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Major Switching Stations Flooded

During Sandy
(Red = close to location on 1911 map)

|. Bayonne

2. Bayway [Elizabeth]

3. Deans [North Brunswick]
4. Essex [Newark]

5. Federal Square [Newark]
. Hudson [Jersey City]
Jersey City

. Kearny

.Linden

0. Marion [Jersey City]

|. Metuchen

2. Newark

3. Sewaren

4. South Waterfront [Jersey City]
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Source: PSE&G (201 3)



http://www.pjm.com/~/media/committees-groups/stakeholder-meetings/grid-2020-insights/20130417-distributed-technology-panel-3-calore.ashx

Probabilistic 21st and 22nd century sea-level projections at a
global network of tide gauge sites

Robert E. Koppl, Radley M. Horton2, Christopher M. Littleg, Jerry X.
Mitrovica4, Michael Oppenheimerg, D. J. Rasmussen5, Benjamin H. Strauss’ and
Claudia Tebaldi®”

Kopp et al. (2014),
Earth’s Future




Sources of global sea-level change (and uncertainty)

Ice
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Thermal Expansion
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Compare observed thermal expansion of about |
|.I £ 0.3 mm/yr from 1993-2010 6 Collins et al. (2013)



Glacier and ice sheet melt

Total Hazard

Glaciers and ice caps 0.37 £0.02 m
Greenland Ice Sheet 74 m
West Antarctic + Antarctic Peninsula Ice Sheets 45 m
East Antarctic Ice Sheet 53.3 m

Cepth (m) Sea-bec cepths Non gaciated land  Height (m)
e -
Maps by P. Fretwell (British Antarctic Survey) OO 4000 000 1000300 00 00 400 3000 00

g ——— 7 Marzeion et al. (2012); Bamber et al. (201 3);
Fretwell et al. (201 3)



Land water storage

Dam construction

1 5 # Groundwater withdrawal
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Sources of regional sea-level change (and uncertainty)

lce

Ocean-atmosphere
Interaction

-

Terrestrial water
storage

~

Milne et al. (2009)




Ocean circulation and ocean-atmosphere interaction

60°N 0.6

%% The sea is higher off
10.2  Bermuda than off the
S 5 northeastern U.S. by
N R about 2 feet because
il R "> of atmosphere and

-0.4 ocean dynamics that
_o.s could weaken over the
century.

-
-—-

—().8

100°W 60°W 20°W
mean dynamic sea level, 1993-2010 (meters)

Yin and Goddard (2013)
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CMIP5 projections of regional ocean dynamics

Median ocean dynamics: RCP 8.5, 2100 (cm)




Static-equilibrium effects: Gravitational, rotational, and flexural
changes caused by melting land ice

Fingerprint: GIS Fingerprint: EAIS

0 50 100 150 200 250 300 350 ' 0 50 100 150 200 250 300 350
Fingerprint: WAIS Fingerprint: Glaciers

Kopp et al. (2014)



Sea levels are also rising because of glacial isostatic adjustment,
tectonics, and fluid withdrawal.

Background rate (mm/y)

Kopp et al., 2014 K



Climate models don’t project all the contributors to sea-level rise,
and don’t do all the ones they do include well, so we need to
synthesize multiple lines of knowledge.

(Historical demandp L and water
popglatio_n { storage
_ relationship )
[Expert elicitation } Ice sheets
Physical model Local
of local effects sea level
(Expert assessment Glaciers

i

[ Climate models

Thermal expansion
and ocean dynamics

Continuation of Non-climatic
historical trends background

Kobp et al. (in review)



Reconciliation of IPCC and expert elicitation

| | | | | | | |
1 \ A "N
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Note that IPCC provides only likely (67%) ranges — it does not attempt to estimate the tails
of the ice sheet distribution.We accept the AR5 likely range and use BA expert elicitation to

capture relationship between likely range and tails.

|5
Kobb et al. (201 4)



Projected global mean sea-level rise
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Median projection: RCP 8.5
GSL=0.79m
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RCP 2.6

2 feet SLR on Jersey shore

after 2200 2035-2055

2075-2100

4 feet SLR on Jersey shore

2055-2075

2075-2100

RCP 8.5

2 feet SLR on Jersey shore

2100-2200 2035-2055

2075-2100

4 feet SLR on Jersey shore

after 2200 2055-2075

2075-2100



Sources of uncertainty change over space and time

Global (RCP 8.5) New York (RCP 8.5)
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Kopp et al. (2014)



Coastal flooding



Impacts of sea-level rise scenarios on
' 66” SLR
Coastal . storm tide =8 I
flooding

10/29/2012

The Battery,
55 7 New York 38” SLR

96 cm rise
central scenario
in 2100

Under a high sea-

level rise scenario 5.0 16” SLR
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central scenario 09/12/1960
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2100 [at NYC:5.5°], _ SN
. 4.5 — TOda)’ 11/25/1950
the flooding water joyes s
R R reached during 03/14/20106
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year event will
exceed Sandy's

09/12/1960
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Pelnam -

Coastal flooding =" =5 § b/

"{

Areas submerged /N0 " JEERSEY -,
with 9’ sea level rise R e ey G ,
blus storm surge (=
Sandy today, I-in-10
year storm w/5’ sea-

level rise)

Below 9’ in New York

® $168 billion property

® 930 thousand people
(1/3 high social
vulnerability)

® 405 thousand housing
units

® 65 fire and EMS stations

® )8 hospitals

Climate Central (2013)
httb://sealevel.climatecentral.ors/



http://sealevel.climatecentral.org/

New York Key West
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New York Key West
100% - | | : 100% - ' | ' F
§ i %\ i
> >
S 10%- \ = O 10%- 3
(e ] C - . C
© . \ O i -
o [ O \:
© [ © _
:?_,-) 10/0_: to 2100 \:_ :8 10/0_: \\
g E to 2050 \ ] : \
b to 2030 S -
1| — Historical a | b t
01 °/O | l | | 01 o/o | | | |
1 1.5 2 0.4 0.5 0.6 0.7
Flood height (m above MHHW) Flood height (m above MHHW)

Key West “I-in-10 year’ “I-in-100 year’

2000-2030

2000-2050

2000-2100

No SLR,2000-2100

24



Coastal property

Tropical Cyclone Activity

CCI/IA | American Climate Prospectus: Economic Risks in the United States
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Coastal property: property loss to SLR

Additional insurable property below mean higher high water, RCP 8.5 2050
(percent of statewide property/billion USD)

1% $250

1-in-20 1-in-20
6° _
E Likely $200 Likely
Range - Range
5% —
1-in-20 1-in-20
$150
2 = H
3% $100
2% B
$50
1 " 5 1
1o _ L T
— =
0% - mm— —_ —m = $0 = - =
AL CA CT DC DE FL GA LA* MA MD ME MS NC NH NJ NY OR PA Rl SC TX VA WA AL CA CT DC DE FL GA LA* MA MD ME MS NC NH NJ NY OR PA Rl SC TX VA WA

Probability MSL High Tide MSL High Tide
1-in-100 chance above $156 $523 $143 $472 $129 $456
1-in-20 chance above $126 $465 $107 $400 $106 $397
Likely range $66 to $106 $323 to $389 $62 to $85 $294 to $366 $62 to $85 $287 to $360
1-in-20 chance below $61 $256 $60 $240 $60 $226
1-in-100 chance below $52 $186 $51 $181 $50 $172

American Climate Prospectus: Economic Risks in the United States 26



Coastal property: flood damage due to SLR

Average annual coastal flood damage (property + business interruption)
RCP 8.5 2050 (percent/million USD increase)

9 $5,000
250% 1in20 1-in-20

$4,500 :[
Likel Likely
200% I I Rlar?g}é $4,000 Range
$3,500
1-in-20 1-in-20

150% $3,000
'|' $2,500

100% L -|- $2,000 —_|__
m $1,500

50% 1 I Q I é $1,000 B
) é = &g Ié & $500 é_= égééé_g_ I__é?é

ol
o $0 e
AL CT DC DE FL GA LA MA MD ME MS NC NH NJ NY PA Rl SC TX VA AL CT DC DE FL GA LA MA MD ME MS NC NH NJ NY PA RI SC TX VA

Table 1: Number of Stochastic Events “Hitting” a Country or a Combination of Countries

U.S. or Canada

Number of events 32,702 10,648 37,538

American Climate Prospectus: Economic Risks in the United States 27



Coastal property: distribution of flood damages

Damages to high-risk coastal dwellings vs. county and state averages
RCP 8.5 2050 (dollars per capita)
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American Climate Prospectus: Economic Risks in the United States 28



Limited mitigation benefits in 21st century

Figure 21.6: Change in average annual hurricane and inundation damage, 2080-2099

Billion 2011 USD
$35
1-in-20
$30 }Likely
Range
$75 1-in-20
$20
$15
$10
$5
$0 el = = =
85 45 26 85 45 26 85 45 26 85 45 26 85 45 26 85 45 26
NORTHEAST SOUTHEAST MIDWEST GREAT PLAINS SOUTHWEST NORTHWEST

CCI/IA | American Climate Prospectus: Economic Risks in the United States
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Projected changes in tropical cyclones
(Downscaled RCP 8.5)

Frequency Power density index
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Coastal property: Effects of changes in storm intensity

Effect of reweighting storms based on projected frequency/intensity
RCP 8.5 (billion USD)

$120

1-in-20
$100 Likely T
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$60 J_
$40 '|'
s T
20
— L
— E=S B
$0
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American Climate Prospectus: Economic Risks in the United States



Some other extremes

32



Increasing extreme heat days

Figure 4.4: Increasing numbers of extreme hot days
Number of days with maximum temperatures above 95°F, RCP 8.5

Days >35°C per year Meian in20 Chanc

2080-2099

2040-2059

2020-2039

g

g B
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® 8

s 8

CCI/IA | American Climate Prospectus: Economic Risks in the United States



Dangerous heat extremes become the new norm

1-in-20 year heat-related mortality expected 1-in-5 years by mid-century,
1-in-2 years by late century

20
—— RCP256
- RCP 4.5
—— RCP8.5
— Historic
15

10 1-in-2 year event

Number of extreme events (per 20 years)

1-in-5 year event

1-in-10 year event /
‘;\___él\

2000 2020 2040 2060 2080

CCI/IA | American Climate Prospectus: Economic Risks in the United States



American Climate Prospectus Humid Heat Stroke Index
“It’s not just the heat, it’s the humidity”

ACP HHSI Peak Wet Bulb Description (hottest part of day)
Temperature
| 74°F-80°F Uncomfortable. Typical of much of summer in the Southeast.
Dangerous. Typical of most humid parts of Texas and Louisiana in
ll 80°F-86°F hottest summer month, and most humid summer days in
Washington and Chicago.
. . Extremely dangerous. Comparable to Midwest during peak days of
1l 86°F-92°F
1995 heat wave.
Extraordinarily dangerous. Exceeds all U.S. historical records. Heat
\Y; >92°F stroke likely for fit individuals after less than one hour of moderate
activity in the shade.

CCI/IA | American Climate Prospectus: Economic Risks in the United States




American Climate Prospectus Humid Heat Stroke Index

Projections based on empirically-calibrated relationship between wet bulb and dry bulb
temperatures

Fulton County GA [JJA dailies] Harris County TX [JJA dailies]
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American Climate Prospectus Humid Heat Stroke Index

Expected
number of
Category 2+
(dangerous)
and
Category 3+
(extremely
dangerous)
in a typical
year under
RCP 8.5

2080-2099

2040-2059

2020-2039

1981-2010

Category ll or greater

<l every 10 your®.] 1

5 10 X

Category lll or greater

)

0 30 4 S0 & %

CCI/IA | American Climate Prospectus: Economic Risks in the United States
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RCPB.5

RCP 4.5

RCP26

American Climate Prospectus Humid Heat Stroke Index

Category 3+ (Extremely dangerous) Category 4 (Extraordinarily dangerous)

2080-2099 2180-2199 2080-2099 2180-2199

RCPB.5

RCP 45

RCP 2.6

)

<overylDyears 01 | § B 20 0 0 9 & W <devery D yoars O | 5§ 0 5 2 5 N &S

Note difference in scales above 3/year!

CCI/IA | American Climate Prospectus: Economic Risks in the United States 18



Takeaways

Sea-level rise is uncertain and geographically variable, but we can
produce reasonable PDFs for local sea-level change.

When combined with flood return periods, SLR means more frequent
flooding, sometimes dramatically slow.

Combined with property + hydrodynamic models, we can estimate the
cost of both SLR (in US median, likely ~$300-$400 billion by 2050 lost

property) and its effects on storms (likely ~$6-$ 13 billion/year by
2050).

More intense hurricanes — and perhaps all hurricanes — are likely to
become more frequent, ~doubling expected annual losses by mid-
century and ~tripling by 2100.

Extreme heat and humidity days will become more common, with
extraordinarily dangerous Cat 4 days starting to be expected in parts
of the country by the end of the century under RCP 8.5.
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Model Data

Historical: Historical catalogs

(e.g., historical data)

Hazard: data on event hazard

(e.g., ground shaking intensity,
peak wind speed data)

Vulnerability: curves relating
hazard to impact on exposed
locations

Analytical Modules

Stochastic: Determine the
physical parameters, location
and frequency of events

Hazard: determine the event
hazard (e.g., peak ground
shaking intensity, peak wind
speed)

Vulnerability: calculate mean
damage ratio and coefficient of
variation for exposed locations
and resulting loss of use

Financial: Calculate financial
loss for each location
considering the re/insurance
policies, and aggregate

-___________________________________________________________________________________________________________________________________________________________
Figure 1: The RMS Modeling Process

Exposure Data

Geospatial: address information

Latitude, Longitude

Exposure: location
characteristics - Construction
class, Number of stories, Age,
Occupancy, TIV, limits, etc.

Table 1: Number of Stochastic Events “Hitting” a Country or a Combination of Countries

Canada U.S. or Canada

Number of events 32,702 10,648 37,538

American Climate Prospectus: Economic Risks in the United States



