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Outline:

Broken up into 4 sections:

What is Climate Change?
What are the drivers of SLR?
What is Storm Surge?

What are the ways in which SLR

and Storms Interact?

The Perfect Storm: Exploring how sea
level rise and storms intersect

No rush... I’l1 cross
that bridge when 1
come to it.

Prepare for
Flooding !!!
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Section 1

What is Climate Change?



Anyone younger than 40 has ONLY seen rising
temperatures EVERY year

Global Land and Ocean
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warmest decades on record for the globe, surface temp above the 20th century average
(2011-2020) surface temp of 1.48°F > (2001-2010) value of 1.12°F
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Global Climate Models

Scientists apply that knowledge to a scaled-down,

computer simulation of the planet: a global climate model

Changes in the Atmosphere: Changes in the
Composition, Circulation Hydrological Cycle
| Changss In
| Sotar Inputs
Clouds
’ Atmosphere
N, O, Ar, WA
H,0,C0, CH,N.0,0, etc. ‘e ichviy
Aercsols Atmosphans-Biosphers
Interaction
U e
tl ra
Terrestria
{}

Changas in the Cryosphere
Snow, Frozen Ground, Sea ice, Ice Sheets, Glaciers

Changes in the Ocean ‘ Changes infon the Land Surface.
Clreulation, Sea Level, Biogeochemistry | Orographry, Land Usa, Vogetation, Ecosystems

Modelers represent Earth’s surface and
atmosphere as a virtual world made up of
interacting, three-dimensional boxes.

“All models are wrong, but some are useful” — George Box, 1976
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. Precipitation Trends
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“All models are wrong, but some are useful”

— Georae Box. 1976



Woods Hole Detection

Pasterze Glacier, Austria
Change between 1875 and 2004

http:/AMww . worldviewofglobalwarming.org/pages/glaciers. html


http://www.worldviewofglobalwarming.org/pages/glaciers.html
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* Climate forcings

— Changes in the Earth’s orbit
and the sun’s intensity

— Volcanic Eruptions
— Change in Ocean Currents
— Changes in Greenhouse Gas

Concentrations
Great ocean conveyor;eu
P
/ . ‘
7 R, ) 4
/ : ¥ Cold saline



http://pubs.usgs.gov/pinatubo/prelim.html

Global Surface Warming ¢

What do the climate

models based on

Paleoclimate data say?

amission
scenarios

moderate growth (AlB)

low growth (B1)

Year

variability between modets—

high growth (A2)
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oo ol Massachusetts Climate Change

Sea ]]t Projections (2018)

Since 1922 (Boston) Sea Level Rise

Relative to mean sea level in 2000

0
55% 2” Precipitation Days
Since 1958

47%

Heavy Precipitation:

Massachusetts Massachusetts Climate Changes
Observed Climate Changes Projected by the 2090s
2.9°F °
Temperature: ' Since 1895 (Statewide) Temperature t 72 Fp "
: : 15 Days X 34
GfOWlng Season: t Since 1950 90°F Days t Annual; Range: 11 to 64 days
Sea Level Rise: t 11 inches t 4 tO 10. 2 feet

Source: Climate Science Special Report, 2017;  Source: Northeast Climate Adaptation
NOAA NCEI nClimDiv; NOAA Ocean Service Science Center



Section 2

What are the drivers of SLR?

WHAT MOVES HAVE YOU MADE IN
. RESPONGE TO CLIMATE CHANGE?

— PETER




If only |
could
swim !l




Wons ol Glacial History
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Advance and retreat of the last continental ice sheet (Laurentide -

Canada) and the rise in SL that followed the retreat of the ice sheet.
New

Brunswick

MAINE

Nova

Vermont Scotia

New
New York Hampshire . o
Maximum extent of glacial ice
ass: (about 28,000 to 24,000 years ago) _.
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Atlantic Ocean




Wons ol Glacial History
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+50 | A
Z o Present sea level
3 25,000 yr ago
§ 400’ below SL, ~1 mile thick
D 150 By ~ 15,000 ice was gone.
=200

I I I I
0 20 40 60 80 100 120 140 16C

Time (thousands of vears)

11,000 years ago 6,000 years ago Present Day

(Shaw et al., 2002)
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Terrestrial water storage,
extraction of groundwater,
building of reservoirs,

changes in runoff, and Surface and deep ocean

seepage into aquifers circulation changes, storm surges

Subsidence in river
delta region,
land movements, and
tectonic displacements

As the ocean warms,
the water expands

|

Exchange of the water
stored on land by
glaciers and ice sheets
with ocean water

INTERGOVERNMENTAL PANEL ON CLIMATE CHANGE
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SLR Contributors

Global Avg. Sea Level Observatigns:
20th century rate: 1.7 £ 0.5 mm/yr
1993 to 2003 rate: 3.1 £ 0.7 mm/yr

thermal expansion 1.6 £ 0.5 mm/yr
changesin land ice 1.2 £ 0.4 mm/yr

Contributors to global sea sea level rise (1993-2018)

10
added water + thermal expansion

8
v added water
% 6 {mostly meltwater)
E
e
e
g 4 global sea level

(from satellite)
Z
thermal expansion
0

1995 2000 2005 2010 2015 2020

year



Woods ol Glacial Isostatic Adjustment (GIA)

Sea [[[ and sea-level change
SEA LEVEL CHANGE (1993-2019)

Change in sea level (cm)

[ |
-20 0 20




Glacial Isostatic Adjustment (GIA)

and sea-level change

1ce IC¢

(b)

SEA
SURFACH

CRUSI

Glacial isostatic adjustment and sea-level change. State of the art report. Pippa Whitehouse, Durham University. April 2009

Greenland Antarctic

SLR in California and Florida
generated by the melting of the
Antarctic ice sheet is up to 52%
greater than its average effect on
the rest of the world.

https://climate.nasa.gov/news/2626/evidence-of-sea-level-fingerprints/
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SEA LEVEL CHANGE (1993-2019)

Global & Regional SLR Trends

Change in sea level (cm)

. e
-20 0 20
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“All models are wrong, but some are useful”

— Georae Box. 1976



Global warming commitment:
Irreversibility by any other name

Decade Annual Rate of Increase
2003 — 2012 2.07 ppm per year

fl oS
January 1959 - January 2022 1.67 ppm per year
1.52 ppm per year

Atmospheric C02 1.37 ppm per year

January CO2 | Year-on-Year | Mauna Loa Observatory 0.90 ppm per year

growth
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s ol Intergovernmental Panel on Climate
S@ﬂ ﬂt Change Sixth Assessment Report

CO, Sea Ievel Arctic sea ice Glaciers
concentration area retreat

Highest Fastest rates Lowest level Unprecedented
in at least in at least in at least in at least
2 million years 3000 years 1000 years 2000 years

2021 IPCC AR6 Working Group | =Summary for Policy Makers



Woods Ho 2022 Sea Level Rise Technical Report

Sea “t ¥ rEMA ®=USGS B & .-3. 0

National Sea Level Rise

® Projections vary by
location.

@ 10-12 inch rise in last 100
years; same amount of rise
projected in next 30 years.

e Results: profound shift in

coastal flooding over next

Then 2020 (Now) 2050 (Future) 30 years.

1920 10-12 inches additional
higher 10-12 inches

e Results: damaging floods
projected 10+ times as
often. :
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2022 Sea Level Rise Technical Report

g ©@

Uncertainty factors are related to current science regarding natural processes (process
uncertainty) and future emissions and impacts (emissions uncertainty). Scientists account for
this by developing many projections that span the likelihood spectrum.

Sea Level Rise Data
Past, Present, Future

e Greater certainty than
previous projections for the
next 30 years

e Uncertainty increases after
2050, and is highly dependent
on future emissions

e Emissions matter: likely at
least two additional feet by
2100 due to current emissions
alone

Sea level (ft)

8+

Low confidence processes including rapid ice sheet melt and marine

ice sheet disintegration, COMBINED WITH very high emissions and

global warming contribute significantly to the Intermediate,

Intermediate-High, and High sea level rise scenarios r2.0

6+
Emissions uncertainty, or the amount of future emissions
and associated global warming, drive long-term differences
54 between the Low, Intermediate-Low, and Intermediate sea

: r1s
level rise scenarios.

....................................... w
44 -]
Process uncertainty, or how well sea level rise / 3
processes gre understood and can be modeled, is ISR
34 represented as the shading above and below the E)
median values. . ==
2 /i
_/.' 0.5
Observational data show that
sea levels are rising and the
recent trend is accelerating.
04 =0.0
Historic Record Near-Term Long-Term
1970 2000 2020 2050 2100
Tide Gauge Observations High N Intermediate-Low
= === (Observation Extrapolation Intermediate-High [ Low

S Intermediate

Contiguous U.S.A. Projections

D,




Near-Term Sea Level Change (2020-2050)

Intermediate Low (0.5m) (2050) Intermediate High (1.5m) (2050)

Sea Level Rise (m)
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Sea Level Rise Technical Report
Comparing 2017 and 2022 Scenarios

* Global scenarios for 2100 stayed the same,
but the timing changed; less acceleration in
scenarios until after 2050

e 2022 report provides a greater
understanding of future sea level trends in
the near term (next 30 years)

v’
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2022 Sea Level Rise Technical Report

Sea “t ¥ rEMA ®=USGS B @ _._.. 6
What has changed from 20177

Sea level (ft)

Global Mean Sea Level Projections

The 2017 and 2022 SLR Scenarios are defined by the same global mean sea level
7+ values in the year 2100. The 2022 SLR Scenarios are based on updated sea level
trajectories from the Intergovernmental Panel on Climate Change (IPCC) Sixth
6+ Assessment Report (AR6).

5« The Extreme SLR Scenario is excluded from the 2022 SLR
Technical Report due to improved understanding of the
4 - timing of possible rapid ice-sheet melt. _ g
34 The range between scenarios is narrower
in the near-term (out to 2050) due to
2+ improved process-based understanding.

\
\ !
- .
o
on

T 2.0

. N
T
o=d
on

o
(w) |9A3) e3S

] -1 ———+
0 = - - T T T r 0 0
2000 2025 2050 2075 2100
---= 2017 Extreme —e— |ntermediate
— 2022 - High —e— |ntermediate-Low

. Intermediate-High —e— Low



Woods Ho 2022 Sea Level Rise Technical Report

\ea bt o ZUSES B @ & (=

KEY TAKEAWAYS

U.S. coast: average 10-12” SLR in next 30 years.
* Equals change seen over past 100 years.
* Rates will be lower or higher in different regions.

Results: More extreme tides and damaging storm surges.

Results: Profound shift in coastal flooding over next 30
years. By 2050, “moderate” (typically damaging) flooding
likely to occur 10+ times more often.



/ THE LATEST ON N

[ CLMATE CHANGE

AND COASTAL EROSION
HAS US FEELING
A LITTLE ON EOGE ..




Wh{d’ﬂ ( Storm Surge 101 IE

Storm surge is an abnormal rise of water  Storm tide is the water level rise during a
generated by a storm, over and above the  storm due to the combination of storm
predicted astronomical tide. surge and the astronomical tide.

17 ft
storm tide

2 ft normal
high tide

Mean sea level

NOAA/The COMET Program



Width and slope of the continental shelf.

A shallow slope will potentially produce a greater storm surge
than a steep shelf.

EX. Cat 4 hitting the Louisiana coastline(wide and shallow shelf)
may produce a 20’ storm surge,

in Miami Beach, (shelf drops off quickly) might see an 9’ surge.

B e T ———

~ SIBISEYE

17 ft ! " o ST 5 : .

storm tide A ==, R

—1sftsurge - — ’ / - A~V _ — A 4-4 ¥
2 ft normal i & Y /. RE— =
high tide - -—

NOAA/The COMET Program /

Mean sea level




Aug.24, 1992
17:51




. Springfield

Bob (1991).....Cat.2

Hartford

US: 6 deaths and
S680 million in
damage in the
United States

MA: Storm surges
of 10 to 15 ft

Surge is a function of:
*Storm Intensity

*Storm Track
¢ La n d G eom Et ry/Bathymetry

< Boston
* Worcester

* Providence

s Hyannis
* Norwich |

* Montaul Point



Wons ol Great Colonial Hurricane of 1635
Seﬂ “[ (“The big one”.... ~Cat.3)

US: ??? deaths and $??? million in damage in the United States
MA: Storm surges of >6 ft

Basin: Boston Harhor <hos= Storm: C:fsloshl Gapkg sloshdsp/rexdiles/download 163

OSH Wind fie !
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N

1

Envelope of
High Water

Storm surges of >>>>> 6 ft

St Tide 1t

Abv Gri[é Cell

The grand opening of the s ek W M.
Cape Cod Canal was : 4
July 29, 1914




Vs o New England Hurricane 1938
Seﬂ 'a“t (Puerto Rico- Cat.5....NE- Cat.3@ landfall)

US: 600 deaths and $308 million in damage in the United States
MA: Storm surges of 10 to 12 ft
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Future

or remembering the Past?

375 750

Meters

What if thel635 hurricane hit today?

y Le

Elevations in
Meters

-34

_

m— High Water - 1635

1,500

N

A

J.P.Donnelly



Section 4

What are the ways in which SLR and Storms Interact?

by Stephan Fasus
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Hi g h Tide: 12:30 Ppm Observed Wa:a?mﬂsalfxgsfm Boston MA

From 2018/01/04 00:00 LST to 2018/01/05 23:59 LST
2o Peak S

3.1 fee

20.0

1/4'5/2018150

s
o

e
o

Height in feet (MLLWW)
o

o
=)

NOAA/NOS/Center for Operational Oceanographic Products and Services
00:00 04:00 08:00 12:00 16:00 20:00 00:00 04:00 08:00 12:00 16:00 20:00
1/4 1/4 1/4 1/4 1/4 1/4 1/5 1/5 1/5 1/5 1/5 1/5

‘ — Predictions — Verified =— Preliminary
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Sea “t Nor’Easter (January 2018)

Hurricane Sandy (10/29-30/2012)
Predicted High WL = 10.3 MLLW Max Surge: 4.5’
Actual High WL =12.8 MLLW High Tide Surge: 2.5’

Nor'easter Nemo (2/8-2/9/2013)
Predicted High WL = 10.0 MLLW Max Surge: 3.9’
Actual High WL = 13.0 MLLW High Tide Surge: 3.0’

Nor'easter Grayson (1/4-5/2018)
Predicted High WL =12.1 MLLW Max
Actual WL = 15.2 MLLW High

In Boston, a storm tide of 15.16’ was recorded which beat the record set by the Blizzard of 1978 (15.0’).



Sea%t Changing the return period of flooding
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Mloods Hole

2.7
2.4
2.1

1.5
1.57]
1.27
0.9+
0.6

0.3

Meters above MHHW

0.0

-0.3 |
1900 1910

] year per 100

10 years per 100
w50 years per 100
=8 years per 100

I I 1 | I 1 | I I 1
1920 1930 1940 1950 1960 1970 1930 1990 2000 2010 2020

Top Ten Highest Water Levels for long-term stations in feet above MHHW (as of 1/2015)

* «— Inferred Level | --- Last Recorded Level # --- High Water Mark

Station Station Name
Number

First Second Third Fourth Fifth Sixth Seventh Eighth Ninth Tenth

8447930 Woods Hole, MA
(since 1932)

9/21/1938 8/31/1954 9/14/1944 8/19/1991 9/12/1960 10/29/2012 2/19/1972 11/30/1963 12/27/2012 12/2/1974
#8858 *7.98 * 488 4.65 3.58 3.42 3.18 3.08 3.07 3.06



Wouis 2D Visualization — Town Hall

“ - c ~ A I ™ i/ A agng scarcence comnv'chants b \WHO! (dama AW oods_Hoke rind I"‘
A Mo Veted Getrg Stated Latest Hoadlnes
% hitge /73t aggng. ax_a/Wouods_Hobe Wl ‘

- : s P s A T = e
Condition s t fol Sea Level Rise . Vatha

Trarslsnng dals bom slagng assscmnos com.



2D Visualization — Town Hall
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Wonis ok 2D Visualization — Town Hall
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oo 3D Inundation Visualization
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ile Edit View History Bookmarks Tools Help

5 hittp: 22w whoi.edul. tion/Woods_Holehtml | == ‘
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3D Inundation Visualization

)Mozilla Firefox

ile  Edit View History Bookmarks Tools Help

b5 hittp: /A whoi.edu/. tion/Woods_Holehtml | ==

‘ http: /v whoi.edu/home/interactive AwHOI_Inundation/woods_Hole html

2| Most Visited [ Mail:: INBOX | | Getting Started [=] Mail :: INBOX = | Latest Headlines
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; [T




) Mozilla Firefox
ile  Edit View History Bookmarks Tools Help

5 hitp: 22w whoi. edul. tion/Woods_Holehtml | ==
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3D Inundation Visualization

File Edit View History Bookmarks Tools Help
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oo SLR & Cat 2 Hurricane
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Just SLR SLR & Storm Event
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Sea Level Rise
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Woods Hole

Seil m SLR leads to Erosion

 The "“Bruun rule” predicts recession of sandy coasts with
changed water levels

ym 2‘ w ............ ‘q .................... PP AR M O m'. :
sea level recession

| —
.............. PN .
year 2050 vl - ’_ «,_ f<

sea level recession “"}.. “*’2: » -
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- s‘eabod and beach profiles
sand balance to limit of active zone
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Weots Hi!

» Sea level has risen for tens of
thousands of years...it’s not stopping
anytime soon, and it’s projected to
accelerate.

» Regarding storms...we’ve been
lucky for a long time.

» Need to plan/adapt “while the

”l

sun is shining”!

» Erosion & Flood management is
going to become even more
effective as costs + dangers ™11

\ea Giant The Implications...

15;000 years ago = No ice r '
11,000 years ago 5

6,000 years ago

http L/ www. *"\‘9‘3|dﬂmune.com/ '.‘_

Quio

Was&tob

400’ below SL, ~1 mile thick
~ Shoreline was >200 miles offshore present

Historical Tracks

[ Atiantic =]

2012 =]

l Hurricane-2 Sandy 3

Map Key
Hurricane Categories (1-5)
Tropical Subtropical:
Storm (8) Storm (s)
Depression (D) - Depression (d)
Rainsiorm (R)



Victim of our own success?
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Extreme

_ Intermediate-low
— oW
2000 sea level

Sea Our Choices Matter !!!
Possible future sea levels for different greenhouse gas pathways
2:9 4
I 20
0]
£
= 1.5 A
>
g
© 1.0 il
8 tide-gauge satellite
£ 0.5 observations i
3 | &
% 0 - \ "= ~_/
G
-0.5 | T 1 | |
1800 1850 1900 1950 2000 2050

year

Adapted from Sweet et al.
2017 National Institute of Building Sciences (NIBS) study look&d at 23

I
2100

017

years of federally funded mitigation grants provided by the FEMA, EDA
and HUD and found mitigation funding can save the nation $6 in future
disaster costs, for every $1 spent on hazard mitigation. Original 2005

studv had 4:1 ratio.
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