APFPENDIX A
COMPARISON OF SEA LEVEL RISE PROJECTIONS

This appendix provides discussions of sea level rise observations (historic rates), components of sea level
rise, and a comparison of sea level rise predictions. The latter section compares predictions from the
Intergovernmental Panel on Climate change (IPCC) (2007), Cayan et a/ (2008), Resolution of the
California Ocean Protection Council (OPC, 2011), USACE Circular 2011, and the National Research
Council’s “Sea-Level Rise for the Coasts of California, Oregon, and Washington: Past, Present, and
Future” (NRC 2012).

GLOBAL SEA LEVEL RISE OBSERVATIONS

Global sea level has risen approximately 120 m (400 ft) since the last glacial maximum some 18,000
years ago (Fairbanks 1989). In the last 6,000 years, the rate of sca level rise slowed from an average rate
of about 50 mm (2 in) per century over the last 6,000 years, to 10 to 20 mm (0.4 to 0.8 in) per century
over the last 3,000 years (Church ef al, 2001).

Tide gauge data from the 20" century, indicates the present rate of global average sea level rise has been
between 10 and 20 cm (4 and 8 in) per century. The few very long tide gauge records indicate that the rate
of sea level rise was less in the 19™ century. It is very likely that 20™ century warming caused by
anthropogenic impacts has contributed significantly to the observed seca level rise. Modeling studies
indicate that both the thermal expansion of sea water and as well as widespread loss of land ice have
increased sea level from 1910 to 1990 by between 3 and 8 cm (1.2 and 3.1 in) per century (Church ef al,
2001).

COMPONENTS OF SEA LEVEL RISE

Sea level rise is generally split into two terms — a global term that is controlled by global processes, such
as the warming of the oceans and the melting of ice; and a local term that is controlled by local or
regional processes, such as local winds and land movements. Local sea level rise is also referred to as
relative sea level rise as it combines changes in the both the sea and land elevations.

Global, or eustatic, sea level rise 1s the combination of two factors:

1. Thermal expansion of the ocean. Thermal expansion is the result of higher water temperatures

leading to an increase in ocean volume while the mass remains constant. Over the past 50 years
the oceans have absorbed about 80% of the heating associated with greenhouse gases.
Observations suggest an average sea level rise of about 10 cm (3.9 in) per century can be
attributed to thermal expansion component over recent decades (Cayan et al, 2006). The rate of
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thermal expansion will increase as global temperature increases and will continue for about 1,000
years after atmospheric temperature stabilizes, due to the slow circulation of the deep ocean
(Mote et ai, 2008).

2. Melting of global ice. The melting of glaciers and land grounded ice caps, such as Antarctica and

Greenland, will increase the mass of water in the oceans leading to sea level rise. Observations of
glaciers and ice caps suggest an average contribution to sea level rise of 2 to 4 cm (0.8 to 1.6in)
per century over the last century. However, several independent measurements of Greenland and
Antarctic mass balance using lasers and gravity measurements indicate that both Greenland and
Antarctica have recently (2002-2006) been substantial contributors to global sea level rise (Mote
et al, 2008).

Local sea level rise is a combination of global sea level rise together with local factors:

1. Local atmospheric circulation. Atmospheric factors can affect regional sea levels. Wind-driven

enhancement of sea level can occur on the Pacific coast due to the northward ocean currents and
duc to very long wavelength waves propagating up form the equator during El Nino events (Mote
et af, 2008). Combined with Coriolis effects due to the Earth’s rotation, they push ocean water
toward the shore. Other phenomena associated with the El-Nino-Southern Oscillation, such as the
frequency and magnitude of storms and storm surges, may be also be altered by climate change.

2. Vertical land movement. Relative sea level rise is the sum of global sea level rise and the change
in vertical land movement (BCDC, 1987). Thus, if sea level rises and the shoreline rises or

subsides, the relative rise in sea level could be lesser or greater than the global sea level rise.
Vertical land movement can occur due to tectonics (earthquakes, regional subsidence or uplift),
sediment compaction, isostatic readjustment and groundwater depletion (USACE, 2009). As rates
of global sea level continue to increase with climate change, at some point, the rate of vertical
land movement will become less significant in determining the impact of sea level rise. However,
areas that have subsided are particularly vulnerable to sea level rise and extreme events.

COMPARISON OF GLOBAL SEA LEVEL RISE PROJECTIONS

There have been a number of recent projections of sea level rise. Each of these projections has made
different assumptions in relation to the components of sea level described above. It is important to
understand these assumptions and the context in which the predictions were made.

IPCC (2007)

The United Nations” Intergovernmental Panel on Climate Change (IPCC) fourth assessment report { AR4)
provided projections of global sea level rise for six emission scenarios (Table A.1 and Figure A.1). These
included high emissions scenarios (such as A1F1 and A2) which represented a future in which economic
growth 1s uneven and the income gap remains large between now-industrialized and developing parts of
the world. In contrast, low emissions scenarios (such as B1) represented a future with a high level of
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environmental and social consciousness, combined with a globally coherent approach to a more
sustainable development.

Each of the emission scenarios was modeled using a number of global climate models to give projected
temperature and sea level rise changes. The use of multiple models reflects the uncertainty in the climate
responses by greenhouse gases and other forcings and the variability among models in representing and
calculating key processes. The results for each emission scenario were then assembled to provide an
envelope of likely projections together with a mean projection.

Low Emission High Emission
Component B1 A2
2100 2100

Thermal expansion 17 cm (6.7 in) 24.5cm (8.6 in)
Ice sheet contributions 10.5cm (4.1 in) 12 cm (4.7 in)
Greenland ice sheet 3cm(1.2in) 45cm (1.8 in)
Antarctic ice sheet -6 cm {(-2.4 in) -7.5cm (-3.0in)
Total global sea level rise 28cm (11in)+ 10cm 37cm(14.6in) +14cm

Table A.1. Low and high emission global sea level rise from Table 10.7 IPCC (2007).

The projections provided by AR4 are of global sea level rise and do not reflect local atmospheric
circulation or tectonic movements. The projections range from 18 to 38 cm (7 to 15 in) for the lowest
emissions scenarios to 26 to 59 em (10 to 23 in) for the higher emissions scenarios.

Subsequent research has led to a reevaluation of the AR4 sea level rise projections which are now thought
to be too low, and the approach used to derive the projections has been questioned. The projections were
driven mostly by the thermal expansion component and excluded the significant contributions from the
accelerated future melting of the Greenland and Antarctic ice sheets. The uncertainty in modeling how ice
moves in large, land-based ice sheets led the IPCC to exclude this component and to state that the [PCC
did:

“not assess the likelihood, nor provide a best estimate or an upper bound for sea level

rise” (IPCC 2007).

The upper end of the AR4 projection is not an upper limit and it probably underestimates future sea level
rise (Rahmstorf 2007; Jevrejeva et af 2008). Other recent publications report different global sea level rise
projections to those reported by AR4. For instance, Rahmstorf (2007) used a linear empirical relationship
which resulted in higher global mean surface temperature and rates of sea level rise to predict sea level
rise increases of 50 to 140 cm (19 to 55 in) by 2100.

Cayan et al (2008)

Cayan et al (2008) considered higher estimates of global sea level rise in their study of sea level rise in
the coastal waters of California. They defined two projections which bookended the range of likely global
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sea level rise, referring to these as “low™ and “high”. This used the A2 (high emission) and B1 (low
emission) scenarios and Rahmstorf’s methodology to project global sea level rise in 2100 (Table A.2).
These projections were also adjusted to include the effects of dams on sea level rise which may have
stored enough water worldwide to mask acceleration in the rate of sea level rise prior to 1993,

Low Emission High Emission
Component B1 A2
2100 2100

AR4 projection 28 cm (11 in) 37 cm (14.6 in)
Adjustments for ice sheet ]

22 cm (8.7 in) 103 cm (40.5)
loss and dam storage
Total global sea level rise 50 cm (19.7 in) 140 cm (55.1 in)

Table A.2. Low and high emission global sea level rise from Cayan et o/ (2008).

Both sets of global sea level rise projections (AR4 and Cayan er a/) use a series of scenarios to bracket
likely future greenhouse gas emissions. The latter study brings added sophistication, incorporating
additional components such as enhanced ice sheet loss and dam storage. Worth noting is that the
estimated emissions growth for the period 2000 to 2007 was above even the most fossil fuel intensive
scenario of AR4 (Science Daily 2008).

Resolution of the California Ocean Protection Council (OPC, 2011)

In March 2011, the OPC published a resolution recommending that state agencies incorporate the risks
posed by sea level rise into project and program plans (OPC, 2011). The resolution was targeted towards
state agencics and non-state entitics implementing projects or programs funded by the state or on state
property. Table A.3 shows sea level rise projections for 2030, 2050, 2070, and 2100, as reported in the
resolution. These projections were developed by the Coastal and Ocean Working Group of the California
Climate Action Team (CO-CAT) based on the work of Cayan 2008 and reported in the Sea-Level Rise
Interim Guidance Document (CO-CAT, 2010). The low, medium, and high scenarios correspond to the
IPCC emission scenarios as follows: B1 for low projections, A2 for medium projections, and A1F1 for
high projections.

Sea level rise projections developed by the State are being confirmed by a National Academy of Science
(NAS) study (see National Research Council 2012 below).

Year Emissions Average of Models Range of Models
Scenario
2030 All 18 cm (7 in) 13-21 cm (5-8 in)
2050 All 36 cm (14 in) 26-43 cm (10-17 in)
4
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2070 Low 59 e¢m (23 in) 43-70 cm (17-27 in)
Medium 62 cm (24 in) 46-74 cm (18-29in)
High 69 cm (27 in) 51-81 c¢cm (20-32in)

2100 Low 101 cm (40 in) 78-128 (31-50 in)
Medium 121 cm (47 in) 95-152 ¢cm (37-60in)
High 140 cm (55in) 110-176 cm (43-69 in)

Table A.3. Sea-Level Rise Projections using 2000 as the Baseline Year, from OPC 2011 Table 1
National Research Council (NRC) 2012

In 2012 the National Research Council (NRC) released a report of a report titled “Sea-Level Rise for the
Coasts of California, Oregon, and Washington: Past, Present, and Future” (NRC 2012). This report
evaluates each major contributor to global sea-level rise (see “Components of Sea Level Rise,” above)
and combines these contributions to provide values of sea level rise at various planning horizons for the
west coast. The report also discusses regional and local contributions to sea level rise. Four regional sea
level rise estimates are reported for California. The values for San Francisco Bay are reported in Table
A.4. These values include an estimate for vertical land motion of -1.5 mm/year + 1.3 mm/year, which is
the same for all of California south of Cape Mendocino.

Year Projection Range

A1B scenario B1 and A1F1 scenario
2030 14.4 cm (5.7 in) 43-29.7 cm (1.7 - 11.7 in)
2050 28 cm (11.0 in) 12.3 - 60.8 cm (4.8 - 23.9 in)
2100 91.9 cm (36.2 in) 424 - 166.4 cm (16.7 - 65.5 in)

Table A.4 San Francisco Regional Sea Level Rise Projections Relative to Year 2000
incorporating vertical land motion, from NRC 2012 Table 5.3 (page 117).

USACE Circular EC 1165-2-212, 2011

The US Army Corps of Engineers (USACE) issued circular EC 1165-2-212 in October 2011 which
provides guidance for the incorporation of direct and indirect physical effects of projected future sca level
rise (USACE, 2011). This document replaced circular EC 1165-2-2011 (USACE, 2009), which gave very
similar guidance. Planning studies and engineering designs should evaluate alternatives against a range of

local sea level rise projections which are defined by “low”, “intermediate™ and “high™ rates of local sea
level rise.

The “low™ local sca level rise projection is the historic sea level trend as observed at a long-term gauge. A
minimum of 40 years of data is considered necessary to justify extrapolating into the future and use as a
baseline for projecting future sea levels. This “low™ projection is atypical of sea level rise projections as it
does not consider future emission scenarios, unlike AR4 and Cayan ef al (2008) discussed above.
Maintenance of the historic sea level rise rates into the future is unlikely given the overwhelming
evidence of accelerated sea level rise in the future. The “low projection serves more a baseline against

5

Kprojectsh_2013\D130020.00 - Union Sanitary District Sea Level Rize Study\03 Working Docs_Analysis\DraftRep ortiAppendices\Attachment A - SLR v1. 1.doc 8172012



which to compare the more reasonable estimates of accelerated sea level rise given by the “intermediate™
and “high” projections.

The “intermediate™ global sea level rise projection is based on the average of the central values from the
six scenarios used in AR4. Rather than use the AR4 values, the USACE circular suggests using curves
developed in the 1987 National Research Council study Responding to Changes in Sea Level (NRC,
1987). This study used a series of three sea level curves (NRC-I, II and III) that bracketed the then
estimates of sea level rise by 2100. These same curves have been used in the USACE circular but
modified to reflect the increase in the present rate of global sea level rise to 1.7 mm per year.

The AR4 projections for 2100 bracket the modified NRC-I curve and the guidance is to use NRC-I for the
“intermediate™ global sea level rise projections for 2100, a value of 48 cm (19.1 in). In a similar vein to
Cayan et al (2008), the USACE “high™ global sea level rise projection takes account of increased ice
sheet loss beyond the projections of AR4. The Modified NRC-III curve is used to give a sea level rise of
148 em (58.3 in) by 2100. The rationale provided for the use of the curve is that:

“This ‘high” rate exceeds the upper bounds of IPCC estimates from both 2001 and 2007
to accommodate for the potential rapid loss of ice from Antarctica and Greenland.”

(USACE, 2009)

Table A.5 shows that NRC-III does give values close to that of Rahmstort (2007) and Cayan et af (2008).

“low” “intermediate” “high”
Source
2100 2100 2100
IPCC 2007 (AR4) ) ) )
o 18 cm (7.1 in) 34cm (13.4 in) 59 cm (23.2 in)
projection
Rahmstorf (2007) 50 cm (18 in) 140 (55 in)
Cayan et al (2008) 50 cm (19.7 in) 150 cm (59 in)
USACE (2011) (NRC-III) historic 48 cm (19.1 in) 148 cm (58.3 in)
NRC (2012), San ) ; ;
) 424 cm (16.7 in) 91.9 cm (36.2 in) 166.4 cm (85.5 in)
Francisco

Table A.5 Projections of global sea level rise from IPCC (2007), Cayan et af (2008), USACE (2011), and
NRC (2012). The terms “low™, “intermediate” and “high** are used differently in each study, in some
cases it reflects the emissions scenario, in other cases it brackets a possible range.

BCDC (1987) and USACE (2011) provides guidance on how to calculate local vertical land movement
from historic sea level observations so that local sea level rise estimates may be incorporated into the
“intermediate™ and “high” projections.
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Figure Al. Projections of Global Sea Level Rise, IPCC 2007
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