CLIMATE CHANGE, SEA-LEVEL RISE AND
CALIFORNIA’S SHORELINE
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Variations in the Earth’s orbit
around the Sun play a major
role in causing climate
changes, Ice Ages and sea
level fluctuations.

Three Orbital Cycles & Periods

1. Shape of orbit-100,000 years
2. Tilt of axis of rotation ~41,000 years
3. Wobble of Earth’s axis- ~26,000 years




Temporal Differences in
Sea Level

SHORT-TERM:HIGH RATE OF CHANGE

Astronomical Tides: 5-10 feet over hours; King tides: up to 2 feet
Storm Surges: up to 3 feet over hours
El Nino: 1-2 feet over months

Wave run-up and wave set-up: 4-5 feet over minutes

LONG-TERM:LOW RATE OF CHANGE

* Ice melt and thermal expansion of ocean: hundreds of feet over
thousands of years, but only mm/year




Geographic Differences in
Sea Level

GLOBAL ORABSOLUTE SEA LEVEL
e Driven primarily by global temperature which affects:
-Volume of ice sheets and glaciers

- Ocean temperature, and therefore sea water density and
volume

REGIONAL OR RELATIVE SEA LEVEL
Tectonics- affects coastal uplift or subsidence
Land subsidence from fluid withdrawal (petroleum or water)

Atmosphere-ocean circulation patterns in the Pacific (e.g., EI Niho)
and storm surge affect ocean levels over days to months

Gravitational effects




Components of Global and Regional

Sea-Level Rise

Ocean-atmosphere
interaction

Ice

Gravitational
attraction of ice

melting

~33%

Terrestrial water
storage

Groundwater withdrawal

U

Density
changes

Glacial isostatic
adjustment

Ocean circulation

Uplift and
subsidence




As Earth has cooled and warmed, glaciers and ice caps have
advanced and retreated, and sea level has risen and fallen.

At the peak of the last Ice Age, about 3% of the ocean’s water, 10
million mi3 removed from the ocean and converted to ice and snow.
Sea level dropped about 125 m (400 feet) below the present.

Siow fall

Sea-level position

Last glacial
maximum
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Present Rate
3.3mm/yr
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GLOBAL SEA-LEVEL RISE NOW MEASURED
PRECISELY FROM SATELLITES

Future Uncertainty
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Antarctica 190feetofSLR | Greenland 24 feetofSLR

Mountain Glaciers ~1.5 feet of SLR

Approximately 216
feet of sea-level rise
contained in ice.




California Recent Sea-Level Rise
Importance of short-term events

SAN FRANCISCO: 1.9 mm/yr. (7.6”/100 years)
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Jan. 27, 1983 El Nino High Tides

STATION PREDICTED TIDE RECORDED TIDE DIFFERENCE (FEET)
(FT. MLLW) (FT. MLLW)

SANDIEGO 7.40 8.35 0.95

LOS 6.9 7.96 1.06

ANGELES

SAN 7.1 8.87 1.77

FRANCISCO




El Nino 1997-98-Elevated Water Levels
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King of the tides

Once or twice a year, coasts are visited by king tides:
higher high tides and lower low tides than normal. The
royal visit happens when the Earth is closest to the
moon or sun, or as in today's case, both celestial bodies.
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Earth is at its
closest to sun

o

Moon is at its
closest to earth

Tidal: As the Earth orbits the sun, and as
the moon orbits the Earth, the distance
between the objects changes. This
change, however slight, translates into
more or less gravitational pull and thus,
more radical or conservative high and
low tide cycles. Within each 29-day moon
orbit of the Earth the distance changes
and, once a year, the two become closer
than ever. The sun and Earth are furthest
apart July 2 and closest together Jan. 2.

King tide Mean tide
7.11t. 2-5 ft. Sea level

Mill V\@O?“f Ramp, Highway 101

Sources: National Oceanic and Atmospheric-— ﬁ‘ «- : ——— { bt December 12 201 2
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Sea-Level Rise for the Coast of California:
Past, Present, and Future

Sea-Level Rise for the Goasts of
Galifornia, Oregon, and Washington

PAST, PRESENT, AND FUTURE




Global sea-level rise was measured from tide gauges

historically and satellites since 1993.
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Polar temperatures over the last several million years have, at times, been slightly warmer than
today, yet global mean sea level has been 6—3 metres higher as recently as the Last Interglacial
(130,000 to 115,000 years ago) and possibly higher during the Pliocene epoch (about three
million years ago). In both cases the Antarctic ice sheet has been implicated as the primary
contributor, hinting at its future vulnerability. Here we use a model coupling ice sheet and climate
dynamics—including previously underappreciated processes linking atmospheric warming with
hydrofracturing of buttressing ice shelves and structural collapse of marine-terminating ice
cliffs—that is calibrated against Pliocene and Last Interglacial sea-level estimates and applied to
future greenhouse gas emission scenarios. Antarctica has the potential to contribute more than a
metre of sea-level rise by 2100 and more than 15 metres by 2500, if emissions continue
unabated. In this case atmospheric warming will soon become the dominant driver of ice loss, but
prolonged ocean warming will delay its recovery for thousands of years.
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KEY FINDINGS - 2017

Scientific understanding of sea-level rise advancing at
rapid pace.

Direction of sea-level rise is clear

Rate of ice loss from Greenland and Antarctic Ice Sheets
IS InCcreasing

New evidence has highlighted the potential for extreme
sea-level rise

Probabilities of specific sea-level increases can inform
decisions

Current policy decisions are shaping our coastal future

Waiting for scientific certainty is neither a safe nor a
prudent option




ANTARCTIC ICE SHEET/GLACIAL DYNAMICS
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ANTARCTIC ICE SHEET/CLIFF INSTABILITY

Marine Ice Sheet Instability

grounded ice ice shelf
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PROJECTIONS OF FUTURE

SEA-LEVEL RISE FOR SAN FRANCISCO

. , _ . _ GREENHOUSE GAS EMISSIONS
(b) Relative sea level in San Francisco, California MORE IMPORTANT AFTER 2050
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FUTURE SEA-LEVEL RISE PROJECTIONS

(b) San Francisco, Golden Gate

Feet above MEDIAN LIKELY 1-IN-20 1-IN-200
1991-2009 mean RANGE CHANCE CHANCE

% probability 67% proba- % probability % probability
Year/ Percentlle SLR meets or bility SLR is SLR meets or SI_R meets or
exceeds..NRC between... exceeds... exceeds...

0.6 0.8
1.4 1.9
3.2 5.7
3.5 59
4.4 | 6.9
2.4 1.3 — 3.8 5.5 11.0
3.0 1.7 — 4.6 6.4 1.7
4.1 2.8 — 5.8 7.7 13.0

22



Table 4. Probability that sea-level rise at San Francisco, Golden Gate, will meet or
exceed a particular height (feet) in a given year under: (a) RCP 8.5, and (b) RCP 2.6.

Estimates are based on Kopp et al., 2014. All heights are with respect to a 1991-2009 baseline;
values refer to a 19-year average centered on the specified year. Grey shaded areas have less
than a 0.1% probability of occurrence.

SAN FRANCISCO

0.1%

PROBABILITIES OF

31% 0.4%

PARTICULAR HEIGHT oo o (o] o

84% 13% 1.2% 0.2% 0.1%

(I N F E E I ) B E I N G 93% 34% 5% 0.9% 0.3% 0.1% 0.1%

96% 55% 14% 3% 09% 0.3% 0.2% 0.1% 0.1%

R EA H E D O R 96% 70% 28% 8% 3% 1% 0.5% 0.3% 0.2% 0.1%

100% 96% 79% 52% 28% 15% 8% 4% 3% 2%

EX EEDED BY 100% 97% J 91% | 80% 65% 50% 36% 25% 18%  13%
S—

SPECIFIC YEAR

3.1%

19% 0.3%

43% 1.4% 0.2%
62% 4% 0.6% j 0.2%

74% 11% 2% 0.4% 0.2% 0.1%

80% 20% 3% 1.0% 0.4% 0.2% 0.1% 0.1%

84% 31% 7% 2% 0.8% 0.4% 0.2% 0.1% 0.1%

93% 62% 31% 14% 7% 4% 2% 2% 1% 1%
93% 68% 42% 22% 12% 7% 5% 3% 2% 1%




Uncertainty

“There are the known knowns, there
are the known unknowns, and there
are the unknown unknowns” .

e Future greenhouse
gas emission scenarios
e Model uncertainty

e Natural variations in
Earth’s climate

1. Rate of melting of
Greenland ice cap

2. Acceleration of flow rate
of Antarctic glaciers into
ocean

3. Release of carbon from
thawing of permafrost
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Figure 1. Sea-level ‘fingerprints’ resulting from the distribution of ice and water
around the Earth and ensuing gravitational and rotational effects.

The maps depict the relative response of sea-level to the loss of ice mass from (a) Greenland
Ice Sheet (GIS) and (b) West Antarctic lce Sheet (WAIS). The color bar represents the
fractional departure of relative sea level rise from that expected given the ice contribution
to global mean sea level. For example, when ice is lost from the Greenland Ice Sheet the
relative effect on the US West Coast is 75% of the sea-level rise expected from the water
volume added to the ocean. By comparison,. when ice is lost from the West Antarctic lce
Sheet the US West Coast experiences 125% of sea-level rise from that expected from the
water volume added.



Variations in the Earth’s or
around the Sun play a major
role in causing climate
changes, ice ages and sea
level fluctuations.

Three Orbital Cycles & Periods

1. Shape of orbit-100,000 years
2. Tilt of axis of rotation ~41,000 years
3. Wobble of Earth’s axis- ~26,000 years




Climate changes have been recorded in:

Deep-sea sediment cores

lce cores from Greenland
and Antarctica

Tree rings
Deep-sea corals

2,000-5,000 Years




Ice cores from Antarctica extend down 11,500 feet, extend back 850,000 years,

and contain a continuous record of atmospheric carbon dioxide content.
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King tides rolling into the Bay Area

Here is a look at the high tides forecast for the Bay Area on Thursday and Friday. Tides will be
highest in the cul-de-sac of the South Bay, where water “piles up” in the tight confines.

= ovauejo High tides around the Bay Area
Pablo Bay -~ 12 €) Mare Island €) San Leandro Marina
Richmond —~ \/ Concord Thursday: 7.0 ft.,12:00 a.m. Thursday: 8.9 ft. 11:28 a.m.
13 = Friday: 6.9 ft., 12:50 p.m.  Friday: 8.7 ft.,12:19 p.m.
L @ Port Chicago €) San Mateo Bridge
0@ 6 = Thursday: 5.9 ft., 12:53 p.m. Thursday: 9.1 ft., 11:25 a.m.
San Oakland (680 Friday: 5.8 ft., 1:44p.m.  Friday: 9.0 ft., 12:16 p.m.
Franciscd™ s, € f::ndm 5 @ Richmond {1 Princeton, Half Moon Bay
. Fragglscg W\ Thursday: 7.5 ft., 10:50 a.m. Thursday: 6.9 ft., 9:28 a.m.
Pac'ﬁ;a > Oy 0T Friday: 74 ft., 11:41am.  Friday: 6.7 ft., 10:18 p.m.
d 24
10, Moon 11) @ Fremont O San Francisco 1) Redwood City
Bay . Redwood ; Thursday: 7.2 ft., 10:34 a.m. Thursday: 9.6 ft., 10:44 a.m.
Oity, "\~ 779 Friday: 7.0 ft., 11:24am.  Friday: 9.5 ft., 12:27 p.m.
280) ?::e © Rincon Point {¥) Dumbarton Bridge

Thursday: 7.56 ft., 10:52 a.m. Thursday: 10.1 ft., 11:44 a.m.
| Friday: 744 ft., 11:42a.m.  Friday:10.0 ft., 12:36 p.m.

O Alameda () Coyote Creek
Thursday: 7.9 ft., 11:03 a.m. Thursday: 10.5 ft., 11:50 a.m.
Friday: 7.8 ft.,11:54 a.m. Friday: 10.3 ft., 12:41 p.m.
g"::‘gg ’g Santa Cruz @) Hunter's Point {T) Santa Cruz
14 Thursday: 8.1 ft.,11.01a.m. Thursday: 6.7 ft.,9:12 a.m.

Friday: 8.0 ft., 11:53 a.m. Friday: 6.5 ft., 10:01 a.m.

Source: California King Tides Initiative BAY AREA NEWS GROUP




