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« Legacy Infrastructure - system built 1880’s-1980’s
» Multi-modal + each mode is unigque

» Fixed locations: built on low-lying, inexpensive land

2023 Moving Together Conference 2



v

»ston Topographic Map(1885) with. :

p'idr Transit Lines and Commuter Rail Ak st
i ""‘Rap]ic)i Tralr!sit ‘l'_i\nes'\l G
— — Commuter Rail

A

2023 Moving Together Conference

xv'..Ar..lhlJ;"'

0 ml1 g




------ Heavy Rall

Bus Rapid Transit
2022 Shoreline

7=~1680 Shoreline

Y

Trolley

2023 Moving Together Conference




Top Climate-Change Induced Risks to the
MBTA's Operations

(1) Coastal Flooding during King Tide at Long Wharf, Aquarium Station Emergency Egress (Sept 2021);

(2) Extreme cold combined with repeat snowfall stalled Red Line in 2015;

(3) Trees wreak havoc on overhead catenary during high winds;

(4) Red Line Columbia Jnct: low-lying tracks back-up with floodwater during coastal storms;

(5) & (6) Extreme heat causes tracks to buckle, and communications + signaling equipment can easily fail due overheating;
(7) Fenway portal flood gates are deployed during heavy rains when Muddy River is forecastto reach flood stage
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Top 4 Climate-Change Induced Risks to the
MBTA's Operations

2023 Moving Together Conference 6



How does the MBTA address these risks?

1. Analyze our vulnerabilities + plan our response: Conduct
climate change vulnerability assessments and plan
adaptation strategy

2. Embed Climate Change Risk into decision  -making: Inform
funding decisions via CIP scoring, set climateresilience
standards for capital projects and leverage existing
department processes to change the way we respond to
climate hazards

3. Coordinate + Collaborate: ~ Work with other state agencies,
municipalities, watershed organizations, and federal
governmentto share data & knowledge and support
regional projects that provide climate resiliency benefits to
t he MBTAOS system
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Key Takeaways: Red Line

Red Line Maintenance Facilities and Yards

Summary 2030 Results Maintenance Facilities and
"g Average Vulnerability Score ’-:":;“ Yards
..... h>25
Med 2030
fl".l. e
e 2070
MBTA Rapid Transit Lines

o ,_/‘) 1. Flooding (precipitation and sea level
BLUE

rise/storm surge) could have highest impact

GREEN

e to maintenance facilities and yards due to R
. f
— RED “. REd |_|n e CCVA StOI‘V Map equipment and access issues. -
SHLVER l 2. Both Cabot and Codman Yards have had Gt

flooding issues in the past.

1. Analyze our vulnerabilities: conduct climate change vulnerability

assessments to generate both  quantitative & qualitative information on the risk posed
by climate change and ideas for how to adapt
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https://storymaps.arcgis.com/stories/0e8ee0c8457240a99ef7657b73ac08d7

Components of a Vulnerability Assessment:

Variable Indicators . -
=20
AN

SLR/ Storm Surge / / g i ) % /,
NN \//\//\/ a%%{‘/
Precipitation N NS A e\ o\ g S -
Exposure Extreme Heat Sea Level Rise + Chang_es !n Extreme Heat Extreme Wind Snow & Ice
i Storm Surge Precipitation

Winter Weather

Asset Complexity

Critical Systems Sensitivity "

Sensitivity

http://estacions.albertguillaumes.cat/

Past Impact/ Failure

Climate Specific Impacts

Distance from Central Point in
MBTA System

Redudancy (Service Option,
Adaptive Interchange Utility)

Capacity Presence of Backup Generator(s)
for Critical Infrastructure

Flood Protection Systems

Sensitivity Adaptive capacity End Result: Each Station,
Effect to asset, Ability to adjust G U|d eway Seg ment y an d

either adversely or to, or cope with,

beneficialy by dlimeta Maintenance Facility receivesa

climate-related

s o 6Vulnerability 8

Vulnerability Exposure

Nature and
degree of
exposure to
climatic variations
(1-4)*33%

Susceptibility
to climate
change
impacts
(1-4)
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http://estacions.albertguillaumes.cat/

List of Climate Vulnerability Assessments To Date

ENTIRE RAPID-TRANSIT SYSTEM

«  MBTA Vulnerability Assessment Report (2018, SHMCAP
Submission)

« Pump Room Inventory (2019)

« Pump Room Inventory Follow-Up: Drainage Mapping (Jan 2021)

+ Power, Signals & Communications Climate Change Vulnerability
Assessment (Rapid Transit + Silver Line) (Jan 2021)

+ Flood Vulnerability Screening of MBTA Rolling Stock (includes the
RIDE vehicle storage locations) (Oct 2022)

BLUE LINE
+ Blue Line Climate Change Vulnerability Assessment
(2018; Refresh Jul 2022)
» Orient Heights Maintenance Facility
Wulnerability Assessment (2018)
» Flood Resilience Recommendations
for Aquarium Station - Maverick Portal (2019)
« Aquarium Station Resilience Modeling:
Installation of 4 Groundwater Monitoring Wells (July 2021)
« Flood Pathway Analysis for Lewis Mall East Boston Berm Proposal
(FEMA BRIC application) (Dec 2020)

RED LINE

» Red Line Climate Change Vulnerability Assessment (Oct 2021)

» Cabot Yard Climate Change Vulnerability Assessment - Pt. 1 (Jul
2022)

ORANGE LINE
» Orange Line Climate Change Vulnerability Assessment (Oct 2021)

GREEN LINE
« Green Line Climate Change Vulnerability Assessment (July 2022)
« Flood Vulnerability Summary of MBTA Bus Facilities (includes

Everett Shops) (Sept 2020)

COMMUTER RAIL

« Flood Vulnerability Screening of MBTA Commuter Rail Facilities and

Parking Lots (Feb 2022)

2023 Moving Together Conference

COASTAL FLOOD MODELING

Martello, M.V. (2023). Climate Change Adaptation Planning and
Decision Making for Transit Infrastructure. [Doctoral Thesis,
Massachusetts Institute of Technology]. http://dx.doi.org/10.13140/
RG.2.2.26449.40809

Martello, M. (2020). Resilience of Rapid Transit Networks

in the Context of Climate Change. [Masters Thesis,
Massachusetts Institute of Technology]. https://dspace.mit.edu/
handle/1721.1/127329

CRaVAT Transit: Climate Resilience and Vulnerability Assessment
Tool for Rapid Transit + Silver Line (Aug 2020; available in GeoDOT)

Massachusetis Coastal Flood Risk Model Viewer: MC-FRM map +
MBTA Land Parcels (May 2021; available in GeoDOT)

System-Wide Rapid Transit Coastal Flood Model: MC-FRM data
outputs + EPA SWMM model (May 2023: available on https://www.
martelloclimate.com/publications)

For additional research on coastal flooding + MBTA: https://www.
martelloclimate.com/publications




MIT Research: Analysis of Coastal Flood Risk to MBTA
Rapid Transit Lines

1. Understand how the subway floods 2. Estimate the value of (not) flooding,
to value climate adaptation projects

Research Work completed between 2018 0 2023: *complimentary to MBTA vul. assmts.*
+ Climate Resilience and Vulnerability Assessment Tool ( CRaVAT) for Transit
+ Systemwide Flood Model for Rapid Transit + Cost Estimation Model

* Analysis of Regional Adaptation Pathways for MBTA

 Goal: Demonstrate the damages from flooding to better analyze the benefit -
cost ratio of actions/ adaptation measures
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CRaVAT Transit: Climate Resilience & Vulnerability
Assessment Tool for Transit

\ \ \ 4 CRaVAT transit
\ v, | Climate Resilience and Vuinerability Assessment Tool for Transit
\ \ \
1‘Y / b

yyyyy

555555555555555555555

+ The CRaVATtool analyzes coastalflood risk to ridership  using the Boston Harbor Flood Risk
Model based on track elevation ,dispatchlocation ,and switch location.

» This first phase of research was published in July 2021as O Ev al uat i on of cl i me
resilience for Bostond8 rmaiTramppdrtatbhentRase
subsequently headlined in the  Boston Globe , featuredin New York Times, Bloomberg, and
Weather Channel, among other news outlets. Link to articles .
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https://www.sciencedirect.com/science/article/abs/pii/S1361920921002078
https://www.sciencedirect.com/science/article/abs/pii/S1361920921002078
https://www.bostonglobe.com/2021/07/26/metro/rising-seas-an-existential-threat-mbta-study-warns/
https://www.martelloclimate.com/media

EPA SWMM tunnel flood model construction

Link 10: cross-section

Systemwide
Flood Model for
Rapid Transit:

 MIT Researchers
analyzed where
coastal flood water
would overtop at - “I | 1960’
grade portions of ;
. y EIL -75.9’
track and fill . o i o ) i S ——\SA
tunnels. = 105400 1 110400 115400 120400

Link 10

Link 10: longitudinal section

y

* Used Massachusetts
Coastal Flood Risk
Model time -series
data for 2030, 2050,
and 2070 sea level
rise, and various
coastal storm
frequency
scenarios.
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Systemwide Flood Model for Rapid Transit: Results

1-100 year coastal flood event with +2.6 ft SLR (longitudinal sections) |||i|-
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Cost Estimation Model for Rapid Transit

Using the Systemwide
flood modeling results,
MIT researchers
analyzed damages to
MBTA Transit

infrastructure.

Methodology

* Discretized assets across
rapid transit system

» Used replacement cost
estimates from MBTA

» Calculated expected
damages for a given
flood eventusing
damage curvesfor
transit assets, also
dev eloped with MBTA.
(Martello et al., 2022)
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Asset: stations, maintenance yards, linear

assets (10 ft. increments).

For a given asset, damage cost is a function of:

o Replacement cost (RC [,)

o Fragility (c(+))

© Exposure (d,)

More formally: ¢, = RCec(d)

Linear asset replacement cost estimates for
the MBTA system (2020 USD)

Replacement

Linear Asset Cost Estimate  Source

[$M/mi]

Heavy Rail Track 13.0 MBTA {2017b)
Light Rail Track 4.7 MBTA {2018c)
Heavy Rail Signal 6.8 META {2019 CIP)
Green Line Signal 4.5 MBTA {2018c)
Sitver Line Signal 3.0 MEBTA [2018c)
Heavy Rail 3rd Rail 3.2 MBTA {2017b)
Light Rail Catenary 10.5 MEBTA {2019b)
Duct Bank 6.8 MBTA Personnel
Tunnel Lighting 3.0 MBTA {2018c)
Tunnel Structure 189.6 MEBTA Internal Insurance Valuation

PDF

Signal Bungalow:
RC,= $$$
-
a(x)
d, Cm

Replacement cost estimate with uncertain
contingency (after Flyvbjerg et al., 2002)

Point Cost |
Estimate (from 1
table at left) |

N(145C,,,, 0.38C,,)

0% 50% 100% 150% 200% 250%
Actual Cost (Percentage of Estimate)

3009




Cost Estimation Model for Rapid Transit: Results

Expected Annual Losses (EAL) from coastal flooding for the MBTA rail rapid transit Illil-
system through 2050 (with SLR uncertainty)

$1B ¢
- 16% annual increase 95 percentile
- (2020 - 2030)
: pre-floodproofing baseline
Expected Value
$100 M ¢

[2020 USD]

5 percentile

$63 M}

$24 M|

Expected Annual Loss (EAL)

: IPCC AR6 SSPb5-8.5 SLR projection
$SIOM+H— ..

2008: $10 M 2020 2025 2030 2035 2040 2045 2050
Year

e In 2008, we estimate an EAL of $10 M for the MBTA rail rapid transit system.
e In 2020, we estimate an EAL of $24M (pre-Aquarium Station Floodproofing).
e By 2030, EAL was estimated to reach $63M ( with no Aquarium Station Floodproofing).
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1) Brake dust generated from trains...  2) Clogs air-conditioners with dust, 3) Resulting in over-heated
causing them to fail more frequently. communications equipment,
which can lead to service
disruptions.

2. Embed Climate Change Risk into
decision-making:

Inform funding decisions via CIP scoring, set

climate resilience standards for capital projects
and leverage existing department processes to
change the way we respond to climate hazards
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Climate Resiliency-Specific Projects at the MBTA:

| SNES ) o OIS < T
Charlestown Sea Wall - 2022 Fenway Portal Flood Gates & Aquarium Deployable Flood
Doors - 2021 Barriers- 2021
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MIT Cost Estimation Model for Rapid Transit: Results with flood-
proofing at Aquarium Station

Expected Annual Losses (EAL) from coastal flooding for the MBTA rail rapid transit I| Iil-
system through 2050 (with SLR uncertainty)
with Aquarium Station Floodproofing (+12 ft NAVD&88)

$1B
oy 6% annual increase
< - (2020*- 2030) 95% percentile
% *pre-floodproofing baseline .
= !
8 =
— % Expected Value
®D
= $100 M 1
c g [
< :
o — .
% $39 M 51 percentile
S .
S $18 M
Ll
IPCC AR6 SSP5-8.5 SLR projection
$1I0OM —mFp—
2020 I 2025 2030 2035 2040 2045 2050

2023 Year
However, with Aquarium Station floodproofing (July, 2021):

e |In 2023, we estimate an EAL of $18M (25% reduction from 2020).
e By 2030, we estimate an EAL of $39M (6% annual increase).
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Internal Coordination on Climate Resilience
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Flood Doors at Airport Portal- Blue Line

* ldentified as high priority location, vulnerable to coastal flood risk in the near
future - by both MBTA and MIT

« Used MC -FRM data to determine a design flood elevation

 Completed Existing Conditions Report & Flood Protection Recommendations
Report

* Funding obtained to begin design
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Winchester Center Station Re-Design — Commuter Rall

Used MBTA Flood Resiliency Design Directive to determine a Design Flood Elevation from FEMA Flood
Maps and FEMA Water Surface Elevations

Result: Modified design to elevate a new Elevator Machine Room above Aberjona River Floodplain
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DESIGN DIRECTIVE

To: Datrbution
From: Enk Swoofioft. PE
Chief Engaseer
Date: November |£ 2019
RE: META Flood Resilieney Desigs Dueective

Thes desagn directive is itendad 10 provide goidanes 00 the META's design approach,
. aod x its assets and opecatioas from the mpacts of

fooding

OBJECTDE
Dezign foe all new conetraction. repair, or replacement peojecs: shall inzinde a Bood
resiliency design approach that Is conststeat with MBTA'S poockies

Mimimoze nisgk to MBTA asses from flooding evesrs:

Maximize resiliency’ of de systems:

Minimseee dowstume and peevest dussplions te the tavekag public

Protect the safery of system wsers, woekess, aud the susovodiag awsoame ot o
ks sssocined witl flosd bacanta

Deternize Desigs Flood Elevatiza: DFE « BFE + SLR = Froeboaxd

Freebosrct  New-crroeal = | foor
Critical = 2 foet

There are aveltiph wepocal SLR projections foc the Gossrer Boztos aren. The Nocheast
Climate Adogtation Sowece Coorer (NECASC) o the University of Mastacheeetrs
peojections are mws SLR weaanos ehbyinve to the Bostoa Tide Sevon based cu
peodections foc te Natioaal Chmate Asses sevent global sosaanios. This analysis comssied
of the peobadilisth msesament of fusure selative SLR gives two futees mmospbees

greculs a3 frat thawiys: medaim regioual ecocenation petlway I*RCP™)
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1. Emtermediage: 1% probshilicy of beicg exceeded given 2 high smissions pafiwny

2. Emtermediate - High 9% prosabiliy of beisg excreded given 3 high emtizcom
oty

3. High: 0.5 probability of besg exceeded grven » high emissors peetieay

4. Extremee (Maxtmum Phosically Passtble): 001% peobabdity of bemg sxceaded
given a high emissioas pathmay

Table § below dhoms poogected SLR proctoos at the Bactoa Tide Station ln the vears
2030, 2030, 2070, and 2100 mder D four scenanios dewaibed above tor the RCP 5.5
RSSO SCeNano.

Table 1: NECASC Relmtive SLR Profection for Bovies, MA (feet shove MSL 2015)
Scemarie e % w0 200
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Severe Weather Operations

2021 Massachusetts Bay
Transportation Authority
Severe Weather Operations Plan (SWOP

-

=

 Used MC -FRM data & Present Day
Probabilities - to determine which
locations were likely to flood,
depending on sev erity of storm

» Updated Plan with this information
to inform decision -making
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Planning

Open in Map Viewer Classic

MBTA_Dashboard_Flooding

Legend

WPC/RFC Significant Flood Outlook

> occurrin g or Imminent
[> Likely

Possible

Wind Observations

National Flood Hazard Layer - MassGIS
/ FEMA

FEMA_National_Flood_Hazard_Layer
RGB
B Red:Band_1
Green: Band_2

B Blue:Band 3

* New MBTA Emergency Management
Dashboard can assist MBTA Operations
with real -time storm response

* Incorporates multiple sources of flood risk
information: MC -FRM, FEMA, USGS River
Gauges, National Weather Service layers




3. Coordinate + Collaborate:

« Work with municipalities, other state agencies, federal government
and non -profit organizations on regional approaches to climate
adaptation

<=

Army Corps of Engineers Coastal Storm Risk Resilient Mystic Collaborative Meeting of Lower Mystic
Management Study Field Trip, Oct 2022 Infrastructure Managers, Fall 2019
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Analysis of Regional Adaptation Pathways for MBTA

» Using proposals from Climate Ready Boston, MIT researchers attempted to
characterize just how much protection (and for how long) the Climate Ready
Boston projects would protect the MBTAOGS

*»» Proposed Regional Flood Protect.'on only protects MBTA’ s subway If
implemented simultaneously : ' @
\ /
| )@

1

-
4
x

A 1 MBTA Aquarium Station
e Analysis completed of Climate Ready 7"~ East Boston Phase |
Boston adaptation projects (as a case |’
P Proj ( ¥® 3. Charlestown F'hase I
study) N
4 Columbia Pomt
e For the central tunnel, adaptation 5. South Boston Seaport
projects (e.g., steps 1-5) must work . 6. Downtown
together as a system to effectively '
reduce flood risk. 7. East Boston Phase
_ _ _ 8 Charlestown & New Charles
e Protecting a single location (e.g., River Dam
Aquarium Station) in isolation provides ‘*l\ 9. Fort Point Channel South
little long-term value. C‘ 10. Fort Point Channel West
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External Coordination on Resilience - Examples

Municipal:
 Climate Ready Boston:
0 Neighborhood Plans
0 Heat Resilience Solutions for Boston
Regional:
* Mystic River Watershed

Association:

0 Resilient Mystic Collaborativ e: Priority
List of Regional Flood Protection
Projects

0 Belle Isle Marsh Working Group

State:
 DCR:

0 Hardening of Dams
d Coordination on flood protection at
Draw 7 Park

Federal:

 Army Corps of Engineers
0 Coastal Storm Risk Management

Study for City of Boston: 5 -year study

started Oct 2022
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_, 2. WE WILL EXPERIENCE INCREASINGLY

* Even if major action is taken to reduce emissions, the

EFFECTS OF CLIMATE CHANGE.

In Massachusetts, we have already seen average
temperatures increase by almost 3.5°F. Over the last
decade, Boston experienced more hot days and nights
than any decade in the previous 50 years.

HOTTER SUMMERS AND GREATER HEAT
STRESS.

number of days in Boston over 90°F will increase from a
historical average of 10 days per year to as many as 46
days per year by the 2070's.

3. PREPARING FOR HOTTER SUMMERS IS
CRITICAL TO PUBLIC HEALTH AND SAFETY.

In the United States, extreme heat is already the #1
cause of weather-related deaths, more than tornadoes,

hurricanes, flooding, and cold weather combined.

4. WE MUST CONTINUE TO PREPARE FOR BOTH
THE NEAR-TERM AND LONG-TERM.




Thank you!

Hannah Lyons -Galante
Manager of Climate Change Resiliency

Massachusetts Bay Transportation Authority
Dept of Environmental Affairs
10 Park Plaza, Suite 5720, Boston, MA 02116

HLyonsGalante@mbta.com

Massachusetts Bay
Transportation Authority Eastern Route Main Line, 20!
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