk exposure for the MBTA
in the short- and long-term. Under the most severe SLR condition
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assessed (4-1.34 m), which is entirely plausible by the end of this
century according to several projections (SSP3-7.0, SSP5-8.5, SSP
5-8.5 low conf.!:37-39%), we expect regular inundation of significant
portions of the system absent any effective adaptation measures.
Under the most severe SLR projection considered (SSP5-8.5 low
confidence scenario) the $9.3B EAL expected in 2100 represents
96% of the MBTA’s latest 5-year capital budget*! and implies
perpetual flood-related repairs and permanent service outages
systemwide. While such an outcome is theoretically possible and
clearly untenable, it would only occur in the complete absence of
additional flood protection or climate adaptation measures.
Though representative of a pessimistic future (i.e., in which no
adaptation is undertaken through the end of the century), the
analysis presented here provides a useful counterfactual that can
establish a baseline expectation of future damages, which can
serve as the basis for quantification of flood risk reduction ben-
efits of future adaptation projects.

The analysis framework (including the data collection it
necessitates) and subsequent results can also directly inform cli-
mate adaptation measures and help prioritize flood risk reduction
efforts throughout the system. The cataloging of lowest critical
locations (LCLs), a crucial step in the analysis presented, can
provide transit agencies with a comprehensive list of locations
where flood risk mitigation measures are likely needed. Taken
together with the results provided by coupled hydrodynamic and
hydraulic analysis presented above, planners and decision makers
can better understand which LCLs are most exposed to coastal
flooding and the consequent inflow volumes, damage costs, etc.

Within this case study, Aquarium Station (Fig. 1; ~+2.5m
NAVDS8) is likely the first location to experience coastal flood-
ing, as other LCLs at comparable or lower elevations (i.e., most
tunnel portals, Central Square Station, Kendall/MIT Station, and
Alewife Station) are either situated behind dams (e.g., Kendall/
MIT Station on the Red Line lies behind the New Charles River
dam) or surrounded by comparatively higher ground (e.g., the
Airport Portal on the Blue Line). Although Aquarium Station is
likely the first location to experience inundation during a coastal
flood event, the consequences of flood exposure at tunnel portal
locations are disproportionately severe, as they allow much larger
inflows into the underground portions of the system, due in part
to their comparatively low invert elevations and largely unob-
structed open channel flow. Taken together, these results suggest
that providing flood risk reduction measures at Aquarium Station
and at tunnel portal locations should be the top priority.

The extent of flooding under certain scenarios (e.g., the 1-in-2-
year coastal flood with +1.34 m SLR; Supplementary Fig. 18)
demonstrates that interconnected portions of the underground
network are sufficiently well connected hydraulically at inter-
connecting stations to allow floodwaters to flow between transit
lines. This result is significant, as it suggests that absent a uniform
level of protection at all LCLs connected to the central tunnel
network, sufficient inflow at a single unprotected LCL (tunnel
portals in particular) could nonetheless result in significant
inundation of the central tunnel network, thereby negating the
benefits of protection at other locations. This has significant and
practical implications for transit infrastructure managers, high-
lighting that flood risk mitigation measures for the central tunnel
network must be designed as a system to provide uniform pro-
tection across all LCLs to ensure their effectiveness. Given their
outsized contribution to flood ingress, the protection of tunnel
portals should be afforded a high priority, particularly compared
to protection of at-grade portions of the rail rapid transit system.

When considering such investments in longer-term flood risk
reduction (i.e., climate change adaptation) projects, the analysis
framework presented can allow for rapid prototyping and per-
formance simulation of potential adaptation measures or regional

flood protection projects, enabling planners to better quantify the
benefits (i.e., avoided flood losses) of potential adaptation mea-
sures. Infrastructure managers can rely on these flood risk
reduction benefits to make a clearer business case for investments
in climate adaptation. Pricing risk provides a better justification
for funding, either via established capital investment programs, or
the introduction of new funding mechanisms, such as special
assessment taxes, resilience fees, or green bonds*>~#4. In contrast
to prior assessments, the asset-level model fidelity can also enable
infrastructure managers to explore the implications at individual
facilities or for separate subsystems (e.g., signal systems) thereby
enabling discretization of risk and related adaptation priorities in
a manner consistent with established organizational boundaries
and allowing for more effective delegation of responsibility within
a transit agency.

In addition to informing and estimating the value of adaptation
planning efforts, the analysis framework and results presented
can inform and support the structuring of near-term, risk transfer
strategies. Near-term estimates of flood damage costs for a par-
ticular coastal flood event (e.g., 1-in-100-year) or expected
annualized losses can aid transit agencies in the pricing and
negotiation of risk transfer measures, such as conventional
indemnity-based insurance policies or less conventional risk
transfer strategies, such as the issuance of parametric catastrophe
bonds or resilience bonds*3#4. The analysis framework presented
can enable insurers and transit agencies to devise infrastructure-
specific parametric policy triggers, while also enabling more
effective pricing of subsequent payouts for parametric insurance
policies or catastrophe bonds.

While the coastal flood loss projections presented are
undoubtedly significant, they likely represent an underestimate of
overall costs. In an event where there is significant and wide-
spread damage to the transit network, system restoration and
repair costs are liable to be subject to macroeconomic forcings
that could significantly increase overall repair costs (e.g., supply
chain or labor availability constraints3>4>4°, Furthermore, the
analysis presented here assumes that infrastructure managers will
opt to fully repair assets or replace in-kind, rather than upgrading
with more modern or expensive equipment. In addition to the
direct damage costs to infrastructure quantified in this research,
there are significant indirect costs associated with system dis-
ruption, which are not quantified in this study. Loss of access to
public transport will disrupt travel and impose significant adverse
economic consequences on passengers*’48, business interruption
(i.e., loss of farebox revenue), and losses associated with regional
economic disruption?. Conversely, budgetary and finance con-
straints may force infrastructure managers to defer fixing flood-
related damages, nominally reducing flood damage costs by
shifting comparatively less urgent repairs (e.g., deterioration of
tunnel bench walls’’) into a maintenance backlog, potentially
deferring repairs for several years0. If faced with significant and
widespread damage and an inadequate availability of capital,
infrastructure managers may be forced to abandon damaged
infrastructure and alter service patterns, in effect making an
involuntary but managed retreat which would undoubtedly have
significant implications for the adjacent built environment and
socioeconomic system>!.

Though the analysis presented only considers coastal flood risk,
the framework is readily extensible to consider other sources of
flooding (i.e., pluvial or fluvial flooding) or compound flood
hazards, should sufficient data be readily available to adequately
characterize expected future regional nonstationarity in these
additional flood sources for as full of a range as possible. Further,
the analysis framework presented can also enable consideration of
SLR-induced increases in groundwater levels®2, which based on
conventional analytical methods>> would lead to higher rates of
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groundwater infiltration into tunnels. Additionally, the analysis
framework presented is readily extensible to other types of
infrastructure systems (e.g., roadway networks, pipelines, regional
electric grids, etc.) assuming sufficient information characterizing
asset-level coastal flood fragility (i.e., asset-specific depth damage
curves) are readily available for relevant assets and subsystems.

Rail rapid transit systems in coastal cities are likely already
experiencing significant increases in coastal flood risk. The
proposed analysis framework can enable infrastructure man-
agers to understand the direct damage consequences associated
with more severe coastal flood events under future SLR con-
ditions and quantify how coastal flood risk exposure is
increasing over time. We demonstrate coastal flood risk to the
MBTA rail rapid transit system, as measured by expected
annualized losses (EAL), has already more than doubled since
2008 and is expected to double again by 2030 if no adaptation
or flood risk reduction measures are undertaken. Even in the
short-term, failure to adapt will cause unacceptable levels of
coastal flood risk. Adequately planning for rapidly increasing
coastal flood risk requires an understanding of where water can
flow into underground portions of a transit network, as well as
an understanding of how water can flow between inter-
connected underground portions of the network. Our results
suggest that in the absence of effective adaptation and flood risk
reduction measures at all flood ingress pathways, inter-
connected underground portions of a network can still experi-
ence significant flooding. Through modeling coastal flood
exposure and quantifying resulting direct damage costs and
expected annualized losses, transit infrastructure managers can
better plan adaptation projects, directly quantify their flood risk
reduction benefits, and establish a clear business case for spe-
cific and actionable investments in climate adaptation.

Methods

Quantification of coastal flood damage costs requires a detailed understanding of
coastal flood risk exposure, as well as an understanding of how exposure severity is
expected to change with future SLR. Here, we rely on prior hydrodynamic simu-
lation data provided by the Massachusetts Coastal Flood Risk Model (MC-FRM?3!)
to characterize coastal flood risk exposure for a variety of coastal flood events of
varying severity for several SLR regimes. An extension of the earlier Boston Harbor
Flood Risk Model (BH-FRM54), the MC-FRM covers a wider area at higher spatial
resolution (up to 3 m). Both the BH-FRM and MC-FRM simulate a suite of syn-
thetic tropical and extra tropical storms (calibrated to present and expected future
storm severities) to characterize the full range of potential coastal flood events
impacting Massachusetts>4. Each simulation run dynamically simulates a variety of
physical processes, considering tides, currents, wind shear-induced storm surge,
near-shore waves, wave run up and overtopping to fully characterize coastal flood
risk31>4, The MC-FRM characterizes flood risk across 4 SLR regimes (+0.07 m; a
2008 baseline, +-0.43 m, +0.79 m, +1.34 m; relative to year 2000 baseline). These
particular SLR conditions represent the upper bound (99.5t percentile) of worst
case SLR projections (RCP8.5°°) in alignment with policy set by the Massachusetts
office of Coastal Zone Management3!. For the purposes of this analysis, we assess
flood exposure and damage costs for the 1-in-2-year (50% coastal flood exceedance
probability; CFEP), 1-in-10-year (10% CFEP), 1-in-20-year (5% CFEP), 1-in-100-
year (1% CFEP), and 1-in-1000-year (0.1% CFEP) flood events for each SLR
regime. For each coastal flood event, the MC-FRM provides flood depths, as well as
water surface elevations over time for a set of 30 hydraulically distinct regions of
the model domain. This coastal flood event catalog serves as the basis of the flood
damage cost estimation model, as shown in Fig. 6.

Next, we construct a hydraulic model of the underground portions of the MBTA
rail rapid transit system using EPA Storm Water Management Model (SWMM 5.1;
hereafter referred to as SWMM). While SWMM is typically used to analyze pre-
cipitation runoff and design storm water drainage infrastructure systems, as the
name implies, a key function of the software is the simulation of 1-Dimensional
flow through pipe networks in discrete time. SWMM determines flow routing
though a pipe network via the complete 1-D St Venant flow equations and cal-
culates flow in individual pipes via the Manning equation®.

We characterize the underground portions of the system via a set of junctions,
J={j;li=1,2,...,]} connected by a set of links,

L={l = (ji,]}) lk=1,2,...,L; i,j=1,2, ... ,]; i#j}. Each junction is char-
acterized by an invert elevation, E/ = e{ =1]i=1,2,...,J} expressed relative to
the North American Vertical Datum of 1988 (NAVDS88) and a maximum depth,
D= {d{ =|i=1,2,...,]J}. We obtain invert elevations from track geometry

charts for each transit line (internal MBTA documentation), selecting junction
locations as the boundaries of underground stations and at changes in track slope
(i.e., points of vertical intersection, PVI, along the vertical track alignment). Links
are further described by a length, Al = {Ai |k =1,2,...,L} also obtained directly
from track alignment charts, and a tunnel cross-section as provided the MBTA
tunnel inspection manual (internal documentation). We consider each rapid transit
line tunnel as a separate series of connected links. Hydraulic interconnections at
connecting (i.e., transfer) stations are modeled via inclusion of a separate link,
whose length and cross section are informed by the total number of inter-
connections (i.e., staircases, elevator shafts, multi-level mechanical rooms) between
connecting transit lines at the station as identified in as-built construction drawings
(internal MBTA documentation). In addition to the main interconnected under-
ground portions of the system in Downtown Boston, we model the Red Line
tunnels in Cambridge and Dorchester as independent tunnel sections in the ana-
lysis. Lastly, based on expert judgment and discussion with the MBTA, we neglect
the presence of existing tunnel pumps (primarily designed for groundwater infil-
tration), as there is insufficient information to adequately characterize their com-
paratively minimal capacity.

For each flood event within the event catalog (i.e., for n =20 coastal flood
events), we develop a set of flood depths throughout the rail rapid transit system
via a systemwide flood model. We first sample MC-FRM provided flood depths
along the at-grade portions of the system at a set of system sample locations (SSL)
where available, extrapolating flood depths as needed based on available data and
expected generalize extreme value (GEV) distributions describing extreme sea level
in Boston Harbor4? modulating the location parameter where necessary to adjust
for SLR2. SSLs were placed at either end of at-grade station platforms, bridges,
or underpasses. Each SSL was assigned an ID, associated with a transit line, and
assigned a longitudinal station consistent with internal MBTA track alignment data
(Supplementary Table 1). Next, assessing coastal flood exposure for the under-
ground portions of the system, we obtain water surface elevation time series data
for each lowest critical location (LCL%7) in the system. For each LCL (Supple-
mentary Table 2), given its estimated elevation (provided by publicly available
data®) its dimensions, and hydraulic characteristics, we calculate inflow for each
time step provided using standard hydraulics equations®?:

3.33(wiq — 0-2(hy e () — 211)) (Prer(8) — zpcr)? if weir
Q) = 0~2Wia\/ 28 (hycr(t) — 211 if orifice
L9 (wy by () (wio, + ZhLCL(t))isLCL% if open channel
@)

Where h; ¢ () denotes the water surface elevation at time step t, w;; denotes the
characteristic hydraulic width of the LCL, S;; denotes the slope of the LCL in
instances of open channel flow, and # denotes the Manning’s roughness coefficient.
We then sum the inflows of geospatially adjacent LCLs and assign the resulting
inflow time series as input into a hydraulic model of the underground portions of
the transit system constructed in EPA SWMM 5.1%. The resulting underground
and at-grade flood depths are used to define a water surface elevation for each rail
rapid transit line; top of rail and tunnel crowns elevations are used to determine
flood depths at a 3 m interval along each line, at the boundaries of station plat-
forms, and locations of rail maintenance facilities.

Next, given these flood extents for a flood event of interest, in the cost estimation
model, we generate probabilistic estimates via Monte Carlo simulation, repeatedly
estimating flood damage costs by stochastically sampling uncertain variables to
generate a large sample (n = 10,000 trials) of flood damage cost estimates. In each
trial, flood losses are estimated via the unit loss method®, where the overall damage
cost, Cp, is defined as:

Co = % Rfsuld) @)

Where R; is the sampled uncertain replacement cost of unit i, d; is the sampled
uncertain flood depth at unit i, f ;;.(d;) the sampled uncertain depth-damage factor
for unit i given its depth of flooding, and N is the total number of units in the study
area. Here, we discretize linear assets into 3 meter increments (rail, signals, power,
lighting, tunnel structure) and consider individual facilities (stations, maintenance
yards) as separate analysis units. We generate uncertain replacement cost estimates
via a two-step process. First, where available, we obtain point estimates of repla-
cement costs for all assets from internal MBTA documentation and publicly
available bid comparison and capital investment reports®9-64, Replacement cost
estimates were reviewed via interviews with MBTA personnel and escalated to 2020
price levels where appropriate. Second, these point estimates are converted to an
uncertain (i.e., probabilistic) replacement cost estimates by applying an uncertain
contingency factor calibrated to real-world variability in rail project costs3®, con-
sistent with best practice recommendations for early-stage cost contingency
estimation®®. Consequently, we assume replacement cost estimates follow a normal
distribution N(1.45C,,, 0.38C,,,) wherein C,, denotes the point estimate repla-
cement cost for a given asset of interest. Supplementary Tables 3 and 4 provide the
replacement cost point estimates and uncertain replacement cost estimates
employed in analysis.
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Fig. 6 Schematic representation of flood damage cost estimation model. A catalog of coastal flood events (light blue) from the Massachusetts Coastal
Flood Risk Model># informs the system flood model (blue). This model, along with replacement cost estimates (light green) and depth-damage
relationships (light red) inform the flood damage cost estimation model (green), which enables estimation of event-specific flood losses and annualized

damages.

Uncertain depth-damage factors for each asset type are generated via a similar
two-step process. For each asst type, we first establish an expected depth-damage
curve, applying the transit-specific saltwater depth-damage functions provided by
Martello et al.’2. Next, variability and uncertainty in the depth-damage relationship
is characterized by the method outlined by Egorova et al.’. In this method, an
uncertain depth-damage function is generated via a beta distribution (i.e.,
faa(d) = B(a(d), B(d))) informed by an expected (i.e., mean) depth-damage rela-
tionship, f* ;,(d), and an uncertainty parameter, k = 0.4, characterizing the
variability in outcomes at a given depth, d. The beta distribution parameters, a(d)
and f(d), are defined as:

o = (31 ) ®

1
pr= (1) (0 fu@) @)

Finally, in alignment with prior work34% to acknowledge uncertainty in esti-
mated flood depths for a given scenario, we consider flood depth uncertainty for
each analysis unit via a normal distribution, d = N(d,,, 0.122d,,), where d,,
denotes the estimated flood depth at the analysis unit of interest.

For each coastal flood event, after all trials are complete, we develop summary
statistics (i.e., min, max, mean, variance) characterizing overall flood loss esti-
mates, as well as those for each line, flooded facility, and linear asset class
(summarized both systemwide and for each transit line). Cost breakdown
probability distributions are approximated via generalized beta distributions
based on sample distribution summary statistics®”. Expected annualized losses
(EAL) are found by computing the area under the flood loss vs. CFEP curve:

1
paL= | £y 0
J o

where f(p) denotes the flood damage cost for a given coastal flood exceedance
probability (CFEP), p. Using this equation, we compute EAL using the mean,
minimum, and maximum flood loss estimates obtained from the flood damage
cost estimation model. Here, we develop continuous closed-form function to
describe how the mean and variance of EAL values varies with SLR via poly-
nomial regression. We also characterize how the minimum and maximum EAL
values (expressed as a percentage of mean EAL values) varies with SLR via a
power law regression. This enables direct characterization of how uncertain EAL
estimates are expected to change with respect to SLR, though is insufficient for
characterizing EAL over time, as any such characterization requires selection of
a SLR projection.

To develop estimates of how EAL changes over time, we apply a separate Monte
Carlo simulation-based approach, considering uncertainty in EAL and SLR. First,
we characterize the uncertainty in EAL with respect to SLR value via a generalized
beta distribution, EALg (e, B, EAL,;,(SLR), EAL .. (SLR)), wherein:

‘min ‘max

(1

EAL,,,,(SLR)—EAL,; (SLR)

_ EAL,M,,ASLR)anLm.,ASLRv)

EAL,,10,(SLR) — EAL ;. (SLR) | EALy,, (SLR)~EAL y, (SLR) EAL,,,(SLR)—EAL,,(SLR)
o= _
EAL ;0 (SLR) — EAL i (SLR) EAL,, (SLR) 2
(BAL y(SLR)~EAL , (SLR))®
(6)
o
B= EAL,.(SLR—EAL(SLR) _ % )

EALy,, (SLR)~EALy, (SLR)

« and f are shape parameters,
EAL,, (SLR), EAL, (SLR), EAL,,,(SLR), EAL,, (SLR) are the EAL minimum,
maximum, mean, and variance for the SLR value of interest. Characterizing EAL
uncertainty in this manner (i.e., defining a probability distribution via a set of
closed-form functions) enables development of EAL uncertainty for any SLR value.
Using this characterization of EAL uncertainty and a subset of available SLR
projections for Boston Harbor provided by the IPCC!37-39 as shown in

Supplementary Fig. 2, we estimate EAL through 2100 on a ¢t = 10-year interval. For
each year of interest, we generate n = 10,000 EAL values by first generating a SLR
sample, then developing and sampling the associated EAL probability distribution.
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