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Preface

Projections of sea-level rise are increasingly being incorporated into coastal planning at
national, state, and local levels. This assessment of sea-level rise for the California, Oregon, and
Washington coasts was requested by 10 state and federal agencies:

e (alifornia Department of Water Resources

California Energy Commission

California Department of Transportation

California State Water Resources Control Board

California Ocean Protection Council

Oregon Watershed Enhancement Board

Washington Department of Ecology

National Oceanic and Atmospheric Administration (NOAA)
U.S. Army Corps of Engineers (USACE)

U.S. Geological Survey (USGS)

At the committee’s first meeting, each agency described its needs for sea-level information.'
The state agencies need estimates and projections of sea-level rise in their areas to assess coastal
risk; to plan investments in water, transportation, energy, and pollution-control infrastructure; to
modify design and construction standards; to develop adaptation strategies that will protect the
environment and infrastructure against increased salt-water intrusion, coastal erosion, and
inundation; and to identify necessary changes in state law or policy. NOAA and the USGS need
sea-level information at state, national, and global scales to assess coastal vulnerability and
response to sea-level rise; to improve models and forecasts; to develop research priorities; and to
develop decision support tools for a variety of users, including the public. Finally, the USACE
needs sea-level information to guide water resource investment decisions.

Assessments of sea-level rise at state and regional levels are challenging because data on the
geophysical processes involved are relatively sparse and there are no agreed-upon models or
approaches for projecting future sea-level rise. Consequently, in addition to searching the
scientific literature, it was necessary to consult widely with colleagues and to carry out original
data analyses. The results were discussed during four committee meetings in 2011 and countless
teleconference and email discussions.

The committee used standard statistical techniques to calculate means, trends, and
uncertainties associated with sea-level rise, and to extrapolate recent data into the future. To
ensure that the calculated results were sound, the committee verified its results in several ways.
Calculations performed using standard statistical packages or the equations and data presented in
the report were cross-checked by one or two committee members. This process was used to
check the means and uncertainties of the various components of sea-level rise, the tide gage and
satellite altimetry measurement errors and corrections, vertical land motion observations and
models, and estimates of the effect of gravitational attraction. Calculations that required
specialized software, including extracting the steric contribution from model results, calculating
trends from satellite measurements and glacial isostatic adjustment (GIA) models, and projecting

! Presentations to the committee by the 10 sponsor agencies on January 12, 2011.
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future sea-level rise, were carried out or checked by a colleague or student of the lead committee
member. The method for extrapolating the cryospheric contribution to sea-level rise was
developed in collaboration with a statistician, who also verified the results. Where possible, the
data and equations for these calculations are provided in the report or the public-access file,
enabling an independent check from reviewers.

The committee would like to thank the individuals who briefed the committee; supplied
data, figures, or model results; or provided other input or feedback: Jonathan Allan, Brian
Atwater, Patrick Barnard, Laura Brophy, John Church, Abe Doherty, Catia Domingues, Peter
Gleckler, Chris Goldfinger, Dominic Gregorio, Jonathan Gregory, Eric Grossman, Junyi Guo,
Erica Harris, Greg Hood, Masayoshi Ishii, lan Joughin, Jeanine Jones, Tom Kendall, Paul
Komar, Eli Levitt, Sydney Levitus, Becky Lunde, Anne Pardaens, Archie Paulson, Stephan
Rahmstorf, Eric Rignot, Peter Ruggiero, Carl Safina, Ingo Sasgen, Armand Thibault, Wouter van
der Wal, Hansheng Wang, Kelin Wang, Jeff Weber, Josh Willis, Frank Wu, Patrick Wu, Jianjun
Yin, and Phoebe Zarnetske. Special thanks go to Balaji Rajagopalan, who developed the
statistical approach for the ice extrapolations; James Foster, who compiled and analyzed leveling
data in California; Richard Peltier, who provided details of his GIA models and computed past
and future predictions of relative sea-level changes in Washington, Oregon, and California; and
Jerry Mitrovica, who provided gravity fingerprints along the U.S. west coast for Alaska,
Greenland, and Antarctica. The committee also thanks the students, postdocs, and colleagues
who crunched numbers, validated results, and created (and recreated) figures, including Jianbin
Duan, Zhenwei Huang, Chungyen Kuo, Darrin Sharp, Scott Waibel, and Yuchan Yi. Without the
hard work and contributions of all these individuals, it would have been difficult to complete this
report.

Finally, I thank all the members of the committee for their service, some of whom had to go
way beyond that usually required for an NRC committee because of the short study period and
the complexity of the task. Finally, I thank Anne Linn for her tireless efforts as Study Director
and for bringing the report to fruition.

Robert A. Dalrymple, Chair
Committee on Sea Level Rise in California, Oregon, and Washington
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Summary

Sea level rose during the 20th century, and observations and projections suggest that it will
rise at a higher rate during the 21st century. Rising seas increase the risk of coastal flooding,
storm surge inundation, coastal erosion and shoreline retreat, and wetland loss. The cities and
infrastructure that line many coasts are already vulnerable to damage from storms, which is
likely to increase as sea level continues to rise and inundate areas further inland.

Global mean sea level is rising primarily because global temperatures are rising, causing
ocean water to expand and land ice to melt. However, sea-level rise is not uniform; it varies from
place to place. Sea-level rise along the coasts of California, Oregon, and Washington (referred to
hereafter as the U.S. west coast) depends on the global mean sea-level rise and also on regional
factors, such as ocean and atmospheric circulation patterns in the northern Pacific Ocean, the
gravitational and deformational effects of land ice mass changes, and tectonics along the coast.
The comparative importance of these factors determines whether local sea level is higher or
lower than the global mean, and how fast it is changing. Such information has enormous
implications for coastal planning.

California Executive Order S-13-08 directed state agencies to plan for sea-level rise and
coastal impacts, and it also requested the National Research Council (NRC) to establish a
committee to assess sea-level rise to inform these state efforts. The states of Washington and
Oregon, the U.S. Army Corps of Engineers, the National Oceanic and Atmospheric
Administration, and the U.S. Geological Survey subsequently joined California in sponsoring
this study to evaluate sea-level rise in the global oceans and along the coasts of California,
Oregon, and Washington for 2030, 2050, and 2100. The charge to the committee is given in Box
S.1.

BOX S.1
Committee Charge

The committee will provide an evaluation of sea-level rise for California, Oregon, and Washington for
the years 2030, 2050 and 2100. The evaluation will cover both global and local sea-level rise. In
particular, the committee will:

1. Evaluate each of the major contributors to global sea-level rise (e.g., ocean thermal expansion,
melting of glaciers and ice sheets); combine the contributions to provide values or a range of values of
global sea-level rise for the years 2030, 2050, and 2100; and evaluate the uncertainties associated with
these values for each timeframe.

2. Characterize and, where possible, provide specific values for the regional and local contributions
to sea-level rise (e.g., atmospheric changes influencing ocean winds, ENSO [El Nifo-Southern
Oscillation] effects on ocean surface height, coastal upwelling and currents, storminess, coastal land
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motion caused by tectonics, sediment loading, or aquifer withdrawal) for the years 2030, 2050 and 2100.
Different types of coastal settings will be examined, taking into account factors such as landform (e.g.,
estuaries, wetlands, beaches, lagoons, cliffs), geologic substrate (e.g., unconsolidated sediments,
bedrock), and rates of geologic deformation. For inputs that can be quantified, the study will also provide
related uncertainties. The study will also summarize what is known about:

a. climate-induced increases in storm frequency and magnitude and related changes to regional and
local sea-level rise estimations (e.g., more frequent and severe storm surges)

b. the response of coastal habitats and geomorphic environments (including restored environments)
to future sea-level rise and storminess along the West Coast

c. the role of coastal habitats, natural environments, and restored tidal wetlands and beaches in
providing protection from future inundation and waves

The most comprehensive estimates of global sea-level rise are made by the
Intergovernmental Panel on Climate Change (IPCC), which assesses the state of knowledge on
climate change every 5 to 6 years. The last IPCC assessment, published in 2007, evaluated
research results published until mid-2006. This report summarizes the IPCC (2007) findings on
global sea-level change and updates them with more recent results. In contrast, no
comprehensive assessments of the rate of sea-level rise off the coasts of California, Oregon, and
Washington have been carried out. Consequently, this report summarizes published research
results on the processes that contribute to sea-level change in the region and also presents the
committee’s analysis of relevant data and model results. Projections of global and local sea-level
rise for 2030, 2050, and 2100 are based on model results and data extrapolations, as described
below.

GLOBAL SEA-LEVEL RISE

Following a few thousand years of relative stability, global sea level has been rising since
the late 19th or early 20th century, when global temperatures began to increase. The IPCC
(2007) estimated that global sea level rose an average of 1.7 = 0.5 mm per year over the 20th
century, based on tide gage measurements from around the world. Rates for 1993-2003 were 3.1
+ 0.7 mm per year, based on precise satellite altimetry measurements and confirmed by tide gage
records. More recent tide gage and altimetry data confirm that the higher rate of sea-level rise is
continuing. However, because of natural climate variability, which affects sea level on decadal
and longer timescales, more data are needed to determine whether the higher rates since the
1990s mark an acceleration in the long-term sea-level trend.

Components of Global Sea-Level Rise

A warming climate causes global sea level to rise by (1) warming the oceans, which causes
sea water to expand, increasing ocean volume, and (2) melting land ice, which transfers water to
the ocean. Human activities that transfer water between the land and ocean also affect global sea-
level change. In particular, water withdrawn from aquifers eventually reaches the ocean, raising
global sea level, whereas water stored behind dams effectively lowers global sea level.

The IPCC (2007) estimated that ice melt from glaciers, ice caps, and ice sheets contributed
about 40 percent of the observed sea-level rise for 1961-2003 and that thermal expansion of
ocean water contributed one-quarter of the observed rate for 1961-2003 and one-half for 1993—
2003. Contributions from groundwater extraction and reservoir storage were poorly quantified
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but were thought to account for less than 10 percent of the observed rise. More recent data have
changed these estimates. After the IPCC (2007) report was published, a bias was discovered in
some ocean temperature measurements, which gave systematically warmer temperatures than the
true values. Data sets corrected for this bias yield significantly lower rates of thermal expansion
for the 1993-2003 period than were found by the IPCC (2007).

New research results also indicate that the relative contribution of land ice to global sea-
level rise is increasing. Since 2006, the ice loss rate from the Greenland Ice Sheet has increased,
and, according to most analyses, the contribution of Antarctic ice to sea-level change has shifted
from negative (lowering sea level by accumulating ice) to positive (raising sea level). Ice loss
rates from glaciers and ice caps have declined over the same period, but not enough to offset the
increases in ice sheet melt. As a result of higher observed ice loss rates and a lower (corrected)
contribution from thermal expansion, land ice is currently the largest contributor to global sea-
level rise. In the most recent published estimate, land ice accounted for about 65 percent of the
total sea-level rise from 1993 to 2008.

The contributions of groundwater withdrawal and reservoir storage to sea-level change
remain poorly constrained, largely due to sparse data and inadequate models. Each process likely
has a significant but opposite effect on sea-level change, on the order of 0.5 mm per year.

SEA-LEVEL RISE OFF CALIFORNIA, OREGON, AND WASHINGTON

The sea level at any particular place along the coast is commonly measured using tide gages,
which record the height of the sea surface with respect to the land surface, both of which may
change over time. Relative sea level will rise if ocean levels rise and/or land levels fall. Records
from 12 west coast tide gages indicate local variability in sea-level change along the coast,
although most of the gages north of Cape Mendocino, California, show that relative sea level has
been falling over the past 610 decades, and most of the gages south of Cape Mendocino show
that relative sea level has been rising.

Factors That Affect Northeast Pacific Ocean Levels

Along the west coast of the United States, climate patterns such as the El Nifio-Southern
Oscillation and, to a lesser extent, the Pacific Decadal Oscillation, affect winds and ocean
circulation, raising local sea level during warm phases (e.g., El Nifio) and lowering sea level
during cool phases (e.g., La Nina). Large El Nifio events can raise coastal sea levels by 10 to 30
cm for several winter months.

The large mass of glaciers and ice sheets exerts a gravitational pull that draws ocean water
closer. As the ice melts, the gravitational pull decreases, ice melt enters the ocean, and the land
and ocean basins both deform as a result of this loss of land ice mass. These gravitational and
deformational effects produce a spatial pattern of regional sea-level change called a sea-level
fingerprint. Melting from Alaska and, to a lesser extent, Greenland, causes relative sea level to
fall at decreasing rates from northern Washington to southern California, whereas melting from
Antarctica causes relative sea level to rise along all three states. The net effect is a reduction in
the contribution of the three ice sources to relative sea-level rise by 42 percent along the north
coast (Neah Bay), 24 percent along the central coast (Eureka), and 14 percent along the south
coast (Santa Barbara) for 1992-2008.
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Factors That Affect Land Elevation in California, Oregon, and Washington

Although modern melting of land ice has a significant effect on sea-surface heights in the
northeast Pacific Ocean, the melting and eventual disappearance of North American ice sheets
that began more than 20,000 years ago has a significant effect on land levels in California,
Oregon, and Washington. The massive loss of ice from the ancient ice sheets continues to cause
uplift of about 1 mm per year in northernmost Washington, which had been covered by an ice
sheet, and subsidence of about 1-2 mm per year in areas at the ice margin and beyond, which
includes the rest of Washington, Oregon, and California.

Tectonics causes substantial regional uplift along much of the Washington, Oregon, and
northernmost California coast, where ocean plates are descending below North America at the
Cascadia Subduction Zone. South of Cape Mendocino, California, the Pacific and North
American plates are sliding past one another along the San Andreas Fault Zone, creating
relatively little vertical land motion along the coast. Local tectonics, as well as compaction of
sediments, pumping of water or hydrocarbons from subsurface reservoirs, and fluid recharge can
produce locally high rates of land subsidence or uplift. Water or hydrocarbon extraction, which
can lower surface elevations up to tens of centimeters per year if fluids are not returned to the
subsurface, is most important in California.

The total vertical land motion from all of these geological processes and human activities
can be estimated from Global Positioning System (GPS) measurements, which show that much
of the coast is rising about 1.5-3.0 mm per year north of Cape Mendocino. The coast south of
Cape Mendocino is sinking at an average rate of about 1 mm per year, although GPS-measured
rates vary widely (-3.7-0.6 mm per year).

PROJECTIONS OF SEA-LEVEL RISE FOR 2030, 2050, AND 2100
Global Projections

Projections of global sea-level rise are generally made using models of the ocean-
atmosphere-climate system, extrapolations, or semi-empirical methods. Ocean-atmosphere
models are based on knowledge of the physical processes that contribute to sea-level rise, and
they predict the response of those processes to different scenarios of future greenhouse gas
emissions. These models provide a reasonable estimate of the water density (steric) component
of sea-level rise (primarily thermal expansion), but they underestimate the land ice contribution
because they do not fully account for rapid changes in the behavior of ice sheets and glaciers as
melting occurs (ice dynamics). The IPCC (2007) projections were made using this method, and
they are likely too low, even with an added ice dynamics component. Estimates of the total land
ice contribution can be made by extrapolating current observations of ice loss rates from glaciers,
ice caps, and ice sheets into the future. Extrapolations of future ice melt are most reliable for
time frames in which the dynamics controlling behavior are stable, in this case, up to several
decades. Semi-empirical methods, exemplified by Vermeer and Rahmstorf (2009), avoid the
difficulty of estimating the individual contributions to sea-level rise by simply postulating that
sea level rises faster as the Earth gets warmer. This approach reproduces the sea-level rise
observed in the past, but reaching the highest projections would require acceleration of
glaciological processes to levels not previously observed or understood as realistic.
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Given the strengths and weaknesses of the different projection methods, as well as the
resource constraints of an NRC study, the committee chose a combination of approaches for its
projections. The committee projected the steric component of sea-level rise using output from
global ocean models under an IPCC (2007) mid-range greenhouse gas emission scenario. The
land ice component was extrapolated using the best available compilations of ice mass
accumulation and loss (mass balance), which extend from 1960 to 2005 for glaciers and ice caps,
and from 1992 to 2010 for the Greenland and Antarctic ice sheets. The contributions were then
summed. The committee did not project the land hydrology contribution because available
estimates suggested that the sum of groundwater extraction and reservoir storage is near zero,
within large uncertainties.

Based on these calculations, the committee estimates that global sea level will rise 8-23 cm
by 2030 relative to 2000, 1848 cm by 2050, and 50-140 cm by 2100. The ranges reflect
uncertainties related to the fit of the data; the level of future greenhouse emissions, which affects
the steric component; and any future changes in the rate of ice flow, which affects the total ice
contribution. These uncertainties, and hence the ranges, grow with the length of the projection
period.

The committee’s global projections for 2030 and 2050 are similar to the Vermeer and
Rahmstorf (2009) projections for the same periods, but they have a wider range. For 2100, when
IPCC (2007) projections are also available, the committee’s projection is substantially higher
than IPCC’s projection (18-59 c¢cm with an additional 17 c¢m if rapid dynamical changes in ice
flow are included), mainly because of a faster growing cryosphere component, and lower than
Vermeer and Rahmstorf’s projection (78—175 cm).

Projections for California, Oregon, and Washington

Sea-level rise off the west coast of the United States is influenced by a variety of local
factors; therefore, sea-level projections for California, Oregon, and Washington differ from
global projections. The factors that affect local sea-level projections include steric variations;
wind-driven differences in ocean heights; gravitational and deformational effects (sea-level
fingerprints) of melting of ice from Alaska, Greenland, and Antarctica; and vertical land motions
along the coast. The local steric and wind-driven components were estimated by extracting
northeast Pacific data from the same ocean models used for the global projections. The
cryosphere component was adjusted for gravitational and deformational effects and then
extrapolated forward. Finally, vertical land motion was projected using continuous GPS
measurements for two tectonically distinct areas: Cascadia, where the coastline is generally
rising, and the San Andreas region, where the coastline is generally subsiding.

The projections for California, Oregon, and Washington are illustrated in Figure S.1. The
steep change in projected sea-level rise at Cape Mendocino reflects the transition from land
subsidence in California, which effectively increases sea-level rise, to land uplift in Oregon and
Washington, which effectively decreases sea-level rise. The slight slope in the projection curves
from north to south reflects the sea-level fingerprints, which lower relative sea level, especially
along the Washington coast. For the California coast south of Cape Mendocino, the committee
projects that sea level will rise 4-30 cm by 2030 relative to 2000, 12—-61 cm by 2050, and 42—
167 cm by 2100. For the Washington, Oregon, and California coasts north of Cape Mendocino,
sea level is projected to change between -4 cm (sea-level fall) and +23 cm by 2030, -3 cm and
+48 cm by 2050, and 10-143 cm by 2100. Major sources of uncertainty in the regional
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projections are related to assumptions about future ice losses and a constant rate of vertical land
motion over the projection period. Uncertainties are larger for the regional projections than for
the global projections because more components are considered and because uncertainties in the
steric and ocean dynamic components are larger at a regional scale than at a global scale.
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FIGURE S.1 Projected sea-level rise off California, Oregon, and Washington for 2030 (blue), 2050
(green), and 2100 (pink), relative to 2000, as a function of latitude. Solid lines are the projections, and
shaded areas are the ranges. Ranges overlap, as indicated by the brown shading (low end of 2100 range
and high end of 2050 range) and blue-green shading (low end of 2050 range and high end of 2030 range).
MT]J = Mendocino Triple Junction, where the San Andreas Fault meets the Cascadia Subduction Zone.

The combination of land uplift and gravitational and deformational effects reduces the threat
of future sea-level rise for Washington and Oregon. However, the land is rising along the
Washington and Oregon coasts likely because interseismic strain is building in the Cascadia
Subduction Zone. A great earthquake (magnitude larger than 8), which has occurred in the area

Prepublication — Subject to further editorial revision
6

Copyright © National Academy of Sciences. All rights reserved.



Sea-Level Rise for the Coasts of California, Oregon, and Washington: Past, Present, and Future

every few hundred to 1,000 years, would cause some coastal areas to immediately subside and
relative sea level to suddenly rise. If this occurs, relative sea level could rise an additional meter
or more over projected levels.

The committee’s projections for the California coast are slightly higher than its global
projections, primarily because much of the coastline is subsiding. The California projections are
somewhat lower but have wider ranges than the Vermeer and Rahmstorf (2009) global
projections, which are being used by California on an interim basis for coastal planning.

The projections of future sea-level rise have large uncertainties resulting from an incomplete
understanding of the global climate system, the inability of global climate models to accurately
represent all important components of the climate system at global or regional scales, a shortage
of data at the temporal and spatial scales necessary to constrain the models, and the need to make
assumptions about future conditions (e.g., greenhouse gas emissions, large volcanic eruptions)
that drive the climate system. As the projection period lengthens, uncertainty in the projections
grows. At short timescales (2030 and perhaps 2050), when the models more closely represent the
future climate system, confidence in the global and regional projections is relatively high. By
2100, however, projections made using process-based numerical models, extrapolations, and
semi-empirical methods all have large uncertainties. The actual sea-level rise will almost surely
fall somewhere within the wide uncertainty bounds, although the exact value cannot be specified
with high confidence.

SEA-LEVEL RISE AND STORMINESS

Most of the damage along the California, Oregon, and Washington coasts is caused by
storms—particularly the confluence of large waves, storm surges, and high astronomical tides
during a strong El Nifio. The water levels reached during these large, short-term events have
exceeded mean sea levels projected for 2100, so understanding their additive effects is crucial for
coastal planning.

Changes in Storm Frequency and Magnitude

Climate change has been postulated to induce changes in storm frequency, magnitude, and
direction. To date, there is no consensus among climate model simulations about whether the
number and severity of storms will change in the northeast Pacific. A number of climate models
predict a northward shift in the North Pacific storm track over the course of the 21st century,
which could lessen the impact of winter storms in southern California and possibly increase their
impact in Oregon and Washington. However, these changes may not emerge for a few decades,
and most observational records are not yet long enough to determine conclusively whether storm
tracks are moving north.

Several observational studies have reported that the largest waves have been getting higher
and that winds have been getting stronger in the northeastern Pacific over the past few decades.
Interpretation of these trends is controversial because wave and wind records are short, extending
back only about 35 years. At least part of the observed increase likely reflects natural climate
variability of the Pacific atmosphere-ocean system, particularly the occurrence of large El Nifios
and interdecadal fluctuations. If some or all of the increase represents a long-term trend, the
frequency and magnitude of extremely high coastal wave events will likely increase.
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Even if storminess does not increase in the future, sea-level rise will magnify the adverse
impact of storm surges and high waves on the coast. For example, a model using the committee’s
sea-level projections predicts that the incidence of extreme high water events (1.4 m above
historical mean sea level) in the San Francisco Bay area will increase substantially with sea-level
rise, from less than 10 hours per decade today to a few hundred hours per decade by 2050 and to
several thousand hours per decade by 2100.

Coastal Responses to Sea-Level Rise and Storminess

The natural shoreline can provide partial protection for coastal development against sea-
level rise and storms. Coastal cliffs, beaches, and dunes take the brunt of storm waves and are
therefore eroding over the long term. The net result of storms and sea-level rise is coastline
retreat, with rates ranging from a few centimeters per year for cliffs made of resistant bedrock to
several meters per year for beaches and dunes, which consist primarily of unconsolidated sand.
These rates will increase with rising sea level and are likely to further increase if waves become
higher. Although seawalls and revetments can make the shoreline more resistant to wave attack,
they prevent beaches from migrating landward and will eventually be overwhelmed by sea-level
rise.

Marshes and mudflats protect inland areas by storing flood waters and damping wave height
and energy. To continue providing these services as sea level rises, marshes must be able to
maintain their elevation relative to sea level and to move inland in places where they are subject
to erosion at the seaward edge. Building elevation requires a sufficient supply of sediment and
accumulation of organic material. Most studies of west coast marshes have focused on the supply
of sediment. The frequent storms and associated floods in central and southern California
potentially provide enough sediment for marshes to keep pace with the sea-level rise projected
for 2030 and 2050 by the committee. In Oregon and Washington, rivers also potentially carry
enough sediment for marshes to maintain elevation, despite upstream dams, especially because
the projections of sea-level rise are lower. For 2100, marshes will need room to migrate, a high
sediment supply, and uplift or low subsidence to survive the projected sea-level rise.
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1
Introduction

Sea-level change is one of the most visible consequences of changes in the Earth’s climate.
A warming climate causes global sea level to rise principally by (1) warming the oceans, which
causes sea water to expand, increasing ocean volume, and (2) melting land ice, which transfers
water to the ocean. Tide gage and satellite observations show that global sea level has risen an
average of about 1.7 mm yr' over the 20th century (Bindoff et al., 2007), which is a significant
increase over rates of sea-level rise during the past few millennia (Shennan and Horton, 2002;
Gehrels et al., 2004). Projections suggest that sea level will continue to rise in the future (Figure
1.1). However, the rate at which sea level is changing varies from place to place and with time.
Along the west coast of the United States, sea level is influenced by changes in global mean sea
level as well as by regional changes in ocean circulation and climate patterns such as El Nifio;
gravitational and deformational effects of ice age and modern ice mass changes; and uplift or
subsidence along the coast. The relative importance of these factors in any given area determines
whether the local sea level will rise or fall and how fast it will change.
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FIGURE 1.1 Estimated, observed, and projected global sea-level rise from 1800 to 2100. The pre-1900
record is based on geological evidence, and the observed record is from tide gages (red line) and satellite
altimetry (blue line). Example projections of sea-level rise to 2100 are from IPCC (2007) global climate
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models (pink shaded area) and semi-empirical methods (gray shaded area; Rahmstorf, 2007). SOURCES:
Adapted from Shum et al. (2008), Willis et al. (2010), and Shum and Kuo (2011).

Sea-level change has enormous implications for coastal planning, land use, and development
along the 2,600 km shoreline of California, Oregon, and Washington (referred to hereafter as the
U.S. west coast). Rising sea level increases the risk of flooding, inundation, coastal erosion,
wetland loss, and saltwater intrusion into freshwater aquifers in many coastal communities (e.g.,
Heberger et al., 2009, 2011). Valuable infrastructure, development, and wetlands line much of
the coast. For example, significant development along the edge of central and southern San
Francisco Bay—including two international airports, the ports of San Francisco and Oakland, a
naval air station, freeways, housing developments, and sports stadiums—has been built on fill
that raised the land level only a few feet above the highest tides. The San Francisco International
Airport will begin to flood with as little as 40 cm of sea-level rise (Figure 1.2), a value that could
be reached in several decades (Figure 1.1).
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FIGURE 1.2 Expected inundation of low-lying areas, including the San Francisco International Airport
(center), in the San Francisco Bay Area with a 40 cm rise in sea level (light blue shading). SOURCE: Bay
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Conservation and Development Commission, <http://www.bcdc.ca.gov/planning/climate change/
index_map.shtml>.

Coastal infrastructure and ecosystems are already vulnerable to high waves during ocean
storms (e.g., Figure 1.3), especially when storms coincide with high tides and/or El Nifio events.
For example, a strong El Nifio, combined with a series of large storms at times of high
astronomical tides, caused more than $200 million dollars in damage (in 2010 dollars) to the
California coast during the winter of 1982-1983 (Griggs et al., 2005). Higher sea levels and
heavy rainfall caused flooding in low-lying areas and increased the level of wave action on
beaches and bluffs (Storlazzi and Griggs, 2000). More than 3,000 homes and businesses were
damaged, 33 oceanfront homes were completely destroyed, and roads, parks, and other
infrastructure was heavily damaged. The damage will likely increase as sea level continues to
rise and more of the shoreline is inundated.

i e

FIGURE 1.3 High surf dur ga hih tide of nearly 2.7 m removed the front lawn of the Pacific Sands
Resort at Neskowin, Oregon, on January 9, 2008. SOURCE: Courtesy of Armand Thibault.

In November 2008, Governor Arnold Schwarzenegger issued Executive Order S-13-08
directing California state agencies to plan for sea-level rise and coastal impacts.” Included in the
executive order was a request that the National Research Council (NRC) establish a committee to
assess sea-level rise in California to inform state planning and development efforts. Prior to
release of the NRC report, the state agencies were instructed to incorporate sea-level-rise
projections into their planning process. The range of projections adopted by California as interim
values are 13-21 cm for 2030, 2643 cm for 2050, and 78—176 cm for 2100 (CO-CAT, 2010).

Following the California executive order, the states of Oregon and Washington, the U.S.
Army Corps of Engineers, the National Oceanic and Atmospheric Administration, and the U.S.
Geological Survey joined California in sponsoring this NRC study. These agencies need sea-

2 See <http://gov.ca.gov/executive-order/11036/>.
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level information for a variety of purposes, including assessing coastal hazard vulnerability,
risks, and impacts; informing adaptation strategies; and improving coastal hazard forecasts and
decision support tools.

This report provides an assessment of current knowledge about changes in sea level
expected in California, Oregon, and Washington for 2030, 2050, and 2100 (see Box 1.1 for the
committee charge). The years for the assessment represent planning horizons: 2030 is a typical
planning horizon for many local managers; 2050 is the latest date for which conventional
population projections are available; and 2100 is the limit beyond which uncertainties become
too high for planning.’ The report primarily focuses on how much sea level is likely to rise
globally (Task 1) and along the west coast of the United States (Task 2). Processes that have only
transient effects on sea level (e.g., tides, tsunamis) were considered only if the nature of the
process affects trends in sea level (e.g., changes in frequency of intensity of storms [Task 2a]).
Coastal impacts or measures to lessen them were considered only in the context of summarizing
what is known about how coastal habitats and natural and restored environments respond to and
protect against future sea-level rise and storms (Tasks 2b and 2c).

BOX 1.1
Committee Charge

The committee will provide an evaluation of sea-level rise for California, Oregon, and Washington for
the years 2030, 2050 and 2100. The evaluation will cover both global and local sea-level rise. In
particular, the committee will:

1. Evaluate each of the major contributors to global sea-level rise (e.g., ocean thermal expansion,
melting of glaciers and ice sheets); combine the contributions to provide values or a range of values of
global sea-level rise for the years 2030, 2050, and 2100; and evaluate the uncertainties associated with
these values for each timeframe.

2. Characterize and, where possible, provide specific values for the regional and local contributions
to sea-level rise (e.g., atmospheric changes influencing ocean winds, ENSO [El Nifo-Southern
Oscillation] effects on ocean surface height, coastal upwelling and currents, storminess, coastal land
motion caused by tectonics, sediment loading, or aquifer withdrawal) for the years 2030, 2050 and 2100.
Different types of coastal settings will be examined, taking into account factors such as landform (e.g.,
estuaries, wetlands, beaches, lagoons, cliffs), geologic substrate (e.g., unconsolidated sediments,
bedrock), and rates of geologic deformation. For inputs that can be quantified, the study will also provide
related uncertainties. The study will also summarize what is known about:

a. climate-induced increases in storm frequency and magnitude and related changes to regional and
local sea-level rise estimations (e.g., more frequent and severe storm surges)

b. the response of coastal habitats and geomorphic environments (including restored environments)
to future sea-level rise and storminess along the West Coast

c. the role of coastal habitats, natural environments, and restored tidal wetlands and beaches in
providing protection from future inundation and waves

COMMITTEE APPROACH

Assessments are intended to yield a judgment on a topic, based on review and synthesis of
scientific knowledge. Beginning in 1989, the primary assessments of global sea-level change
have been carried out by thousands of scientists working under the auspices of the

3 Jeanine Jones, California Department of Water Resources, personal communication, December 3, 2008.
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Intergovernmental Panel on Climate Change (IPCC). IPCC assessments, which are made every 5
or 6 years, evaluate observations, models, and analyses of climate change, including sea-level
change. For Task 1, this report summarizes the latest IPCC (2007) findings on global sea-level
rise and its major components, then updates them with more recent results.

For Task 2, the committee drew on published research on sea-level change along the west
coast of the United States and also carried out its own analyses. Prior assessments of the rate of
local sea-level rise have been made for Washington (Mote et al., 2008) and California (e.g.,
Cayan et al., 2009), and numerous studies have been published on individual contributors to sea-
level change along the U.S. west coast. The committee also analyzed tide gage records and
Global Positioning System data from California, Oregon, and Washington for their local (around
the station) and regional (along the coast of one or more states) trends, and extracted regional
information from satellite altimetry data and glacial isostatic adjustment models.

The most challenging aspect of the committee charge was the projections of sea level for
2030, 2050, and 2100. The numerical global climate models developed for the IPCC Fourth
Assessment Report® project global sea-level rise to 2100. However, they do not account for rapid
changes in the behavior of ice sheets and glaciers as melting occurs (ice dynamics) and thus
likely underestimate future sea-level rise. The new suite of climate models for the Fifth
Assessment Report was not available at the time of writing this report. Consequently, the
committee projected global sea-level rise (Task 1) using model results from the IPCC Fourth
Assessment Report, together with a forward extrapolation of land ice that attempts to capture an
ice dynamics component. The committee also considered results from semi-empirical
projections, which are based on the observed correlation between global temperature and sea-
level change (e.g., Vermeer and Rahmstorf, 2009). For the projections of sea-level rise along the
U.S. west coast (Task 2), the committee derived local values using regional ocean information
extracted from global models, GPS data from along the coast, and ice loss rates of large or
nearby glaciers.

Uncertainty

In the IPCC Fourth Assessment Report, the major components of global sea-level rise were
estimated at the 90 percent confidence level (Bindoff et al., 2007). That is, values given as x + e
mean that there is a 90 percent chance that the true value is in the range x — e to x + e. This report
follows the IPCC convention unless specified otherwise.

Uncertainty in projecting climate-related sea-level changes arises from three sources:
internal variability of the climate system, which fluctuates on interannual to multidecadal and
longer timescales and on regional to global spatial scales; model uncertainty; and scenario
uncertainty (Hawkins and Sutton, 2009). The first is particularly important for projections based
on extrapolation of observations because observational records tend to be short relative to the
timescale of variability in the climate system. Models have uncertainties because they are
mathematical approximations that depart in important ways from the actual system. Uncertainty
in models used to describe key elements of sea-level change results from uncertainties in model
parameters (e.g., initial conditions, boundary conditions) as well as structural uncertainties from
incomplete understanding of some climate processes or an inability to resolve the processes with

* More than 20 such models from around the world were analyzed and compared through the World Climate
Research Program’s Coupled Model Intercomparison Project (CMIP3). See <http://www-pcmdi.llnl.gov/ipcc/
about_ipcc.php>.
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available computing resources (Knutti et al., 2010). Finally, future emissions of greenhouse
gasses and other factors that drive changes in the climate system depend on a collection of
human decisions at local, regional, national, and international levels, as well as potential but
unknown technological developments. The IPCC deals with this uncertainty by providing a
range of possible futures (scenarios) based on assumptions about trends in concentrations of
greenhouses gases and other influences on the climate (e.g., Moss et al., 2010).

This report uses both model and extrapolation approaches to make projections. Each
approach has different uncertainties (e.g., extrapolations take no account of emission scenarios),
which were combined into a single uncertainty range for the projections. Although isolating the
various sources of uncertainty may have been useful for some applications (e.g., evaluating costs
and risks of various mitigation strategies), it was not required in the committee charge and would
have required a different analysis approach.

OVERVIEW OF SEA-LEVEL CHANGE

Sea level is neither constant nor uniform everywhere, but changes continually as a result of
interacting processes that operate on timescales ranging from hours (e.g., tides) to millions of
years (e.g., tectonics). Processes that affect ocean mass, the volume of ocean water, or sea-floor
topography cause sea level to change on global scales. On local and regional scales, sea level is
also affected by vertical land motions and local climate and oceanographic changes. The primary
factors that contribute to global and local sea-level change are illustrated in Figure 1.4 and
discussed below.
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FIGURE 1.4 Processes that influence sea level on global to local scales. SOURCE: Modified from Milne
et al. (2009).
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Global Sea-Level Change

Global sea level has varied significantly throughout Earth’s history. Sediment and ice-core
records of these changes provide a pre-anthropogenic context for understanding the nature and
causes of current and future changes. Over the past 2.5 million years, large continental ice sheets
grew during long intervals of cold global temperatures (glacial periods or ice ages) and retreated
during intervals of warm global temperatures (interglacial periods). Traces of paleoshorelines,
found along many of the world’s coastlines, provide robust evidence that global mean sea level
was at least 6 m higher during the last interglacial period (~116,000—130,000 years ago) than at
present (Kopp et al., 2009). During the Last Glacial Maximum (~26,000 years ago),
approximately 40 x 10° km® of sea water was transferred to the continents and stored as ice.
During that period, ice sheets covered much of North America, northern Europe, and parts of
Asia, and sea levels were 125-135 m lower than present (Peltier and Fairbanks, 2006; Clark et
al., 2009). The onset of deglaciation more than 20,000 years ago (Peltier and Fairbanks, 2006)
caused sea level to rise at an average rate of about 10 mm yr' (Alley et al., 2005). Empirical and
glacial isostatic modeling studies suggest that the rate of ice melt dropped significantly 7,000
years ago (Gehrels, 2010), then declined steadily to a value of zero change around 2,000 years
ago (Fleming et al., 1998; Peltier, 2002b; Peltier et al., 2002). Geological data from salt marshes
show a clear acceleration from relatively low rates of sea-level change during the past two
millennia (order 0.25 mm yr™'; Figure 1.5) to modern rates (order 2 mm yr'') sometime between
1840 and 1920 (Kemp et al., 2011).

Sea-Level Estimates

ozl = Proxy reconstructions
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FIGURE 1.5 Sea-level estimates for the past 2000 years, adjusted for glacial isostatic effects, from proxy
(geological) evidence (blue), tide gage observations (green), and modified semi-empirical model
hindcasts (red). Dotted red line shows where the model hindcast deviates from the proxy record. The
lower panel shows rates of sea-level change in mm yr' based on the proxy reconstructions. SOURCE:
Data from Jevrejeva et al. (2008), Vermeer and Rahmstorf (2009), and Kemp et al. (2011).

Since the industrial era began, changes in global sea level have been driven in part by the
accumulation of greenhouse gases in the atmosphere, which trap heat and raise global
temperatures. The primary processes responsible for modern sea-level rise are thermal expansion
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of ocean water and melting from glaciers, ice caps, and the Greenland and Antarctic ice sheets
(Figure 1.6). Changes in the amount of water stored in land reservoirs have a smaller effect on
global sea level. In general, groundwater extraction transfers water to the ocean and causes sea
level to rise, and filling of land reservoirs causes sea level to fall.
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FIGURE 1.6 IPCC (2007) estimates of the primary contributions to global mean sea-level change for
1961 to 2003 (blue) and for 1993 to 2003 (brown), compared to the observed rate of global sea-level rise
from tide gages and satellite altimetry. The bars represent the 90 percent error range. The relative
contributions of these components has changed in recent years, as discussed in this report. SOURCE:
Figure 5.21 from Bindoff et al. (2007).

Local and Regional Sea-Level Change Along the U.S. West Coast

Relative (or local) sea level is the mean level of the sea with respect to the land, both of
which change with time, as summarized below.

Changes in Ocean Levels. Sea level in the Pacific Ocean is affected by ocean circulation, short-
term climate variations, storms, and gravitational and deformational effects of land ice changes.
Changes in ocean circulation affect regional sea level on seasonal to decadal and longer
timescales by redistributing ocean mass and altering seawater temperature and salinity patterns.
These changes in ocean circulation are driven primarily by changes in winds and ocean surface
density associated with the El Nifo-Southern Oscillation (ENSO), which has a period of 2 to 7
years, and the Pacific Decadal Oscillation, which has a typical period of several decades. During
a strong El Niflo, a pulse of warm water in the eastern equatorial Pacific moves northward,
forming a bulge in sea level along the California, Oregon, and Washington coasts. The low
atmospheric pressures and west-southwest winds induced by an El Nifio further elevate sea
levels, which can reach 30 cm above normal levels for several months (Komar et al., 2011). Sea
level is lower along the U.S. west coast during cooler La Nifia conditions.
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Large storms raise coastal sea level for the duration of the storm, usually several hours. The
path and propagation speed of storms dictate wind direction and changes in barometric pressure,
which in turn influence wind waves and high water. The strongest winds and hence the biggest
waves along the west coast of the United States are typically generated during winter storms.
Large waves along the California coast are also generated by tropical storms that reach the
eastern Pacific in summer and early fall.

Finally, the large mass of glaciers and ice sheets exerts an additional gravitational pull that
draws ocean water closer. As the ice melts, the gravitational pull decreases, ice melt is
transferred to the ocean, and the land and ocean basins deform in response to the loss of land ice
mass. These gravitational and deformational effects create regional patterns of sea-level change.
Modern melting of ice masses that are nearby (Alaska glaciers) or large (Greenland and
Antarctic ice sheets) has the largest effect on sea level in the northeast Pacific Ocean, reducing
the land ice contribution to local sea-level rise on the order of tens of percent. The influx of fresh
melt water to the ocean also decreases seawater salinity and thus density near shore, which
further contributes to regional sea-level variations.

Changes in Land Levels. Regional and local land motion along the U.S. west coast is caused by
the ongoing response of the solid earth to a massive loss of ice at the end of the last ice age,
tectonics, compaction of sediments, and the removal or addition of fluids from underground
reservoirs. During the last glacial maximum, the weight of the ice depressed the land under the
ice mass. As the ice melted, the land beneath rose at rates up to 50-100 mm yr' (e.g., Shaw et
al., 2002), and the ocean floor subsided as ice melt was added to the ocean basins, exerting a
considerable load (on the order of 100 t m™ for a sea-level rise of 100 m; Figure 1.7). These
isostatic adjustments produced a characteristic pattern of sea-level change, with land uplift and
relative sea-level fall near the major ice centers, and relative sea-level rise everywhere else. Box
1.2 illustrates the effect of glacial isostatic adjustment on relative sea level along the west coast
of the United States over the past 18,000 years.

BOX 1.2
Changes in Relative Sea Level Along the U.S. West Coast Since the Last Glacial Maximum

During the last ice age, northern Washington was covered by the Laurentide Ice Sheet. When the ice
sheet retreated, coastal areas that had been depressed under the weight of the ice sheet were flooded.
Relative sea level peaked in that area about 17,000 years ago, reaching values of about 90 m above
present in Anacotes (#1 in the Figure) and about 40 m above present in Seattle (#2). Subsequent glacio-
isostatic uplift caused relative sea level to fall to its lowest levels about 12,000 years ago (about -40 m in
Anacortes and -55 m in Seattle). Relative sea level then rose as ice meltwater was transferred to the
oceans and the Laurentide Ice Sheet peripheral bulge began to collapse, causing coastal subsidence.

Glacio-isostatic contributions were much lower in southern Washington, Oregon, and northern
California (#3—#9 in the Figure) than for northern Washington, but they were still a dominant influence on
sea level. In this area, rates of relative sea-level rise slowed as the effects of glacio-isostatic subsidence
decreased. In Eureka, California (#7), for example, relative sea level rose at an average rate of about 7.5
mm yr'1 between 10,000 and 6,000 years before present, then rose at a decreasing rate.

Prepublication — Subject to further editorial revision
17

Copyright © National Academy of Sciences. All rights reserved.




Sea-Level Rise for the Coasts of California, Oregon, and Washington: Past, Present, and Future

1. Anacortes, WP:.

TG

. Long Beach, WA

100 Facficoiy, O '

10, T T T T T
7
) 1
& 50 i ! =t Index Point
£ 5 Waldporl, OR :
© e i -== Terrestrial Limiting
a |
< -20- —I— Marine Limiting
L

-50 ! ICE-5GVM5a
g ) C:ﬁ' Coos Bay, CrFII
o ; R — [CE-6G VM52
[
@ -20F

-50 1

7

_Eurcka, CA

T ' 12 ' 5 0
Age (ka)

FIGURE Reconstruction of changes in relative sea level over the past 18,000 years for nine locations in Washington,
Oregon, and California. Green crosses (index points) represent former sea levels inferred from dated organic
sediment in salt and fresh water marshes. Limiting data are from marine shells (blue crosses) and terrestrial peat
(orange crosses) that must have been laid down below and above mean sea level, respectively. Red and black lines
are model predictions (Peltier and Drummond, 2008; Argus and Peltier, 2010; Peltier, 2010). SOURCE: Data
provided by Richard Peltier, University of Toronto.

Prepublication — Subject to further editorial revision
18

Copyright © National Academy of Sciences. All rights reserved.



Sea-Level Rise for the Coasts of California, Oregon, and Washington: Past, Present, and Future

FIGURE 1.7 Response of the solid earth (brown) to the growth and melting of an ice sheet (blue) at
increasing distances from the ice (A, B, and C). The addition of an ice sheet causes the land below it to
subside and pushes (red arrow) a peripheral bulge outward. With deglaciation, the subsurface material
flows back toward the area formerly covered by ice until equilibrium is again reached. SOURCE:
Modified from Kemp et al. (2011).

The west coast of the United States is tectonically active, straddling three plate boundaries:
the North American and Pacific plates, which slide past one another along the San Andreas Fault
Zone in California, and the Juan de Fuca plate, which subducts under the North American plate
along the Cascadia Subduction Zone offshore Washington, Oregon, and northernmost California
(Figure 1.8). In subduction zones, strain builds within the fault zone, causing the land to rise
slowly before subsiding abruptly during a great (magnitude greater than 8) earthquake. The last
great earthquake in the region occurred in 1700, causing a sudden rise in relative sea level of up
to 2 m due to subsidence (Atwater et al., 2005). Since that event, much of the coastline of
northern California, Oregon, and Washington has been slowly rising. Land motions along the
San Andreas Fault Zone have less impact on sea level because the primary motions are
horizontal and much of the fault is further inland.

Land subsidence resulting from sediment compaction and fluid (water, petroleum)
withdrawal may cause relative sea level to rise. Compaction is particularly important in deltas
and other coastal wetlands, where sediments have high water contents. Withdrawal of
groundwater and petroleum increases the effective stresses in the surrounding sediments,
resulting in consolidation and subsidence, which may be partially reversed by returning fluids to
the subsurface.
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FIGURE 1.8 Major tectonic features along the western United States. Subduction of the oceanic Juan de
Fuca and Gorda plates beneath the North American Plate occurs along the Cascadia Subduction Zone,
which extends more than 1,000 km from Mendocino, California, to Vancouver Island. South of Cape
Mendocino, the North American and Pacific plates slide past one another along the San Andreas Fault
Zone. The land west of the San Andreas Fault, from San Diego to Cape Mendocino, is moving northwest
relative to the rest of North America. SOURCE: U.S. Geological Survey, <http://pubs.usgs.gov/gip/
dynamic/understanding.html>.

GEOGRAPHIC VARIATION ALONG THE U.S. WEST COAST

How much coastal inundation can be expected with sea-level rise depends on the local
geomorphology, which varies significantly along the west coast of the United States. The
geomorphologic features along the coast are primarily the result of a collision between the North
American and Pacific plates that began more than 100 million years ago and created steep
coastal mountains, uplifted marine terraces, and sea cliffs. Over time, coastal lowlands
developed, dominated by long sandy beaches, estuaries, and other wetlands. Most of the
California coastline (72 percent or about 1,265 km) is characterized by steep, actively eroding
sea cliffs, including about 1,040 km of relatively low-relief cliffs and bluffs, typically eroded
into uplifted marine terraces (Figure 1.9), and 225 km of high-relief cliffs and coastal mountains
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(Figure 1.10). The remaining 28 percent of the coastline is relatively flat and comprises wide
beaches, sand dunes, bays, estuaries, lagoons, and wetlands.

= = < e — - .

FIGURE 1.9 Uplifted marine terraces, Santa Cruz County, California. SOURCE: Copyright 2002-2012
Kenneth & Gabrielle Adelman, California Coastal Records Project, <www.Californiacoastline.org>.

FIGURE 1.10 Steep rcky cliffs of the Marin Headlands north of San Francisco, California. SOURCE:
Copyright 2002-2012 Kenneth & Gabrielle Adelman, California Coastal Records Project,

<www.Californiacoastline.org>.

The coast of Oregon is dominated by resistant volcanic headlands separated by areas of
lower relief. The latter are characterized by uplifted marine terraces, valleys where rivers emerge
at the shoreline, and associated estuaries, sand spits, beaches, and dunes. The most extensive
sand spits occur along the northern Oregon coastline. The longest continuous beach extends
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about 96 km, from Coos Bay to Heceta Head, near Florence. The largest coastal dune complex in
the United States backs this region (Figure 1.11). Many of the estuarine wetlands have been
diked, primarily to provide pasturelands.

FIGURE 1.11 Oregor.1. Dunes National Recreation Area. The largest coastal dune field in the United
States has developed along the central Oregon coast and extends inland up to 3 km. SOURCE: Gary
Griggs, University of California, Santa Cruz.

The shoreline of southern Washington is dominated by depositional landforms. Beaches,
mostly backed by dunes, some developed, extend northward about 100 km from the mouth of the
Columbia River to the mountainous Olympic Peninsula (Figure 1.12). The Long Beach
Peninsula near the Columbia River and Grays Harbor include some of the most extensive
wetlands in Washington, outside of Puget Sound. Some of these wetlands are being restored
(e.g., Figure 1.13). Small coastal developments are present on portions of the peninsula and on
the low-lying coastal areas to the north.
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FIGURE 1.12 Long Beach Peninsula, Washington. Sandy beaches backed by dunes dominate the
southern coast of Washington. SOURCE: Courtesy of Phoebe Zarnetske, Oregon State University.

FIGURE 1.13 Tidal wetlands along the mouth of the Nisqually River, Washington, are being restored
following removal of a dike built a century ago to drain the area for cattle ranching. SOURCE: Courtesy
of Carl Safina; photo taken for the PBS television series Saving the Ocean.

ORGANIZATION OF THE REPORT

This report evaluates changes in sea level in the global oceans and along the coasts of
California, Oregon, and Washington for 2030, 2050, and 2100. Chapter 2 describes methods for
measuring sea level and presents recent estimates of global sea-level rise. Chapter 3 updates the
IPCC (2007) estimates of the major components of global sea-level change—thermal expansion
of ocean water, melting of glaciers and ice sheets, and transfers of water between land reservoirs
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and the oceans. Chapter 4 assesses the factors that influence sea-level change along the U.S. west
coast, including regional changes in ocean circulation, climate-induced changes in storms,
gravitational and deformational effects of land ice change, and vertical land motions. It also
summarizes the results of the committee’s analysis of tide gage and GPS records from the
California, Oregon, and Washington coasts, which is discussed in detail in Appendix A. Sea-
level data from the northeast Pacific Ocean is presented in Appendix B. Data and uncertainties
associated with the analysis of gravitational and deformational effects of land ice change are
given in Appendix C. The tide gage and vertical land motion analyses draw on leveling data, and
a description of leveling data compiled and analyzed for California by James Foster, University
of Hawaii, appears in Appendix D. Chapter 5 summarizes recent projections of global and
regional sea-level rise and presents the committee’s projections for 2030, 2050, and 2100. The
method used to project the cryospheric component of global sea-level rise is described in
Appendix E. Chapter 5 also describes what rare, extreme events, such as a great earthquake
along the Cascadia Subduction Zone, might mean for local sea-level rise. Chapter 6 summarizes
the literature on natural shoreline responses to and protection from sea-level change.
Biographical sketches of committee members are given in Appendix F, and a list of acronyms
and abbreviations appears in Appendix G.
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2
Measured Global Sea-Level Rise

Rates of global sea-level rise over the past several millennia are inferred from geological
and archeological (proxy) evidence. Modern rates are estimated using tide gage measurements,
which in some places date back to the 17th century, and satellite altimetry measurements of sea-
surface heights, which have been available for the past two decades. Gravity Recovery and
Climate Experiment (GRACE) satellite measurements, beginning in 2002, offer a possible
additional estimate of global sea level.

Following a few thousand years of relative stability, global sea level began rising shortly
after the beginning of the industrial era. The Intergovernmental Panel on Climate Change (IPCC)
Fourth Assessment Report estimated that more modern rates of sea-level rise began sometime
between the mid-19th and mid-20th centuries, based on geological and archeological
observations and some of the longest tide gage records (Bindoff et al., 2007). Tide gage
measurements indicate that global mean sea level rose 1.7 + 0.5 mm yr'' over the 20th century
and 1.8 + 0.5 mm yr' from 1961 to 2003. Rates from satellite altimetry and tide gages were
higher from 1993 to 2003—3.1 + 0.7 mm yr'—but the IPCC was unable to determine whether
the higher rate was due to decadal variability of the oceans or to an acceleration in sea-level rise.
This chapter describes how sea level is measured and summarizes rates of sea-level rise
estimated since the IPCC Fourth Assessment Report was published.

PROXY MEASUREMENTS

Salt-marsh sediments, micro-atolls, and archaeological indicators are capable of capturing
sub-meter-scale sea-level changes during the past 2000 years (Box 2.1). The most robust signal
in these proxy records is an acceleration from relatively low rates of sea-level change during the
past two millennia (order 0.1 mm yr') to higher modern rates of sea-level rise (2-3 mm yr™)
(e.g., Lambeck et al., 2004; Gehrels, 2009; Kemp et al., 2011). Both the magnitude and timing of
the acceleration vary among reconstructions, likely because of different assumptions about the
underlying geophysical processes and uncertainties in determining height and time from proxy
records. Recent reconstructions place the onset of acceleration in sea-level rise between 1840 and
1920 (Donnelly et al., 2004; Gehrels et al., 2006, 2008; Kemp et al., 2009, 2011). This late 19th
or early 20th century acceleration in sea-level rise is also visible in the longest tide gage records
of Brest (Woppelmann et al., 2008), Amsterdam (Jevrejeva et al., 2008), Liverpool (Woodworth,
1999), Stockholm (Ekman, 1988), and San Francisco (Breaker and Ruzmaikin, 2010).
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BOX 2.1
Inferring Sea Level from Proxy Measurements

Sea-level “proxies” are natural archives that record rates of sea-level rise prior to the mid-19th
century, when tide gage measurements became relatively common. Proxy indicators are generally
calibrated against data from modern instruments and then used to reconstruct past sea levels. Three
types of proxy archives can be measured with sufficient precision to be compared with the instrumental
record: salt-marsh sediments, micro-atolls, and archaeological observations. Stratigraphic sequences
from salt marshes record changes in the frequency and duration of tidal inundation, and thus past sea
levels. The recent discovery of correlations between microfossils, such as foraminifera, and tidal elevation
has significantly improved the precision of many sea-level reconstructions based on salt marshes (Horton
and Edwards, 2006). Coral microatolls grow in a narrow range of sea levels. Growth at the upper surface
of the coral potentially records fluctuations in relative sea level (e.g., Smithers and Woodroffe, 2001).
Finally, some archaeological observations are relatable to sea level, including coastal water wells and
Roman fish ponds (e.g., Lambeck et al., 2004).

Detailed proxy studies have not been done along the west coast of the United States. An example of
the use of salt-marsh sediments from North Carolina to estimate rates of sea-level rise is shown in the
figure below. Analysis of sediment cores suggest that the rate of sea-level rise changed three times:
increasing between 853 and 1076, decreasing between 1274 and 1476, then substantially increasing
between 1865 and 1892 (Kemp et al., 2011).
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FIGURE Two thousand years of sea-level rise estimates from two North Carolina salt marshes (Sand Point and
Tump Point). Errors in the data are represented by parallelograms; the correction for glacial isostatic adjustment is
larger at the old end of the error box. The red line is the best fit to the sea-level data. Green shapes indicate when
significant changes occurred in the rate of sea-level rise. SOURCE: Kemp et al. (2011).

TIDE GAGES

Tide gages measure the water level at the location of the gage (Box 2.2). Originally designed
for navigational purposes, the first gages began operating in the ports of Stockholm, Sweden, and
Amsterdam, The Netherlands, in the 17th century. There are now more than 2,000 tide gages
worldwide, most of which were established since 1950 (Jevrejeva et al., 2006).
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BOX 2.2
Tide Gage Measurements

Tide gages measure the height of the water relative to a monitored geodetic benchmark on land
(Figure). Tide gages originally used a float to track the water level inside of a vertical tube. The bottom of
the tube was closed except for a hole that permitted a small amount of water to enter the tube with time,
thus serving as a temporal filter. Slow changes in the sea surface caused by tides or storm surges have
sufficient time to fill the tube, while passing waves do not. Today, electronic sensors or bubbler gages
have replaced tide gage floats.

= — S §
FIGURE Examples of tide gage stations. (a) A float and stilling-well gage at Holyhead, UK. SOURCE: UK National
Oceanography Centre. (b) A float gage at Vernadsky, Antarctica. SOURCE: British Antarctic Survey. (c) A radar tide
gage at Alexandria, Egypt. SOURCE: Courtesy of T. Aarup, Intergovernmental Oceanographic Commission. (d) An
acoustic gage at Vaca Key, Florida. Acoustic gages now form the majority of the U.S. sea-level network. SOURCE:
National Oceanic and Atmospheric Administration.

Two organizations collect and preserve tide gage records from around the world: the Global Sea
Level Observing System, which has established a network of 290 tide gages worldwide; and the
Permanent Service for Mean Sea Level, which stores and disseminates the tidal records from more than
2,000 stations around the world.
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By averaging the water levels measured at the gage over a long period of time (daily,
monthly), the effect of daily tides is removed, leaving only the relative sea level. This water level
reflects not only the sea level, but also the effects of the weather, such as persistent wind systems
and changes in atmospheric pressure; interannual to decadal climate variability; changes in
oceanic currents; and vertical motions of the land on which the gage sits. These effects must be
removed from the tide gage measurement to obtain the change in sea level caused by changes in
ocean water volume or mass (see Appendix A).

The global mean sea level is determined by spatially averaging all of the qualified tide gage
records from around the world. Spatial averaging provides a means to avoid bias due to regional
climate variations. Sampling bias due to the small number of tide gages, particularly before
1950, and their concentration in the Northern Hemisphere and along coasts and islands is a major
source of uncertainty in sea-level change estimates (Peltier and Tushingham, 1989; Church,
2001; Holgate and Woodworth, 2004). Long tide gage records (e.g., at least 50-60 years) are
commonly used to average out decadal variability of the oceans’ surface (Douglas, 1992).

The rate of sea-level change is estimated by fitting a curve through the historical tide gage
readings. The curve could be a straight line or a higher order polynomial over the whole length
of the record or shorter sections. More sophisticated data-dependent decompositions of the tide
gage record also have been used (e.g., Peltier and Tushingham, 1989; Moore et al., 2005;
Jevrejeva et al.,, 2006). Because sea level exhibits considerable interannual and decadal
variability, the calculated rate of change depends on the length and start date of the record used.
For example, Church and White (2006) found that the global rate of sea-level rise was 1.7 + 0.3
mm yr' for the 20th century, 0.71 + 0.4 mm yr' for 1870-1935, and 1.84 + 0.19 mm yr~' for
1936-2001. Their results are shown in Figure 2.1, compared to other independent estimates of
global sea-level rise from tide gages.
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FIGURE 2.1 Global sea-level time series from Church and White (2006; red) compared with independent
global sea-level time series from (a) Trupin and Wahr (1992), (b) Holgate (2007), (¢) Gornitz and

Lebedeff (1987), and (d) Jevrejeva et al. (2006) in black. Time series are arbitrarily shifted vertically for
clarity. SOURCE: Woodworth et al. (2009a).
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The time dependency of global sea level can be seen in the analysis of Church and White
(2011), who calculated the sea-level rise using 16-year moving windows of data, as shown in
Figure 2.2 (see also Box A.1 in Appendix A). In this example, the linear trend in global sea-level
rise was 1.7 mm yr' from 1900 to 2009, with some 16-year intervals yielding rates of 2-3 mm
yr'' in the 1940s, 1970s, and 1990s. This variability has been attributed to natural climate
variability (e.g., El Nifio-Southern Oscillation [ENSO]), which causes short-term variations in
global mean temperature, and to large volcanic eruptions, which briefly cool the Earth’s surface
and troposphere (e.g., Hegerl et al., 2007).
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FIGURE 2.2 Sixteen-year running averages of global sea-level rise trends showing variability in rates
over short timescales. SOURCE: Church and White (2011).

Recent Estimates

Recent estimates of rates of global sea-level rise are presented in Table 2.1. In general, the
new estimates over the entire 20th century are similar to those reported in the IPCC Fourth
Assessment Report. Rates for the last decade of the 20th century are higher and similar to IPCC
(2007) rates estimated from satellite altimetry and confirmed by tide gages (see results of
Jevrejeva et al., 2008; Merrifield et al., 2009; and Church and White, 2011). Because of natural
temporal (e.g., Figure 2.2) and spatial variability in the sea-level signal, the meaning of the
higher rates of global sea-level rise since the early 1990s is subject to interpretation. For
example, Merrifield et al. (2009) attributed most of the recent rise to higher rates of sea-level rise
in the Southern Hemisphere and tropical regions, which had been seen by Cabanes et al. (2001)
in satellite altimetry data.
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TABLE 2.1 Rates of Global Sea-Level Rise Estimated from Tide Gages

Rate of Sea-Level

Source Period Sampling Rise (mm yr™)
IPCC (2007) 1900-2000 Not specified 1.7+05
1961-2003 1.8+0.5
Church and White (2006) 1870-1935 400 gages, global coverage 0.71+04
1936-2001 1.84 £0.19
Holgate (2007) 1904-1953 9 gages, mostly Northern Hemisphere 2.03 + 0.35
1954-2003 1.45+0.34
1904-2003 1.74 £ 0.16
Shum and Kuo (2011) 1900-2006 500 tide gages, global coverage 165104
Domingues et al. (2008) 1961-2003 Not specified 1.6+0.2
Church and White (2011) 1900-2009 400 gages, global coverage 1.7+0.2
1993-2009 28+0.8
Jevrejeva et al. (2008) 1992-2002 1,023 gages, global coverage 3.4
Merrifield et al. (2009) 1993-2007 134 gages, global coverage 3.2+04

It is also possible that the recent higher rate of sea-level rise represents an acceleration in the
long-term trend. The record of sea-level rise is punctuated by periods of acceleration and
deceleration. Jevrejeva et al. (2008) used a Monte-Carlo-Singular Spectrum Analysis to remove
the 2- to 30-year variability from more than 1,000 tide gage records from around the world. They
found an acceleration of 0.01 mm yr” over the entire 300-year period, with 60- to 65-year
periodicity in acceleration and deceleration for the pre-industrial 18th and 19th centuries. The
fastest rises in sea level occurred between 1920 and 1950 (up to 2.5 mm yr’') and between 1992
and 2002 (3.4 mm yr''; Jevrejeva et al., 2008). Many, but not all long tide gage records around
the world show an acceleration in global sea-level rise around 1920-1930 and a deceleration
around 1960 (Woodworth et al., 2009a; see also Figure 2.1). Although Houston and Dean (2010)
found a slight deceleration since 1930, Rahmstorf and Vermeer (2011) argued that this result
reflects the choice of start date (1930) and the regional character of the gages used in their
analysis.

Even if the higher rates since the 1990s represent a persistent acceleration in sea-level rise,
significant additional acceleration would be required to reach commonly projected sea levels
(e.g., Hansen, 2007; Rahmstorf, 2007; Vermeer and Rahmstorf, 2009). For example, taking a
rate of 3.1 mm yr' from satellite altimetry, sea level would rise only 0.28 m over the next 89
years. To reach 1 m by 2100 would require a positive acceleration of 0.182 mm yr for the entire
time period, based on the following quadratic equation:

H=H,+(bx10)+ (27,
where H, is the current sea level, b is the linear rate of sea-level rise, and c is the acceleration in
units of mm yr. In this example, acceleration would account for more than 72 percent of the

future sea-level rise. Such rapid acceleration is not seen in the 20th century tide gage record,
except for short periods of time, such as the 1930s and the 1990s (Figure 2.2).
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SATELLITE ALTIMETRY

Satellite altimeters measure the sea-surface height with respect to the Earth’s center of mass
(Box 2.3). The satellite measurement also includes large-scale deformation of the ocean basins
caused by glacial isostatic adjustment (GIA), which must be removed from the signal to obtain
the ocean volume change. The global mean sea level is calculated by averaging measurements of
sea-surface height made by the various altimeters, three of which are currently operating, which
revisit a given spot on the Earth every 10 to 35 days.

Recent altimetry estimates of sea-level rise are similar to those reported in the IPCC Fourth
Assessment Report, ranging from 3.2 to 3.3 mm yr ' from 1992 to 2010 (Table 2.2), and 2.9 +
0.4 mm yr' from 1985 to 2010. The latter estimate includes data from higher latitudes and has a
gap in data from 1988 to 1991 (Figure 2.3). A recent analysis of the total error budget due to
instrument, orbit, media propagation errors, and geophysical corrections and their drifts suggests
an uncertainty of ~0.4-0.5 mm yr"' (Ablain et al., 2009), in agreement with external calibration
using data from island tide gages (Mitchum et al., 2010).

TABLE 2.2 Rates of Global Sea-Level Rise Estimated from Satellite Altimetry
Rate of Sea-Level

Source Period Latitude Instrument(s) Rise (mm yr)?
D. Chambers (personal 1992-2010 +66° TOPEX and Jason-1, -2 3.3+0.5
communication)

Nerem et al. (2010) 1992-2010 +66° TOPEX and Jason-1, -2 33105
Leuliette and Miller 1992-2010 +66° TOPEX and Jason-1, -2 3.2+0.3
(2009)

Cazenave et al. (2009) 1992-2010 +66° TOPEX and Jason-1, -2 3.3+0.2
Church and White 1993-2009 +66° TOPEX and Jason-1, -2 32+04
(2011)

Shum and Kuo (2011)  1985-2010 +81.5° Geosat, Geosat Follow-on, 29105

ERS, TOPEX, Envisat, and

Jason-1, -2
@ All rates were corrected for glacial isostatic adjustment using the ICE-5G (VM2) model (Peltier, 2004) and
atmospheric pressure effects (see Appendix B).

BOX 2.3
Satellite Radar Altimetry Measurements

The first altimeter mission observing the global ocean was launched in 1978 (Seasat), but routine
measurements of sea level from satellites began with the launch of TOPEX/Poseidon (1992-2006) and
ERS-1 (1991-2000), and continued with ERS-2 (1996—-2011), Geosat Follow-on (1998-2001), Jason-1
(2001—present), Envisat (2002-present), Jason-2 (2008—present), and Cryosat-2 (2010—present).
Although these satellites are sometimes maneuvered in geodetic phases or interleave orbits, they have
occupied essentially the same ground tracks as 10-day, 17-day, or 35-day repeat orbits, providing a long
data set of compatible observations. These satellites were equipped with radar altimeters to determine
the distance between the satellite and the sea surface (see Figure). The location of the satellite, which
has to be accurately known at all times, is determined using tracking data from the Satellite Laser
Ranging network, the Doppler Orbitography and Radio-positioning Integrated by Satellite (DORIS) land-
based beacons, and the Global Navigation Satellite System (GNSS). Using the range or range-rate
information from these tracking systems, the position and velocity of the satellite are determined and the
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radial orbit is then calculated. The sea surface is estimated by averaging measurements taken over a 10-,
17-, or 35-day satellite track repeat cycle. The accuracy of the sea surface height measurements for
TOPEX-class altimetry systems, considered to be the most accurate among the radar altimetry missions
due to their optimal orbital sampling and high instrument precision, is a few cm (1 ©), after correcting for
instrument and media errors and geophysical phenomena.

- GPS3
. ?‘} satellite

Jason-2
P IS 4—— Altimeter

iy

Microwave radiometer
measuring water vapour

=

Satellite
altitude

ekl
Sea surface
height

\E5The COMET Program
FIGURE The Jason-2 satellite uses a radar altimetry instrument to accurately measure sea-surface heights.
SOURCE: COMET® Website at <http://meted.ucar.edu/> of the University Corporation for Atmospheric Research,
sponsored in part through cooperative agreement(s) with the National Oceanic and Atmospheric Administration, U.S.
Department of Commerce. ©1997-2011 University Corporation for Atmospheric Research. All Rights Reserved.

The TOPEX and Jason satellites measure(d) the global ocean to latitudes of 66° north and south.
Satellite altimeters that extend observations into the polar ocean include Geosat (1984—-1987) and Geosat
Follow-on, which covered latitudes of 71° north and south; ERS-1 and -2 and Envisat, which cover
latitudes of 81.5° north and south; and Cryosat-2, which covers latitudes of 88° north and south. Their
repeat orbits are longer than the TOPEX and Jason satellites: 17 days for Geosat and Geosat Follow-on,
35 days for ERS-1 and -2 and Envisat, and 365 days with 30-day subcycles for Cryosat-2.
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FIGURE 2.3 Global sea-level rise trends from different satellite altimeters for 1985-2010. The measured
trend is 2.6 + 0.4 mm yr”', and the trend corrected for glacial isostatic adjustment and atmospheric effects
is 2.9 + 0.4 mm yr'. Seasonal variations in the time series were not removed, but the trend was estimated

simultaneously with periodicities associated with seasonal variations. SOURCE: Updated from Shum and
Kuo (2011).

The regional variability in sea level seen in many tide gage analyses has been confirmed by
satellite altimetry records. Figure 2.4 shows the regional variation in sea-level trends in the
global oceans based on 25 years (1985-2010 with a 3-year data gap) of satellite altimetry data.
The largest variations are in the western Pacific and eastern Indian oceans, where sea level has
been rising much faster than the global mean (warm colors in Figure 2.4). Sea level has been
dropping in other areas, including the eastern Pacific Ocean (cool colors in Figure 2.4). The
IPCC concluded that these spatial patterns reflect interannual to interdecadal variability resulting
from the EI Nino-Southern Oscillation, the North Atlantic Oscillation, the Pacific Decadal
Oscillation, and other climate patterns (Bindoff et al., 2007).
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FIGURE 2.4 Regional variations in global sea-level rise based on observations from satellite altimetry

from 1985 to 2010. The data were corrected for glacial isostatic adjustment, atmospheric barotropic
pressure response, and various instrument, media, and geophysical effects. SOURCE: Updated from
Shum and Kuo (2011).

Satellite altimetry and tide gage estimates of sea-level change over the same timespan are in
good agreement (e.g., Nerem et al., 2010). However, there are significant differences between
long-term trends in tide gage records and the shorter satellite altimetry records. For example,
Shum and Kuo (2011) estimated a tide-gage trend of 1.50 mm yr' for 1880—2008 and a satellite
altimetry trend of 2.59 mm yr™' for 1985-1987 and 19912010 (Figure 2.5). Differences in trends
for the two types of measurements for other data periods have also been reported (e.g., Church
and White, 2011). These differences are likely due to contamination of the altimetry trend by
interannual or longer variations in the ocean (e.g., Willis et al., 2010; Shum and Kuo, 2011) and,
to a smaller extent, to sampling biases. Satellite altimetry records are shorter than tide gage
records but cover more of the global ocean (81.5°N—81.5°S in Figure 2.5). In addition, the sea-
level signal from altimetry is dominated by the open ocean whereas the signal from tide gages is
more strongly affected by the coastal ocean (e.g., Holgate and Woodworth, 2004).
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FIGURE 2.5 Comparison of sea-level time series from tide gages (1880-2008; blue lines) and from
satellite altimetry (1985-1987 and 1991-2010; red lines) after corrections for atmospheric barotropic
pressure effects and glacial isostatic adjustment (using the ICE-5G [VM2] model, Peltier, 2004). The thin
blue line represents average monthly sea level from global tide gage data. The thick blue line represents
yearly sea-level changes from a moving average of tide gage observations, and the shaded area represents
the sea-level uncertainty, which reflects the number of gage sites used in the global averages, the number
of data points, and the standard deviations of the fit of seasonal signals and the trend of the original gage
time series. The thick red line is the yearly averaged altimetry sea-level data. SOURCE: Updated from
Shum and Kuo (2011).

GRAVITY RECOVERY AND CLIMATE EXPERIMENT (GRACE)

The GRACE mission makes detailed measurements of the Earth’s gravity field and its
variability over time. Among the gravity variations detected by GRACE are mass changes in the
ocean and land reservoirs (e.g., land ice, groundwater) that contribute to sea-level change (Box
2.4). The land ice and water components are discussed in Chapter 3. For the ocean component,
GRACE measures the ocean bottom pressure—the sum of the mass of the ocean and atmosphere
above—at spatial resolutions of ~500 km. Ocean bottom pressure changes when winds move
water across the ocean surface or when water is added to the oceans (e.g., through ice melt,
stream runoff), increasing the ocean mass. The ocean mass change is determined by computing
gravity field changes from the GRACE signal (Chambers et al., 2004; Tapley et al., 2004), then
correcting for the effect of glacial isostatic adjustment and high frequency ocean responses to
wind and surface pressure forcing. When combined with other observations—such as altimetry
data that have been corrected for temperature and salinity effects—GRACE data offer a potential
means of distinguishing how much global sea-level change is due to changes in mass and how
much is due to changes in temperature and salinity.
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BOX 2.4
GRACE Measurements

The Gravity Recovery and Climate Experiment measures changes of the mass distribution on Earth.
The twin satellites travel in the same polar orbit 500 km above the Earth, with one satellite leading the
other by approximately 220 km (Figure). When the lead satellite passes over a region of relatively high
mass, it will accelerate because of increased gravitational attraction and will increase the distance
between the satellites. On the other side of the region of high mass, it will slow again. The same effect
applies to the trailing satellite. By monitoring the changing distances between the satellites, and knowing
their positions in space accurately via GPS and star cameras, the distribution of mass below the satellites
can be determined. Mass redistributions of the Earth are manifested in temporal gravity signals with a
monthly sampling and spatial resolution longer than 300—400 km (half-wavelength; Tapley et al., 2004).
GRACE data can be used to measure changes in mass of the ocean and its land reservoirs (e.g., land ice
and groundwater; see Chapter 3). Launched in 2002, the mission is expected to end in 2015.

S g .

g2 TERA A N ; ERIES-
FIGURE An artist's concept of GRACE satellites with ranging link between the two craft. SOURCE: National
Aeronautics and Space Administration.

Currently, however, there are difficulties associated with using GRACE data to infer ocean
mass changes. Changes in gravity over the ocean, and thus the ocean bottom pressure signal, are
small relative to the GRACE accuracy limit and to the land gravity signal. Moreover,
uncertainties in GIA models strongly affect the ocean mass calculated from GRACE (e.g.,
Cazenave et al.,, 2009). Finally, GRACE data must be adjusted to reduce high-frequency
barotropic signals over the ocean and over land (Flechtner, 2007) and to account for motion of
the geocenter (e.g., using laser ranging or Global Positioning System [GPS] data; Swenson et al.,
2008). Once a consensus is reached on how to handle the processing and corrections, GRACE
data may provide a valuable constraint on the ocean mass component of sea level and on the total
sea-level budget.
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CONCLUSIONS

Recent estimates of global sea-level rise are in close agreement with estimates in the IPCC
Fourth Assessment Report, with long-term (50—100 years) rates of about 1.8 mm yr' estimated
from tide gages, and recent (post-1990) rates of about 3.2 mm yr' estimated from satellite
altimetry and tide gages. The higher rates of recent sea-level rise may reflect interannual and
longer variations due to ENSO and other climate patterns. Increases of 3—4 times the current rate
would be required to realize scenarios of 1 m sea-level rise by 2100. Such an acceleration has not
yet been detected.
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3
Contributions to Global Sea-Level Rise

Sea-level rise is governed by processes that alter the volume of water in the global ocean—
primarily thermal expansion of sea water and transfers of water from terrestrial reservoirs, such
as land ice and groundwater, to the ocean. The Intergovernmental Panel on Climate Change
(IPCC) Fourth Assessment Report found that thermal expansion accounted for about one-quarter
of the observed sea-level rise for 1961-2003, melting of land ice accounted for less than half,
and changes in land water storage accounted for less than 10 percent (Bindoff et al., 2007). For
the last 10 years of that period (1993-2003), the IPCC estimated that thermal expansion and land
ice melt each contributed about half to the total sea-level rise. The improved agreement between
estimates of the individual contributions and the total sea-level rise for the later time period was
attributed to the availability of satellite altimetry data and other global ocean data sets and to
better knowledge of the processes causing sea-level rise. Subsequent work has corrected
instrument biases, reducing estimates of the thermal expansion contribution to sea-level rise, and
recorded increased rates of land ice loss. In the most recent estimate, for 1993-2008, the
contribution from land ice increased to 68 percent, the contribution from thermal expansion
decreased to 35 percent, and land water storage contributed -3 percent (sea-level fall; Church et
al., 2011a).

This chapter evaluates the contributions of thermal expansion, glaciers, ice sheets, and other
terrestrial sources of water to global sea-level rise. Each section begins with a summary of
findings from the IPCC Fourth Assessment Report, then evaluates more recent results.

THERMAL EXPANSION

Sea level is affected by changes in the density of sea water, induced by temperature changes
(thermosteric) or by salinity changes (halosteric). Freshening of the water column (halosteric
expansion) has been estimated to account for about 10 percent of the global average steric sea-
level rise during recent decades (e.g., Antonov et al., 2002; Munk, 2003; Ishii et al., 2006).
However, only about 1 percent of the halosteric expansion contributes to the global sea-level-rise
budget because ocean mixing increases the salinity and thus decreases the volume of the added
freshwater (Bindoff et al., 2007). Consequently, only the thermosteric component is discussed
below.

When the ocean warms, seawater becomes less dense and expands, raising sea level.
Because warm water expands more than cold water with the same amount of heating, and
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seawater at higher pressure expands more than seawater at lower pressure, global sea-level
change depends on the distribution of ocean temperature change throughout the ocean, from top
to bottom. Thermosteric sea-level change is calculated from temperature and pressure
measurements made from a wide variety of instruments that descend through the water column,
are towed from ships, or are attached to moored and drifting buoys and profiling floats (see
Johnson et al., 2006).

Estimates from the IPCC Fourth Assessment Report

The IPCC Fourth Assessment Report found that warming in all three of the major ocean
basins has occurred over the past few decades (Bindoff et al., 2007). Further, thermal expansion
of the global ocean (thermosteric sea-level rise) exhibits significant decadal and interannual
variations. Thermosteric sea-level rise was estimated to account for approximately one-quarter of
the observed rate of global sea-level rise from 1961 to 2003, contributing 0.32 + 0.12 mm yr’'
down to 700 m depth and 0.42 + 0.12 mm yr’' down to 3000 m depth. For the last 10 years of
that period (1993—-2003), the contribution of thermal expansion was estimated to have increased
to 1.5 £ 0.5 mm yr'1 above 700 m and 1.6 + 0.5 mm yr'l above 3,000 m, about half of the
observed rate of global sea-level rise.

Recent Estimates

At about the time the IPCC Fourth Assessment Report was published, systematic efforts
began to be made to correct for biases in the expendable bathythermograph (XBT) and
mechanical bathythermograph (MBT) data, which constitute the majority of ocean temperature
observations prior to 2002, and in Argo data (Box 3.1). These biases affected the temperature
inferred from measurements and thus the calculated rate of thermosteric sea-level rise.
Thermosteric sea-level trends have recently been reanalyzed using bias-corrected temperature
data, and the record has been extended by new observations. In addition, a few new estimates of
the thermosteric fraction of sea level have been made using data assimilation products and
satellite data.

BOX 3.1
Bathythermograph and Argo Measurements

Bathythermographs are dropped from ships and transmit temperature via a thin wire as they sink
through the water column. Mechanical bathythermographs (MBTs) record temperature at 5 m depth
intervals down to approximately 285 m. Thus, they are useful only for studying the thermal structure of the
upper ocean. The successor expendable bathythermographs (XBTs) can provide temperature profiles to
depths of approximately 760 m (standard instruments) or 1,830 m (special instruments). Data from MBTs
and/or XBTs are available since 1948.

Ocean profiling floats are deployed under the multi-national Argo program and by individual
countries. Argo profiling floats began measuring the temperature and salinity of the upper 1,000-2,000 m
of the ocean in 2000. The Argo array currently comprises more than 3,000 ocean profiling floats
distributed around the world (see Figure). Data from these floats are collected via satellite.
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FIGURE Distribution of Argo profiling drifters on February 24, 2012. These floats measure salinity and temperature
over the upper 1,000-2,000 m of the ocean. SOURCE: These data were collected and made freely available by the
International Argo Program and the national programs that contribute to it (<http://www.argo.ucsd.edu>,
<http://argo.jcommops.org>). The Argo Program is part of the Global Ocean Observing System.

In Situ Data. A time-varying warm bias (systematically warmer temperature than the true
value) has been found in the global XBT data, and a cold bias (systematically colder temperature
than the true value) has been found in a small fraction of Argo float data (e.g., Gouretski and
Koltermann, 2007; Wijffels et al., 2008; Ishii and Kimoto, 2009; Willis et al., 2009). XBT and
MBT temperature observations are subject to instrument bias, such as depth bias. The depth of
each temperature observation is calculated using a fall-rate equation and the time elapsed since
the XBT entered the water. Inaccuracies in the fall rate affect the apparent depth at which the
temperature profile is taken, which in turn causes a temperature bias that varies with depth. The
MBT depth bias may have resulted from a delayed response by the diaphragm used to sense
pressure and thus infer depth (Gouretski and Koltermann, 2007). The Argo biases were
associated with a particular set of instruments deployed mainly in the Atlantic Ocean (Willis et
al., 2009). The sensors on these instruments use pressure measurements to infer depth, but a flaw
caused temperature and salinity values to be associated with incorrect pressure values, biasing
the data.

Correcting for XBT depth bias reduced the magnitude of the interdecadal variability
previously seen in the thermosteric sea-level signal during the 1970s (Domingues et al., 2008).
An apparent sharp rise in thermosteric sea level during the 1970s was greatly decreased in the
corrected data of Levitus et al. (2009), and essentially disappeared in the corrected data of Ishii
and Kimoto (2009; compare the dotted and solid red and blue lines in Figure 3.1, top).
Correcting for depth bias also changed the estimated rate of global thermosteric sea-level rise.
For example, Ishii et al.’s (2006) original estimate of thermosteric sea-level rise for the upper
700 m was 0.26 + 0.06 mm yr' from 1951 to 2005. After correcting XBT and MBT temperatures
for depth bias and using an improved temperature climatology, Ishii and Kimoto (2009) found a
slightly higher rate of 0.29 + 0.06 mm yr' for the same time period (Table 3.1).
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FIGURE 3.1 (7op) Estimates of global mean thermosteric sea level for the past six decades. The dotted
blue and red lines are the IPCC (2007) estimates for the upper 700 m. The solid blue and red lines are the
equivalent curves after correction for XBT biases. Also shown are a bias-corrected estimate for the upper
700 m by Domingues et al. (2008; brown line with 1 standard deviation shaded) and an uncorrected
estimate down to 1,000 m from the Simple Ocean Data Assimilation model by Carton et al. (2005; green
dotted line). Estimates from the ocean data assimilation model of Kohl and Stammer (2008) to 700 m
(gray dotted line) and full depth (gray dash-dotted line) also are shown. SOURCE: Church et al. (2010).
(Bottom) New estimate of global mean thermosteric sea-level rise for the upper 700 m using an updated
version of bias-corrected data from Ishii and Kimoto (2009). The orange and blue symbols and values are
linear thermosteric sea-level trends for different time periods. The gray shading represents 1 standard
deviation. SOURCE: Ishii and Kimoto (2009).
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TABLE 3.1 Recent Estimates of Global Mean Thermosteric Sea-Level Rise

Depth Instrument Bias Thermosteric Sea-
Source Period Range (m) Corrections Level Rise (mm yr™)
IPCC (2007) 1961-2003 0-700 None 0.32+0.12
0-3,000 0.42+0.12
Domingues et al. (2008) 1961-2003 0-700 XBT fall-rate bias 0.52 £ 0.08
Full depth 0.72+0.13
Ishii and Kimoto (2009) 1951-2005 0-700 XBT and MBT 0.29 + 0.06
depth bias
Kuo and Shum (personal 1955-2009 0-700 XBT and MBT 0.33+£0.01
communication, 2011)° depth bias
Ishii (personal 1961-2008 0-700 XBT and MBT 0.39£0.05
communication, 2011)° depth bias
IPCC (2007) 1993-2003 0-700 None 1.5+0.5
0-3,000 1.6+0.5
Domingues et al. (2008)  1993-2003 0-700 XBT fall-rate bias 0.79£0.39
Full depth 1.0+ 0.40
Ishii and Kimoto (2009) 1993-2005 0-700 XBT and MBT 1.23 £ 0.30
depth bias
Ishii (personal 1993-2009 0-700 XBT and MBT 0.80+0.16
communication, 2011)° depth bias
Church et al. (2011)° 1993-2008 0-700 XBT fall-rate bias, 0.71 £ 0.31
Full depth ARGO pressure 0.88 £0.33
bias
Willis (personal 2005-2011  0-900 Biased ARGO data  0.48%£0.15
communication, 2011)° removed

NOTE: Estimates for the same periods are highlighted in green.

a Based on the Ishii and Kimoto (2009) data set, calculated for a different time period.
Updated from Ishii and Kimoto (2009) using the latest observational data.
Updated from Domingues et al. (2008) and other recently updated data sets, including ARGO.
 Updated from Leuliette and Willis (2011) for thermosteric sea level.

Discarding biased Argo profiles removed an apparent cooling trend from 2003 to 2006
(Willis et al., 2009). The linear trend from January 2005 to September 2011 in the newly
analyzed data is 0.48 = 0.15 mm yr' (Figure 3.2, Table 3.1).
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FIGURE 3.2 Thermosteric sea-level rise estimated from Argo data for the upper 900 m using updated
data from Leuliette and Willis (2011). The error bars are 1 standard deviation. SOURCE: Courtesy of J.K.
Willis, Jet Propulsion Laboratory, California Institute of Technology.

Recent observational estimates of thermosteric sea-level rise have all been corrected for
XBT and MBT depth bias (Table 3.1). The new estimates are based on updates of the Ishii and
Kimoto (2009) data set (e.g., Ishii, personal communication; Kuo and Shum, personal
communication), which corrects for depth bias, or the Ingleby and Huddleston (2007) data set
(e.g., Domingues et al., 2008), which corrects for both XBT fall-rate bias and undersampling
bias. Their estimates of the long-term thermosteric trend (beginning 1951-1961) in the upper 700
m of the ocean range from 0.29 + 0.06 mm yr' to 0.52 + 0.08 mm yr' (Table 3.1). The latter, by
Domingues et al. (2008), is higher than the rates estimated by IPCC (2007) for the same period
and by other investigators for similar periods. Estimates of the thermosteric trend in the upper
ocean since 1993 range from 0.71 + 0.31 mm yr™' to 1.23 £ 0.30 mm yr' (Table 3.1). These rates
are generally lower than those estimated by the IPCC (2007) for 1993 to 2003.

Observations for the deep ocean are sparse, so thermal expansion estimates for the full ocean
depth are more uncertain than those for the upper ocean. The only recent estimates of the rate of
thermosteric sea-level rise for the full ocean depth are by Domingues et al. (2008) and Church et
al. (2011), who used a thermal expansion value of 0.2 £ 0.1 mm yr' and 0.17 mm yr,
respectively, for the deep ocean. This deep-ocean value is comparable to a recent estimate of
~0.15 + 0.08 mm yr' based on abyssal (below 4,000 m) and deep ocean (1,000-4,000 m)
observations south of the SubAntarctic Front taken in the 1990s and 2000s (Purkey and Johnson,
2010). Kouketsu et al. (2011) estimated thermosteric sea-level change of ~0.11 mm yr' for the
ocean below 3,000 m from the 1990s and to the 2000s based on observed data, and 0.12 mm yr'1
based on an ocean model data assimilation product. The IPCC (2007) assessment, based on work
by Antonov et al. (2005), was 0.1 mm yr'1 from 700 m to 3,000 m (Bindoff et al., 2007). Given
the scarcity of data, however, it is difficult to assess the uncertainty in deep ocean warming.

Domingues et al. (2008) estimated that thermosteric sea-level rise for the full ocean depth
increased from 0.72 + 0.13 mm yr”' for 1961-2003 to 1.0 + 0.4 mm yr for 1993-2003 (Table
3.1). The Church et al. (2011) estimates for 1993-2008 are 0.88 + 0.33 mm yr'l. For comparison,
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the committee calculated thermosteric sea-level rates for the full ocean depth using measured
rates for the upper 700 m by other investigators (Table 3.1) and the Domingues et al. (2008)
value for the deep ocean below 700 m (Table 3.2). For the longer observational period
(approximately five decades), the committee calculated rates ranging from 0.5 + 0.12 mm yr'
(based on Ishii and Kimoto, 2009) to 0.59 + 0.11 mm yr' (based on Ishii, personal
communication, 2011). These rates are lower than the Domingues et al. (2008) rates, but they are
comparable within errors. For the post-1993 observational period, the committee’s calculated
rates are 1.0 = 0.19 mm yr' and 1.43 + 0.31 mm yr' (Table 3.2). The most recent estimate of
Ishii (personal communication, 2011) is comparable to estimates of Domingues et al. (2008) and
Church et al. (2011), within their reported errors.

TABLE 3.2 Committee Estimates of Thermosteric Sea-Level Rise for the Full Ocean Depth
Thermosteric Sea-Level Rise

Data Source Used in the Estimate Period Estimates, This Report (mm yr™)?
Ishii and Kimoto (2009) 1951-2005 0.5+0.12

Kuo and Shum (personal communication, 2011) 1955-2009 0.53+0.14

Ishii (personal communication, 2011) 1961-2008 0.59+£0.11

Ishii and Kimoto (2009) 1993-2005 1.43 £ 0.31

Ishii (personal communication, 2011) 1993-2009 1.0+£0.19

¥ Calculated from estimates of the upper 700 m of the ocean by various investigators and the Domingues et al. (2008)
rate of 0.2 + 0.1 mm yr” for the deep ocean below 700 m.

The above estimates of the global thermosteric sea-level trend and its variability on
interannual and decadal timescales differ, sometimes substantially. For example, Domingues et
al. (2008) shows a continued thermosteric sea-level rise after 2004, whereas Levitus et al. (2009)
and Ishii and Kimoto (2009) show a plateau (top panel of Figure 3.1). These differences result
from uncertainties in the data and the choice of instrument bias corrections, processing approach,
baseline mean climatology, mapping technique, and treatment of unsampled or undersampled
areas. Correcting for XBT fall-rate bias reduced the errors in the thermosteric sea-level trend (S.
Levitus, personal communication, 2011). However, uncertainties in the bias corrections remain
the dominant source of error, especially for recent decades (Ishii and Kimoto 2009; Willis et al.,
2009; Gouretski and Reseghetti, 2010; Lyman et al., 2010).

Different data processing approaches also may account for some differences among
thermosteric sea-level estimates, such as the relatively high estimates of Domingues et al. (2008)
for 1961-2003 and the relatively low estimates of Ishii (personal communication, 2011) for
1961-2008 for the upper 700 m. The treatment of data in unsampled and undersampled regions
of the world’s oceans also can introduce uncertainties (Purkey and Johnson, 2010). Sampling
problems are particularly acute in the Southern Ocean and likely result in estimates of
thermosteric sea-level rise that are biased low (Gille, 2008; Church et al., 2010).

Models. The warming observed in the upper ocean also has been inferred from ocean-
atmosphere climate models. For example, Pierce et al. (2006) found general consistency between
models and observations for ocean warming, with the signal disappearing around 600 m depth.
Climate model simulations also suggest heat uptake by the deep ocean (Katsman and van
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Oldenborgh, 2011; Meehl et al., 2011). Song and Colberg (2011), using an ocean general
circulation model constrained by sea-surface temperature and atmospheric radiation
measurements, found a strong warming signal of 1.1 mm yr' below 700 m for the 1993—2008
period. This value is much higher than observational estimates (Purkey and Johnson, 2010;
Kouketsu et al., 2011; Loeb et al., 2012), for reasons that are currently under debate.

Data Assimilation. Ocean data assimilation techniques can be used to obtain estimates of deep-
ocean warming and the resulting thermosteric sea-level rise by constraining the numerical
models with available data. There are, however, significant differences between the various data
assimilation products and direct observations, arising in part from uncertainties in direct
observations and differences in data-assimilation approaches for estimating the state of the ocean
(e.g., Church et al., 2010). The Simple Ocean Data Assimilation model (Carton et al., 2005;
Carton and Giese, 2008) uses a multivariate sequential approach to force the ocean model toward
observed temperature and salinity data. Ocean dynamics and other properties are not preserved.
Using this approach, the estimated thermosteric sea-level trend from 1968 to 2001 is similar to
the observed estimates (Figure 3.1). Kohl and Stammer (2008) used a more sophisticated
approach, which synthesizes the observed data into a dynamically consistent model using the
adjoint assimilation technique. To ensure dynamical consistency, the model forcing fields are
modified. The estimated thermosteric sea-level trend using this method shows a large decrease
until 1975 and then a larger rise afterwards (Figure 3.1).

Ocean data assimilation has been an active research topic only since the 1990s. Over time, it
may become a more reliable source for studies of decadal sea-level variability and change
(Church et al., 2010).

Satellites. A few investigators have inferred global steric sea-level rise from the Gravity Recovery
and Climate Experiment (GRACE) and altimeter data (e.g., Lombard et al., 2007; Cazenave et al.,
2009). Satellite altimetry measures the total sea-level change (steric plus ocean mass) and
GRACE measures ocean mass change. The difference between the two measurements provides
an independent estimate of the steric sea-level change. However, estimates made this way vary
significantly.

Summary

The thermal expansion estimates in the IPCC Fourth Assessment Report were made before
temperature biases due to the XBT and MBT depth errors were discovered. Efforts to improve
the IPCC (2007) estimates have focused on using new temperature data, correcting instrument
bias, and improving data processing methods. New estimates of thermosteric sea-level rise are
generally higher than those estimated by the IPCC (2007) for the past four or five decades and
generally lower than those estimated by the IPCC (2007) for the past 1015 years (Figure 3.3).
However, the new estimates overlap significantly with the IPCC (2007) estimates, within errors.
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FIGURE 3.3 Comparison of thermosteric sea-level estimates for the full ocean depth from IPCC (2007;
blue) and subsequent estimates (red). The bars represent the highest and lowest estimates. Long-term
trends are for 1961-2003 (IPCC) and 1951-2005 (new estimates); short-term trends are for 1993-2003
(IPCC) and 1993-2008 (new estimates). SOURCE: IPCC estimates from Bindoff et al. (2007); new
estimates are from Tables 3.1 and 3.2 based on data from Domingues et al. (2008), Ishii and Kimoto
(2009), and Church et al. (2011).

Estimates of thermosteric sea-level rise for the upper 700 m of the ocean have lower
uncertainties than estimates for the full ocean depth due to the paucity of deep-ocean
measurements. Studies suggest that sampling problems cause a low bias in upper-ocean
thermosteric sea-level rise estimates, and also make it difficult to assess the uncertainty in the
deep-ocean thermosteric sea-level rise. Data assimilation and model results are not yet robust
enough to be used to fill in missing data.

GLACIERS, ICE CAPS, AND ICE SHEETS

Loss of land-based ice is a major contributor to global sea-level rise, equal to or exceeding
the contribution of thermal expansion. The equivalent of at least 65 m of sea level is stored in
glaciers, ice caps, and ice sheets. The Greenland and Antarctic ice sheets store the equivalent of
about 7 m and 57 m of sea level, respectively (Bamber et al., 2001; Zhang et al., 2003),5 and
glaciers and ice caps store the equivalent of 0.6 £ 0.07 m, about one-third of which is around the
periphery of Greenland and Antarctica (Radic and Hock, 2010).

The response of glaciers and ice sheets to climate change depends on processes acting at the
upper surface; at the base, where glacial meltwater and the properties of the bedrock affect the
rate of ice flow; and, in some locations, at the marine margin, where iceberg calving and melting
occur (Figure 3.4). Glaciers, ice caps, and ice sheets typically gain mass through snow
accumulation and lose mass through melting and runoff (ablation), iceberg calving, and, to a
lesser extent, sublimation and wind erosion and transport. Calving can be the dominant
mechanism of mass loss, accounting for 50—100 percent of the loss on the Antarctic Ice Sheet,
about 50 percent of the loss on the Greenland Ice Sheet (Rignot and Jacobs, 2002; van den
Broeke et al., 2010), and, where it has been measured, about 50 percent of loss from ocean-

° See also data compiled for the Sea-level Response to Ice Sheet Evolution (SeaRISE) assessment project,
<http://websrv.cs.umt.edu/isis/index.php/SeaRISE Assessment>.
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terminating ice cap complexes (Blaszczyk et al., 2009). In general, mass is gained at higher
elevations and on the upper surface of a glacier or ice sheet, and mass is lost at lower elevations
and at the base. The difference between accumulation and ablation is called the mass balance,
and it is determined through a combination of in situ and satellite measurements (Box 3.2), often
combined with models.
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FIGURE 3.4 Glacier and ice sheet mass balance components. Ice accumulates at high elevations and is
lost at lower elevations through melting, sublimation, or iceberg calving. The boundary between areas of
net gain and loss is called the equilibrium line.

BOX 3.2
Measuring the Earth’s Ice

Monitoring the world’s land ice masses is a challenging task complicated by the size, wide
distribution, and generally remote and hostile environments in which most glaciers are located. Changes
in glacier or ice sheet volume can be calculated by mass budget methods (balancing input and output
fluxes), by repeated geodetic measurements, by combinations of the two, and by measurements of mass
change through gravity surveys using the GRACE satellite system. Quantitative determination of glacier
and ice sheet mass balance requires a variety of data sets, including ice surface elevation and ice
thickness, the rate of ice flow, and the rate of ice (snow) accumulation and ablation. Measurements are
made both in situ (ideal for individual glaciers and process studies) and remotely (ideal for covering large
regions). Satellite remote sensing instruments collect data at visible, near-infrared, and microwave
wavelengths and may image the surface in blocks or along the ground track below the satellite (see the
review in Quincey and Luckman, 2009).

Ice Thickness. The thickness of glaciers and ice sheets is generally measured using radar sounding
from aircraft or at the ice surface. The 25-400 MHz radar signal penetrates to the bedrock below the ice,
and the difference between returns from the upper and lower surfaces is used to calculate the ice
thickness. Radar sounding works best in cold, clean ice. Ice with substantial fractions of liquid water or
crevasses scatter radar energy, creating complications for radar soundings of fast-moving outlet glaciers,
especially those in warmer environments.

Surface Topography. Topography is measured using aerial photogrammetry, airborne and satellite
laser altimetry, and satellite radar altimetry. Radar altimeters on satellites (ERS-1, -2, Envisat, and
CryoSat-2) are used to measure ice sheet surface elevation with decimeter accuracy, but the footprint of
the sensor (the area on the surface within the field of view of the antenna) is relatively large (a few
kilometers) and varies with surface roughness and slope. Laser altimeters have much smaller footprints
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(tens of meters; about 70 m for NASA’s Geoscience Laser Altimeter) and may be mounted on aircraft or
on satellites. Laser altimeters mounted on small aircraft are used for repeat surveys of glaciers in Alaska,
where optimal flight lines are poorly suited for satellite orbital paths (Larsen et al., 2007). Repeat mapping
of surface topography can be used to derive volume change, as long as neither the density nor the bed
topography change between surveys.

Ice Velocity. The rate of ice flow can be calculated using repeated measurements of the locations of
features, either a survey monument or a natural feature (e.g., a crevasse intersection), on the ice surface.
Locations can be determined using ground-based optical survey measurements, Global Positioning
System surveys, photogrammetry, or satellite image processing. Ice flow also can be determined from
radar interferometry (e.g., Figure), which uses the change between observations in the phase of the
returning radar wave to make a high-precision measurement of ground displacement relative to the
spaceborne radar.
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FIGURE Antarctic glacier velocity (in m yr") derived from radar interferometry. Black lines delineate major ice
divides. Velocities can reach a few km yr' on fast-moving glaciers (e.g., Pine Island) and floating ice shelves.
SOURCE: Rignot et al. (2011b).

Gravity. Ice sheet mass changes since 2002 can be determined from the GRACE satellite system (see
Box 2.4). The ice sheet changes must be separated from other mass change signals such as those
caused by glacial isostatic adjustment. In some instances the modeled corrections are robust, but in
others the uncertainties can be large. The spatial resolution of the measurements depends on details of
the processing and the latitude of interest (Wahr et al., 2004).

Mass Balance. Accumulation and ablation are traditionally determined using in situ measurements made
at least twice yearly, at the end of the accumulation season and ablation season. This technique remains
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the only way to make direct observations of the components of the mass budget, but it is too time
consuming and expensive to be used as an operational tool on the ice sheets. Accordingly, remote
sensing methods are used extensively, with reliance on limited point climate and meteorological
observations and on meteorological and surface energy balance models. Snow accumulation can be
estimated from atmospheric models coupled with satellite observations or by analyzing annual layers in
ice cores and interpolating between core sites using radar sounding of the ice layers. Melt can be
estimated using energy balance models driven by atmospheric models. Runoff cannot be measured
remotely, and in most cases is determined solely by modeling.

To determine the contributions of land ice to sea-level rise, mass balance estimates are
converted to sea-level equivalent (SLE), the change in global average sea level that would occur
if a given amount of water or ice were added to or removed from the oceans. SLE is computed
by dividing the observed mass change of the ice by the surface area of the world’s oceans (362 x
10° km?). When working with changing ice volume (e.g., rates of iceberg flux), the volume is
converted to mass using the density of ice (900 kg m?). Using these values, 1.11 km® ice = 1 km’
of water = 10° kg water = 1 GT water, and 362 GT water = 1 mm SLE. For glacier ice resting on
bedrock below sea level, a correction term is added to account for the ice volume below the
water line that has already affected sea level by its presence. On sufficiently long timescales, a
correction for glacial isostatic adjustment of the underlying bedrock, based on forward models,
also may be made.

The conversion of ice mass loss to SLE assumes that all land ice melt enters the ocean. Land
storage of ice melt may be significant for land-terminating glaciers in continental interiors (e.g.,
high mountains in Asia), but its occurrence is unconfirmed. SLE is a globally uniform value and
thus may be higher or lower than the sea-level value in any particular region.

Estimates from the IPCC Fourth Assessment Report

The IPCC Fourth Assessment Report estimated that losses from glaciers and ice caps
contributed 0.58 + 0.18 mm yr' to sea-level rise from 1961 to 2003 and 0.77 + 0.22 mm yr
from 1993 to 2003 (Bindoff et al., 2007), with the most rapid ice losses occurring in Patagonia,
Alaska, northwest United States, and southwest Canada (Lemke et al., 2007). Uncertainties in the
net loss rate were significant, however, because of sparse point observations and incomplete
knowledge of global glacier area and volume distribution for upscaling point observations. On
the Greenland Ice Sheet, the IPCC (2007) found that mass was gained at high elevations because
of increasing snowfall, and mass was lost near the coast because of increases in melting and in
the flow speed of outlet glaciers. The IPCC estimated that the Greenland Ice Sheet contributed
0.05 + 0.12 mm yr"' to sea-level rise from 1961 to 2003 and 0.21 + 0.07 mm yr'' from 1993 to
2003. Changes in Antarctica were more challenging to interpret because of the relatively small
changes in snow accumulation rates (Monaghan et al., 2006) and to different trends in the flow
of individual West Antarctic outlet streams. The IPCC estimated that the Antarctic Ice Sheet
contribution was between -0.28 and +0.55 mm yr' from 1961 to 2003 and between -0.14 and
+0.55 mm yr' from 1993 to 2003, allowing for the possibility that the Antarctic mass change
may have reduced sea-level rise, especially prior to 1993 (Bindoff et al., 2007; Lemke et al.,
2007). The rate of ice loss appears to have increased since 1993 because of increasing surface
melt on the Greenland Ice Sheet and faster flow of some outlet glaciers in both Greenland and
Antarctica.
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Recent Results

Since the IPCC Fourth Assessment Report was published, more observations are available,
and rapid flow changes at marine margins of ice sheets and glaciers, which were recognized but
not included in the IPCC (2007) projections, are now represented in some projections. Ice sheet
velocity and mass balance distributions are now better mapped, but the potential for rapid future
increases in calving losses from ocean-terminating outlet glaciers is still poorly understood, in
part because of inadequate knowledge of the underlying physics.

Glacier and Ice Cap Assessments. Owing to the delay in assimilation of new observations and
the incomplete but evolving glacier inventory, most post-IPCC (2007) assessments of glacier and
ice cap change (Table 3.3) are based on data collected prior to 2007. The various analyses span
different periods and use different methods to average sparse data and to scale up regionally
heterogeneous trends to estimate the global total, resulting in significant uncertainties. Estimated
rates of ice loss, expressed as SLE, vary in time and space. For example, gravity observations
indicate that the rate of mass loss in the Gulf of Alaska decreased from 2004 to 2008 (Luthcke et
al., 2008; Table 3.3), but increased in the Canadian Arctic over a similar interval (Gardner et al.,
2011). These patterns reflect the influence of rapid changes in the rate of ice flow (rapid
dynamical response) associated with ice-ocean interaction in coastal regions.

The most recent published compilation (Cogley, 2012), and the only one to use data from
after 2007, shows a substantial decrease in glacier and ice cap loss rates from 1.41 mm yr' SLE
for 2001-2005 to 0.92 mm yr' for 2005-2010. The cause of this decrease is unclear, but
suggests the potential for significant variability on 5- to 10-year timescales and highlights the
difficulty of extracting meaningful trends from short-term observations. Jacob et al. (2012)
determined an overall loss rate for global glaciers and ice caps of 0.41 + 0.08 mm yr' for 2003—
2010, but this value does not include the glaciers and ice caps on the periphery of the Greenland
and Antarctic ice sheets. They estimated the contribution of these peripheral glaciers and ice caps
using a simple adjustment factor and arrived at a global total of 0.63 + 0.23 mm yr', assigning
substantially less confidence in this rate than in the rate without peripheral glaciers and ice caps.

Glaciers in high mountain Asia (more than 110,000 km* of glacier area, including the
Himalayas, Karakoram, Pamirs, Caucasus, and Tien Shan regions) have experienced losses in
recent decades, but the region is sparsely observed and uncertainties are generally large. Shortly
after the publication of the IPCC Fourth Assessment Report, which contained an error
concerning the disappearance of Himalayan glaciers, several other erroneous reports were
published, all based in part on grey literature and media stories. These created considerable
confusion about the state of glaciers in the Himalayas and their near-term fate (see the summary
in Cogley et al., 2010). Subsequent analyses continue to show substantial uncertainties, however.
Matsuo and Heki (2010) used GRACE gravity methods to determine ice losses from high
mountain Asia and estimated that the sea-level contribution of the entire region was 0.13 + 0.04
mm yr' SLE for 2003-2009. This value was somewhat higher than the loss rate of 0.10 mm yr
determined by Dyurgerov and Meier (2005) for 1993-2003 and 1998-2003, but Matsuo and
Heki (2010) arrived at their value by assigning 0.027 mm yr' SLE (10 GT yr'') to groundwater
extraction. This may be an underestimate of groundwater extraction, given that the region
includes the plains south of the Himalayas and part of the region where Tiwari et al. (2009) saw
losses of ~54 GT yr'' for 2002-2008. If a larger groundwater extraction signal were used, the
GRACE data used by Matsuo and Heki (2010) would indicate a smaller high mountain Asia
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glacier loss rate. The most recent and detailed analysis of high mountain Asia is presented in
Jacob et al (2012), who found a much lower total loss rate of 4 + 20 GT yr'' for 2003-2010,
corresponding to 0.01 + 0.05 mm yr' SLE. The authors ascribe the difference between their
totals and other GRACE analyses (e.g., Matsuo and Heki, 2010) to better treatment of mass
concentration (mascon) calculations in the GRACE processing and improved removal of the

terrestrial groundwater signal through modeling.

TABLE 3.3 Estimates of Glacier and Ice Cap Sea-Level Equivalent

Sea-Level
Source Period Region Method Equivalent (mm yr'1)
Global Estimates
IPCC (2007) 1993-2003 Global Combination of various 0.77 £0.22
1961-2003 estimates 0.58 £ 0.18
Leclercqetal. 1850-2005 Global Glacier length 0.06 £ 0.01
(2011)
Kaser et al. 2001-2004 Global Combination of three 0.98 £ 0.19
(2006) independent methods:
Cogley (2009), Dyurgerov
(2010), and Ohmura (2004)
Cogley (2009) 2001-2005 Global Spatial polynomial 1.41+£0.20
interpolation
Dyurgerov 2002-2006  Global Area weighting 0.95+0.05
(2010)
Cazenave and 2003-2007 Global Uncertainty-weighted 1.03 £ 0.06
Llovel (2010) average of available
estimates
Cogley (2012)  2005-2009 Global Spatial polynomial 0.92 + 0.05°
interpolation
Jacob et al. 2003-2010  Global GRACE 0.41+0.08°
(2012)
Regional Estimates
Matsuo and 2003-2009 High mountain GRACE 0.13+£0.04
Heki (2010) Asia
Jacob et al. 2003-2010  High mountain GRACE 0.01+0.05
(2012) Asia
Luthcke et al. 2004 Gulf of Alaska GRACE 0.39 £ 0.06
(2008) 2007 0.13+0.06
Gardner et al. 2004 Canadian Arctic  GRACE 0.09 £ 0.02
(2011) 2006 0.25+0.03

# Representative of 2005/6—-2009/10, but reports for the 2009/10 balance year are still incomplete. Value updated
from Cogley (2012) and upscaled to all glaciers, including peripheral glaciers surrounding the ice sheets, using the
method of Kaser et al. (2006).

® Value excludes peripheral glaciers surrounding the Greenland and Antarctic ice sheets. Estimated loss rate (SLE),
including peripheral glaciers given in Jacob et al. (2012), is 0.63 £ 0.23 mm yr'1.
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All glacier and ice cap loss rates reported to date are based on a global glacier and ice cap
inventory that represents only ca. 48 percent of the world’s 704 + 56 x 10° km® of glacier-
covered area exclusive of the ice sheets (Figure 3.5). The Randolph Glacier Inventory, a new,
complete inventory providing 100 percent coverage of glaciers and ice caps, including those on
the peripheries of ice sheets, has recently been completed.® Several groups are working to update
present-day analyses and projections using the new inventory. The glacier and ice cap loss rates
presented here are likely to change once the new inventory is fully incorporated into
assessments.
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FIGURE 3.5 (Top) Map coverage of global glacier inventories—including the World Glacier Inventory
(WGI), Global Land Ice Measurements from Space (GLIMS), and Digital Chart of the World (DCW)—
used in published assessments. The figure shows the status prior to publication of the Randolph Glacier

® See <http://www.glims.org/RGI/randolph.html>.
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Inventory. SOURCE: United Nations Environment Programme, <http://www.grid.unep.ch/glaciers/>.
(Bottom) Completeness of global glacier and ice cap inventories used in published assessments.
Approximately one-third of the uninventoried area is in the peripheral glaciers and ice caps surrounding
the two ice sheets, and most of the rest is in North America. “Missing” indicates that data are absent in the
Cogley (2009) extended inventory. SOURCE: Cogley (2009).

In addition to deficiencies in the global glacier and ice cap inventory, measurements of mass
balance terms are sparse (Dyurgerov, 2002; Kaser et al., 2006). Observations of glacier
variations extend back into the 18th century, but in situ mass balance measurements that reveal
climatic patterns do not begin until the early- to mid-20th century, and most records are less than
a few decades long (Zemp et al., 2009). As a result, scaling methods have been developed to
translate local measurements to a global estimate (Bahr et al., 1997; Dyurgerov, 2002; Kaser et
al., 2006; Cogley, 2009). The incomplete inventory and the small number of long-term
observational mass balance records worldwide are the largest (and hardest to quantify) sources of
uncertainty in present-day rates of glacier and ice cap mass loss.

Differences in methodology and in error reporting make quantitative comparison of the
various mass balance estimates difficult. Slangen and van de Wal (2011) found that projections
of future change in these systems were about equally sensitive to uncertainty in the glacier
inventory as to the scaling factor used to relate temperature change to mass imbalance. Cazenave
and Llovel (2010) combined all available estimates to arrive at an uncertainty-weighted average
of 1.03 + 0.06 mm yr'' SLE from glaciers and ice caps, or approximately 41 percent of the total
observed sea-level rise for the 2003—2007 period.

Computing mean SLE rates using the published literature requires time series data and
knowledge of the uncertainties associated with the various estimates. Such information is not
always available or presented in a useful way. In this sense, the best mass balance compilation
available is Cogley’s (2009) glacier and ice cap data set (updated in Cogley, 2012, but released
as this report was being completed). For the most recent period (2005-2009), the loss rates
reported for glaciers and ice caps are 0.92 + 0.05 mm yr',

Ice Sheet Assessments. Systematic assessments of ice sheets began in the mid 1980s (e.g.,
Bindschadler, 1985; Oerlemans, 1990). With each assessment, the mass balance has become
increasingly negative (i.e., net mass loss) in both Greenland and Antarctica. A number of ice
sheet assessments have been published since the IPCC Fourth Assessment Report (Table 3.4).
Methods for measuring ice sheet mass balance are comparable to those used for glacier mass
balance. Since 2002, however, detection of mass change using the GRACE satellite system has
become a widely used tool for ice sheet mass balance owing to the operational difficulties of
other measurement methods over large areas. Interpretation of GRACE data is complicated by its
intrinsic mixing of gravity signals (Box 3.2). Glacial isostatic adjustment must be corrected by
modeling the lithospheric response to loading changes (Velicogna and Wahr, 2006a,b; Tregoning
et al., 2009), but other mass change terms (e.g., changes in terrestrial water storage) are smaller
on the ice sheets than elsewhere.
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TABLE 3.4 Estimates of Sea-Level Equivalent from Ice Sheet Mass Loss

Sea-Level Equivalent
Source Period Method (mm yr)

Greenland Ice Sheet

IPCC (2007) 1993-2003 Combination of various 0.21 £ 0.07
1961-2003 estimates 0.05+0.12
Rignot et al. (2011a) 1992-2000 Mass balance method + 0.14 £ 0.14
2000-2003 GRACE 0.47 £0.14
2003-2007 0.68 +0.14
Velicogna (2009) 2002-2003 GRACE 0.38 £+ 0.09
2007-2009 0.79+0.09
Schrama and Wouters (2011) 2003-2010 GRACE 0.55 £ 0.05
Cazenave et al. (2009) 2003-2008 GRACE 0.38 £0.05
Luthke et al. (2008) 2004-2009 GRACE 0.52 +0.20
Zwally et al. (2011) 1992-2002 ICESAT 0.02 + 0.01
2003-2007 0.47 £ 0.01
Sarensen et al. (2011) 2003-2008 ICESAT 0.58 + 0.06
Wu et al. (2010) 2002-2008 GRACE + GPS 0.29 + 0.06
Rignot et al. (2008) 1960s Mass balance method 0.30 £0.19
1970s—1980s 0.08 £ 0.14
van den Broeke et al. (2009)  2000-2008 Mass balance method 0.46
2003-2008 0.66

Antarctic Ice Sheet

IPCC (2007) 1993-2003 Combination of various 0.21+0.35
1961-2003 estimates 0.14 £ 0.41
Rignot et al. (2011a) 1992-2000 Mass balance method + 0.18 £0.25
2000-2003 GRACE 0.46 + 0.25
2003-2007 0.56 £ 0.25
2007-2010 0.71+0.25
Velicogna (2009) 2002-2003 GRACE 0.29 £ 0.20
Chen et al. (2009) 2002-2003 GRACE 0.52 £ 0.21
Cazenave et al. (2009) 2003-2008 GRACE 0.55 £ 0.06
Wu et al. (2010) 2002-2008 GRACE 0.23+0.12
Wingham et al. (2006) 1992-2003 Radar altimetry 0.07 £ 0.08

As shown in Table 3.4, the reported rates of mass loss vary substantially, in part because of
different uncertainties among measurement methods and improvements in the analysis of
GRACE data. In addition, the ice sheet loss rates appear to experience not only a long-term trend
toward faster losses but also significant interannual and multi-annual variability, so
measurements made over different time intervals can be difficult to compare. The brevity of the
record and differences in the spatial coverage, the quantities used to infer mass change, and the
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treatment of data gaps further complicate comparisons and trend assessment. The committee
estimated ice sheet loss rates for the most recent period reported (2002—2009) by making a
weighted average of the values in Table 3.4.” The average loss rates for 2002—2009 were 0.56 +
0.13 mm yr’' for the Greenland Ice Sheet and 0.37 + 0.14 mm yr™' for the Antarctic Ice Sheet.

Rapid Dynamic Change. The possibility of rapid dynamic response to environmental change as
a mechanism of rapid sea-level rise is a long-standing idea in glaciology (Mercer, 1978; Thomas
and Bentley, 1978). Rapid flow processes have been observed on ice sheets (e.g., Bentley, 1987)
and at marine-terminating glaciers for many years (Meier and Post, 1987). Increases in the rate
of rapid transfer of ice from land to the ocean by glacier flow and iceberg calving were observed
in Greenland between ca. 1995 and 2005 (e.g., Rignot and Kanagaratnam, 2006) and in
Antarctica. These observations were published late in the compilation of results for the IPCC
Fourth Assessment, so the report included the observations, but not an extensive analysis or
interpretation.

A variety of observational studies are now available which, together with process studies,
suggest a small set of underlying causes for changes in outlet glacier flow around the Greenland
Ice Sheet, the Antarctic Peninsula, and the Amundsen Sea sector of the West Antarctic Ice Sheet.
Warming ocean water appears to be increasing the rates of calving and melting (e.g., Holland et
al., 2008; Nick et al., 2009; Straneo et al., 2010; Motyka et al., 2011), which in turn changes the
coupling between glacier ice and the adjacent bedrock, increasing the rate of ice flow. In some
extreme cases, the discharge speed increased by an order of magnitude at glacier termini,
although the rate of change varied from year to year (e.g., Joughin et al., 2004; Howat et al.,
2007). Climate-driven changes in sea ice in the coastal fjord environment may also be important
(Amundsen et al., 2010). Rapid changes at the outlet glacier terminus propagate into the interior
over timescales and with magnitudes that depend on both the climate and glacier dynamics
(Pfeffer, 2007). Ice sheet mass balance over the next century depends in part on how far and how
rapidly that propagation proceeds (see “Recent Global Sea-Level Projections” in Chapter 5).

The position of the grounding line—the transition at which ice resting on bedrock goes
afloat—depends on the ice thickness and varies with the ice flux through the transition zone.
Regions where the base of the ice rests below sea level and the grounding line is relatively
unprotected by adjacent floating ice are the most vulnerable to rapid acceleration and thinning
(Thomas et al., 1979; Scambos et al., 2004; Schoof, 2007). Rapid retreat is possible where the
bed is below sea level and slopes down toward the interior because both the thickness of the ice,
and thus ice flux, and the thickness required to overcome buoyancy increase in the inland
direction (Pfeffer, 2007; Schoof, 2007).

Despite rapid changes along the margins of the Greenland and Antarctic ice sheets, it is
unlikely that the ice sheets will disappear over the next millennium. The ice sheets are so thick
(Figures 3.6 and 3.7) that much of the surface is in higher, relatively cooler parts of the
atmosphere, allowing a positive mass balance to be maintained even as the climate warms.
However, if dynamic thinning reduced the Greenland Ice Sheet, for example, below some
threshold size, winter snow would not compensate for the loss and the ice sheet would not re-

” For each year, all available published values are weighted according to assessed confidence in the quality of the
particular estimate, and then averaged. Some studies provide yearly values for their respective reporting periods;
others provide only average values over a multi-year period, and in these cases, the average rate was assumed to
apply in each year in the interval. For a multi-year interval, the weighted average is obtained through a simple linear
average of the annual averages in that interval.
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grow under current climate conditions (Toniazzo et al., 2004; Ridley et al., 2010). Studies of
such thresholds suggest that widespread denudation of Greenland and West Antarctica is
possible in some warming scenarios, such as four times the preindustrial carbon dioxide (Ridley
et al., 2010) or 5°C ocean warming (Pollard and DeConto, 2009), but requires thousands of years
(e.g., Marshall and Cuffey, 2000; Pollard and DeConto, 2009; Ridley et al., 2010).

3000

FIGURE 3.6 (Left) Antarctic bedrock elevations. Transition from light blue to dark blue marks the edge
of the continental shelf. (Right) Antarctic surface elevations. Black line marks the approximate edge of
the present-day ice (floating and grounded). Areas where the bed of the ice sheet is below sea level (e.g.,
West Antarctic Ice Sheet) are expected to be more vulnerable to rapid change than regions where the bed
is above sea level. SOURCE: Data from Le Brocq et al. (2010).

w;l‘lr'xug_f b 2 '

- !f 2 I
¥ (:_ o -
r—=

|

%
(7
&

PO

3000

2000

1000

-1000
-2000

-3000
meters

FIGURE 3.7 Greenland bedrock elevation (leff) and surface elevation (right). Black line marks the
approximate edge of the present-day ice (floating and grounded). SOURCE: Original bedrock elevation
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from Bamber et al. (2001), modified to include data in the Jakobshavn Isbrae region from the Center for
Remote Sensing of Ice Sheets, <http://websrv.cs.umt.edu/isis/index.php/Present Day Greenland>.

The rapid dynamic response from glaciers outside of the ice sheets is less important than ice
sheet dynamics over the long term because glaciers do not contain significant volumes of
marine-grounded ice. However, the potential for significant short-term contributions is large.
Between 1996 and 2007, Columbia Glacier, on Alaska’s south coast, lost mass at an average rate
of 6.80 GT yr’', or 0.019 mm yr' SLE, approximately 0.7 percent of the rate of global sea-level
rise during this period (Rasmussen et al., 2011, corrected here for ice already grounded below
sea level). The volume of Columbia Glacier, approximately 150 km’, is too small to contribute to
sea level at such a rate for long, but marine-terminating glaciers of this size can be significant
factors on decadal scales.

Summary

Most post-IPCC (2007) assessments of glacier and ice cap change have been made using
data collected prior to 2007. The new estimates of the glacier and ice cap contribution to sea-
level rise tend to be at the high end of the estimates provided in the IPCC Fourth Assessment
Report (Table 3.3). Most new assessments of ice sheet change are based on GRACE data, which
have been available since 2002, although a few long-term assessments have been made using
mass balance methods. Different methods for estimating ice-sheet mass balance yield
substantially different results. Estimates made using more recent data (Table 3.4) show that the
contribution of Greenland to sea-level rise is significantly higher than the IPCC (2007) estimate
and the contribution of Antarctica has shifted toward the positive side of the range (raising sea
level).

Since about 2006, the rate of ice loss in Greenland has increased substantially and the rate of
change in Antarctica, while more difficult to quantify, appears to have shifted from negative to
positive (e.g., Vaughan, 2006; Rignot and Kanagaratnam, 2006; Rignot et al., 2008; van den
Broeke et al., 2009; Cazenave and Llovel, 2010; see also Table 3.4). This growing contribution
arises from increases in both the amount of surface melting and the rate of ice discharge through
coastal outlet glaciers. Calculated loss rates from glaciers and ice caps have decreased since
about 2005 (Cogley, 2012), due to significant short-term variability in the global glacier loss rate
signal and, to a lesser extent, to improvements in the global glacier inventory. Short-term
(pentads to decades) glacier loss rates are strongly negative but with no clear pattern of
variability, whereas the longer term trend (decade to century) is consistently negative and
accelerating. In the most recent periods reported, the loss rates are 0.56 + 0.13 mm yr' from
2002 to 2009 for the Greenland Ice Sheet, 0.37 + 0.14 mm yr' from 2002 to 2009 for the
Antarctic Ice Sheet, and 0.92 + 0.05 mm yr™' from 2005 to 2009 for glaciers and ice caps.

TERRESTRIAL WATER STORAGE

Water lost or gained by the continents generally results in a corresponding gain or loss of
water by the oceans. Terrestrial water is stored in soils and the subsurface (groundwater,
aquifers), in snowpack and permafrost, in surface water bodies (e.g., rivers, lakes, reservoirs,
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wetlands), and in biomass. Some of the water withdrawn from these sources as a result of human
activities such as groundwater pumping, wetland drainage, diversion of surface water for
irrigation, and deforestation eventually reaches the ocean, raising sea level at global, regional,
and local scales (e.g., Bindoff et al., 2007; Milly et al., 2010). Conversely, some water that
would normally reach the ocean is diverted through processes such as impoundment of water
behind dams, subsurface infiltration beneath dams, and infiltration of irrigation water to depths
beneath the root zone, thus lowering sea level or reducing the rate of sea-level rise.

Some changes in terrestrial water storage can be evaluated with reasonable precision at local
scales, including changes caused by groundwater withdrawal, deforestation, agriculture, wetland
drainage, and reservoir construction. On global scales, however, the terrestrial water balance is
far more difficult to estimate. Not only must all hydrological fluxes be evaluated, but also
geographic coverage of in situ measurements, such as river and stream gage records, is spotty. In
some parts of the world, instrument coverage is even declining.® For example, the number of
stream gages monitoring freshwater discharge into the Arctic Basin declined by 38 percent
between 1985 and 2004 (Corell, 2005).

Terrestrial hydrologic models can be used to close observational gaps and, when coupled
with global climate models, to estimate surface boundary conditions such as temperature and
precipitation. Because of the complexity of hydrological processes and the wide range of spatial
and temporal scales involved, fully deterministic models are generally not used. A variety of
non-deterministic approaches have been developed (Eagleson, 1994; Famiglietti et al., 2009),
and efforts to develop deterministic, quasi-deterministic, and hybrid models are being pursued
(e.g., Kollet and Maxwell, 2008; Wood et al., 2011). These models are strongly dependent on
observations, which are coming increasingly from remote sensing (Box 3.3).

BOX 3.3
Terrestrial Water Measurements

Prior to the launch of the GRACE gravity experiment, changes in terrestrial water storage were
nearly impossible to measure directly, and the terrestrial component of the water budget was estimated
largely by modeling. Reservoir impoundment was estimated by tallying the construction of reservoirs.
Groundwater mining was estimated, for example, by balancing population-based estimates of well water
extraction with well recharge modeled using groundwater hydrological methods.

The launch of the GRACE satellite system in 2002 provided scientists with the first means to directly
measure changes in the mass of water on the Earth’s surface and in the ground. Water mass can be
determined at resolutions ranging from approximately 8 mm of water equivalent within a 750 km radius
sample near the poles to approximately 25 mm of water equivalent near the equator (Wahr et al., 2006).
The principal difficulty in interpreting GRACE data for hydrological studies lies in separating out undesired
signals, including those arising from glacial isostatic adjustment (corrected using measurements or
models) and from adjacent mass changes such as glacier and ice sheet changes (addressed using
processing techniques that mask signals outside of the desired region; Luthcke et al., 2008).

The GRACE satellite system (Boxes 2.4 and 3.3) provide a sensitive means of detecting
changes in land water mass, provided that other confounding mass change signals can be
independently assessed and removed. Changes in groundwater mass and biomass can be
observed at a precision necessary for detecting, for example, seasonal changes in soil moisture

¥ See <http://water.usgs.gov/nsip/historyl.html>;  <http://www.bafg.de/cln_031/nn_266918/GRDC/EN/02
Services/services__node.html? nnn=true>.
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content. The limited spatial resolution of GRACE is a minor impediment to its utility in
groundwater investigations, given the distributed character of most groundwater storage, except
in areas where confounding mass change signals are immediately adjacent. Distinguishing mass
losses from Himalayan glaciers from groundwater losses in adjacent agricultural land to the
south, for example, requires careful processing and interpretation of GRACE data.

Estimates from the IPCC Fourth Assessment Report

The IPCC Fourth Assessment Report and other previous assessments found large
interannual and decadal fluctuations in the storage of water on land, likely associated with
changes in precipitation, but no significant trend in land water storage due to climate change
(e.g., Bindoff et al., 2007). Because land hydrology records are short, sparse, and poorly
distributed for global calculations, the magnitude of changes in water storage is highly uncertain.
However, the average magnitude of change over annual and longer timescales during the
reporting period (1961-2003) must have been small, given that the combined contributions of
land ice and thermal expansion alone nearly match observed changes in sea level since 1993. The
IPCC Fourth Assessment Report estimated that the contribution of land hydrology to sea-level
change was <0.5 mm yr' (Bindoff et al., 2007).

Recent Advances

The terrestrial hydrologic processes contributing to sea-level change remain poorly
constrained, although the importance of water storage in artificial reservoirs has become
increasingly clear. Apart from changes in precipitation patterns and land ice volume, the primary
terrestrial water fluxes are now thought to be reservoir construction, which lowers sea level, and
groundwater depletion, which raises sea level. The continual development of processing
techniques for analyzing data from the GRACE satellites (e.g., Ramillien et al., 2008) as well as
methods for modeling global groundwater transport (e.g., Oleson et al., 2010) have made it
possible to more precisely determine changes in land water storage. Several new data sets have
been published since the IPCC Fourth Assessment Report, but many do not specify analysis
periods, making it difficult to compare estimates or analyze trends.

Groundwater Depletion. In arid regions with significant populations and/or agricultural or
industrial activity (e.g., portions of the United States, Mexico, Australia, China, Spain, and North
Africa; see Shiklomanov, 1997), the rate of groundwater extraction often exceeds the rate of
recharge. Huntington (2008) compiled published estimates of groundwater depletion, which
ranged from 0.21 mm yr' to 0.98 mm yr'' SLE (Table 3.5), but the time period to which this rate
applies was not specified and the estimates are geographically incomplete. Based on
hydrological modeling, Wada et al. (2010) estimated global groundwater depletion of 0.35 + 0.1
mm yr' SLE for 1960, increasing to 0.8 + 0.1 mm yr"' SLE for 2000. Milly et al. (2010), also
using modeling methods, estimated lower values of 0.12 mm yr"' SLE for 1981-1998, 0.25 mm
yr!' SLE for 1993-1998, and 0.2-0.3 mm yr' SLE for “recent years.” Milly et al. (2010)
acknowledged, but did not quantify, considerable uncertainty in their estimates. Konikow (2011)
estimated global groundwater depletion from 1900 to 2008, and found it increased significantly
to 0.4 mm yr' during 2001-2008, double the rate of the 1990s. Most recently, Wada et al.
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(2012a) made an extensive assessment of groundwater extraction and depletion, arriving at a
value of 0.54 + 0.09 mm yr"' SLE for 1993-2008.

TABLE 3.5 Estimates of Groundwater Extraction and Reservoir Impoundment

Sea-Level Equivalent

Source Period Method (mm yr")
Net terrestrial depletion
IPCC (2007) 1910-1990 Synthesis of reports -1.5

1990 -1.1-+1.0
Church et al. (2011) 1993-2008 Synthesis -0.27—+0.11

Groundwater extraction

IPCC (2007) None given Synthesis of reports <0.5
Huntington (2008) None given Synthesis 0.21-0.98
Wada et al. (2010) 1960-2000 Hydrologic models 0.35-0.8
Milly et al. (2010) 1981-1998 Synthesis, models 0.12
1993-1998 0.25
“Recent years” 0.2-0.3
Konikow (2011) 2001-2008 Synthesis, models 04
Wada et al. (2012a) 1993-2008 Synthesis, models 0.45-0.63
Reservoir impoundment
Chao et al. (2008) Past half- Model -0.55
century
Lettenmaier and Milly (2009)  1940-1950 Model -0.35
Milly et al. (2010) Before 1978 Synthesis, models -0.5
After 1978 -0.28
Wada et al. (2012b) 1993-2008 Update of Chao et al. ~-0.20--0.40
(2008) with seepage
correction

Reservoir Storage. Until recently, additions to sea level from groundwater extraction were
thought to be largely offset by increasing reservoir storage, although few studies estimated
uncertainties in reservoir storage. Chao et al. (2008) estimated the water volume stored in 29,484
reservoirs constructed since about 1900 using the International Commission on Large Dams’
World Register of Dams. Summing their stated water impoundment as the reservoirs were
constructed provided the volume of water impounded as a function of time. Converting to SLE
yielded a reservoir storage rate of -0.55 mm yr' for the 20th century (Chao et al., 2008).
Lettenmaier and Milly (2009) found the equivalent impoundment to be -0.35 mm yr' SLE for
1940-1950 (Table 3.5). Milly et al. (2010) used results from Gornitz (2001) and others to
estimate that the impoundment rate of global reservoir storage declined from approximately -0.5
mm yr’' SLE before 1978 to approximately -0.25 mm yr"' SLE after 1978. They attributed this
decrease to slowing in the rate of reservoir construction and to sedimentation, which slightly
offset the storage capacity of existing reservoirs (Figure 3.8). How much sedimentation in
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reservoirs affects sea-level rise is a matter of debate. Huntington (2008) found that sedimentation
results in a time-dependent loss of reservoir volume, which affects the rate of sea-level rise. On
the other hand, Chao et al. (2008) argued that sedimentation displaces water behind dams and
thus should have no effect on the contribution of reservoir storage to sea-level rise. Regardless,
the effect of sedimentation is likely to be small compared with the decline in the number of
reservoirs constructed. Wada et al. (2012b) estimated that decreased dam building lowered the
contribution of reservoir storage to about 0.3 £ 0.1 mm yr™' for 1993—2008.
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FIGURE 3.8 Accumulated global reservoir water storage in dams from 1900 to 2025 (yellow bars), based
on observations and projections. The rate of water storage in dams higher than 15 m or with a capacity of
more than 3 million m® has begun declining over the past decade because of sedimentation (blue and gray
bars), potentially reducing the rate of sea-level rise. SOURCE: Lettenmaier and Milly (2009).

Other Contributors. Snow accumulation and loss dominate seasonal variations in the terrestrial
water contribution to global mean sea level but do not contribute to a long-term trend (Milly et
al., 2003; Biancamaria et al., 2011). The effects of changes in permafrost on sea level are
currently unknown, although the secondary hydrological effects (e.g., changes in soil hydraulic
conductivity) of thawing the global permafrost area of 22 + 3 x 10° km® (Gruber, 2011) may
become significant in the near future. Changes in global lake storage contributed about +0.11
mm yr' to sea level during the 1992-2008 period (Milly et al., 2010), but paleoclimatic records
show that lake levels exhibit strong interannual and interdecadal variability, so this rate is not a
good indicator of future trends. The magnitude and sometimes even the sign of other land water
sources to sea level, including irrigation, wetland drainage, urbanization, and deforestation, are
unknown (Milly et al., 2010).

Summary

Transfers of water (excluding ice melt) between the land and oceans are dominated by
groundwater depletion, which raises sea level, and reservoir impoundment, which lowers sea
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level. Although more data (e.g., GRACE) and model results are available now than were for the
IPCC Fourth Assessment Report, it remains difficult to constrain the contributions of terrestrial
water to sea-level rise and uncertainties are large. Recent estimates for groundwater depletion
and reservoir impoundment are in line with the IPCC (2007) estimates, on the order of 0.5 mm
yr''. The two terms sum to near zero, within stated uncertainties. As this report was nearing
completion, a new evaluation by Wada et al. (2012b) found a net positive contribution to global
sea-level rise of 0.25 + 0.09 mm yr' during the 1990-2000 period as a result of a decrease in
reservoir construction and an increase in groundwater depletion. If this result holds, terrestrial
water storage could become a significant contributor to future sea-level rise.

CONCLUSIONS

The most comprehensive recent assessments of global sea-level rise is given in the IPCC
Fourth Assessment Report, which evaluated data and research results published up to about mid-
2006, and Church et al. (2011), which provided updated data on the components of sea-level rise.
The IPCC (2007) found that the relative contributions to global sea-level rise varied over time,
with thermal expansion contributing significantly more to sea-level rise for 1993-2003 than for
1961-2003. Since then, thermal expansion estimates have been corrected for instrument biases,
which gave systematically warmer temperatures than the true value globally and cooler
temperatures than the true value in a portion of the Atlantic Ocean. The corrected rates of
thermosteric sea-level rise for the two IPCC (2007) periods are more similar, with a higher
thermal expansion contribution for 1961-2003 and a lower thermal expansion contribution for
the 1993-2003 period.

In addition, new types of measurements, notably the GRACE satellite system, and expanded
data sets have become available since the IPCC Fourth Assessment Report was published.
Estimates incorporating the new data suggest a faster growing contribution of land ice to sea-
level change than was seen in IPCC (2007) for the two periods. Since 2006, ice loss rates have
accelerated in the ice sheets and declined in glaciers and ice caps, likely reflecting interannual to
multi-annual variability and possibly uncertainties in data processing or interpretation of short
records. The most recent published estimate is that land ice melt accounted for about 65 percent
of global sea-level rise for 1993-2008 (Church et al., 2011). The prospect of increased ice sheet
melting is important to future sea-level rise because the Greenland and Antarctic ice sheets store
the equivalent of at least 65 m of sea level.

New data and models also are available for estimating the contribution of terrestrial water
(besides ice melt) to global sea-level rise. Although the contributions of the two largest terms—
groundwater depletion, which transfers water to the ocean and raises sea level, and reservoir
impoundment, which prevents water from reaching the ocean and lowers sea level—are
significant, they are difficult to measure. As a result, most recent assessments have not assigned
a rate to terrestrial storage or assigned a rate of zero, within the limits of uncertainty.
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4
Sea-Level Variability and Change off the California, Oregon,
and Washington Coasts

The waters of the world’s oceans are subject to a variety of forces that create regional and
local variations in sea level. Winds and currents move water laterally in the ocean, creating
anomalous spatial patterns of sea level that can persist for a decade or longer. The high winds
and low atmospheric pressures associated with El Nifios and other climate patterns can
significantly elevate sea level along the west coast of the United States for intervals of several
months, as well as generate damaging high waves and storm surges. Melting of glaciers and ice
sheets adds new water to the oceans and the associated gravitational and deformational effects
distribute it nonuniformly, raising sea level in some areas and lowering it in other areas.
Geologic processes (e.g., tectonics, compaction) and human activities (e.g., withdrawal of
groundwater) also raise or lower the coastal land surface, increasing variability in relative (or
local) sea-level rise.

This chapter evaluates the current contributions of ocean circulation, short-term climate
patterns and storms, modern land ice change, and vertical land motion to sea-level rise in
California, Oregon, and Washington. The discussion draws largely from published studies on the
variability of sea level in this region, although the Intergovernmental Panel on Climate Change
(IPCC) Fourth Assessment Report also summarizes research results on ocean circulation and
short-period climate changes in the northeast Pacific Ocean. This chapter concludes with the
results of the committee’s analysis of tide gage records along the west coast of the United States.

CHANGES IN OCEAN CIRCULATION

Satellite altimetry data provide unambiguous evidence of significant regional differences in
sea-level change in the oceans (Bindoff et al., 2007; Milne et al., 2009; Appendix B). Spatial
variability in the North Pacific Ocean is associated with climate patterns—primarily the El Nifio-
Southern Oscillation (ENSO) but also the Pacific Decadal Oscillation (PDO; Box 4.1)—which
affect ocean surface heating, surface air pressure, and wind patterns, and thus change ocean
circulation (e.g., Mantua and Hare, 2002; Bond et al., 2003; Cummins and Freeland, 2007).
Changes in ocean circulation change sea levels on seasonal to multidecadal timescales by
redistributing mass and altering temperature and salinity in the upper ocean.
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BOX 4.1
Pacific Ocean Climate Patterns

ENSO. The EI Nifio-Southern Oscillation is a quasi-periodic climate pattern that occurs across the
tropical Pacific Ocean about every 2 to 7 years. It is characterized by variations in the sea-surface
temperature of the tropical eastern Pacific Ocean. In the warm EI Nifio phase, warm ocean temperatures
in the tropical eastern Pacific are accompanied by high air surface pressures in the tropical western
Pacific (Figure). In the cool La Nifia phase, the pattern is reversed. The reversal in surface air pressure
between the eastern and western tropical Pacific is known as the Southern Oscillation.
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FIGURE (Top) Sea-surface temperature anomalies (shading) and sea-level pressure (contours) associated with the
warm phase of ENSO (i.e., El Nifio) for the 1900-1992 period. Positive contours are dashed and negative contours
are solid. (Bottom) Multivariate ENSO index for 1950-2009. The index is based on variables observed over the
tropical Pacific, including sea-level pressure, surface wind, sea surface temperature, surface air temperature, and
cloudiness. Positive (red) index values indicate El Nifio events and negative (blue) values indicate La Nifia events.
Details on how the index is computed are given in < http://www.esrl.noaa.gov/psd/enso/mei/>. SOURCE: Climate
Impacts Group, University of Washington, <http://cses.washington.edu/cig/pnwc/aboutenso.shtml>.

Standardized Departure

PDO. The Pacific Decadal Oscillation is often described as a long-lived (i.e., decadal) El Nifio-like pattern
of Pacific climate variability. Like ENSO, the PDO has warm and cool phases, as defined by patterns of
ocean temperatures in the northeast and tropical Pacific Ocean (Figure).
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FIGURE The Pacific Decadal Oscillation. (Top) Typical winter patterns of sea surface temperature (colors), sea-level
pressure (contours), and surface wind stress (arrows) during positive (warm) and negative (cool) phases of PDO.
Temperature anomalies are in degree Celsius. (Boftom) History of the PDO index (the principal component of
monthly sea surface temperature anomalies in the North Pacific Ocean poleward of 20°N) from 1900 to 2010.
SOURCE: Figure obtained with permission granted by Nate Mantua at the University of Washington’s Joint Institute
for the Study of Atmosphere and Ocean.

Estimates from the IPCC Fourth Assessment Report

Satellite altimetry records assessed by the IPCC showed that sea level fell about 0—6 mm yr'
from 1993 to 2003 along the U.S. west coast and rose by 6 mm yr™' to ~12 mm yr”' in the tropical
western Pacific Ocean (Bindoff et al., 2007). Temperature data from the upper 700 m of the
ocean showed a similar sea-level pattern for the same period, indicating that regional sea level is
influenced by changes in the thermal structure of the upper ocean, which are associated with
changes in ocean circulation and surface heating. The IPCC (2007) suggested that the largest
fraction of this short-term variation was caused by ENSO. Over longer periods, however, the
thermosteric sea-level pattern along the U.S. west coast was different, showing a rise in sea level
of about 0-0.8 mm yr' from 1955 to 2003, rather than a fall (Bindoff et al., 2007). This
difference suggests that the spatial pattern of sea level varies on decadal and longer timescales.

Recent Advances

Changes in wind-driven ocean circulation can play an important role in determining patterns
of sea-level change in the northeast Pacific Ocean on seasonal to decadal and longer timescales
(e.g., Timmerman et al., 2010; Bromirski et al., 2011; Merrifield, 2011; Sturges and Douglas,

Prepublication — Subject to further editorial revision

67

Copyright © National Academy of Sciences. All rights reserved.



Sea-Level Rise for the Coasts of California, Oregon, and Washington: Past, Present, and Future

2011). Recent studies show a decrease in the rate of sea-level rise along the west coast of the
United States since 1993, which is consistent with IPCC (2007) findings, but no statistically
significant trends appear in tide gage records (Bromirski et al., 2011), satellite altimetry data, or
in situ temperature observations since 1980. For example, thermosteric sea-level calculations
show falling sea level off the U.S. west coast from 1993 to 2009 (Figure 4.1, left) and rising sea
level from 1961 to 2008 (Figure 4.1, right). Bromirski et al. (2011) suggested that the flat sea-
level trend since 1980 and the decrease since 1993 are associated with PDO phase changes.

Thermosteric Sea Level Trend [mm/yr]i 1983 — 2008 Thermosteric Sea Level Trend [mm/yr] 1961 - 2008

=
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FIGURE 4.1 Trend of thermosteric sea level (mm yr') for 1993-2009 (leff) and 1961-2008 (right),
based on an updated version of data from Ishii and Kimoto (2009). SOURCE: Courtesy of Masayoshi
Ishii, Japan Meteorological Research Institute.

Seasonal and Interannual Variability. Among all the climate modes, ENSO is the dominant
cause of sea-level variability in the northeast Pacific Ocean on interannual timescales (e.g.,
Zervas, 2009; Bromirski et al., 2011). Sea level rises off the west coast of the United States
during El Nifo events and falls during La Nifia events. El Nifios differ in magnitude and large-
scale form (Barnard et al., 2011) but commonly produce an active winter storm season in the
northeast Pacific. The associated winds and ocean circulation changes may elevate sea level by
10 to 30 cm for several months along the west coast (Chelton and Davis, 1982; Flick, 1998;
Bromirski et al., 2003; Allan and Komar, 2006; Komar et al., 2011). In fact, the highest sea
levels recorded along the west coast were usually associated with El Nifo events (e.g., Figure
4.2). For example, on January 27, 1983, during one of the largest El Nifios in half a century,
seven tide gages along the west coast (San Diego, Los Angeles, Monterey, Crescent City,
Charleston, Astoria, and Seattle) recorded their highest water levels.” Peak sea level was 24 cm
above predicted in San Diego (104 years of record), 31 cm above predicted in Los Angeles (87
years of record), and 76 cm above predicted in Seattle (112 years of record).

Large El Nifio and La Nifia events also can be seen in satellite altimetry data. The top panels
of Figure 4.3 show the sea-level rise observed during the El Nifio of 1997-1998 and the sea-level
fall observed during the 1999 La Nifia. The ENSO signal is strongly seasonal and reaches a peak
amplitude in the Northern Hemisphere winter. Figure 4.3¢ shows the ocean seasonal cycle,
which is occasionally magnified by ENSO.

? See <http://tidesandcurrents.noaa.gov/station_retrieve.shtml?type=Historic+Tide+Data>.
Prepublication — Subject to further editorial revision

68

Copyright © National Academy of Sciences. All rights reserved.



Sea-Level Rise for the Coasts of California, Oregon, and Washington:

Past, Present, and Future

40
30~
3 191617
2 1884-85
E 20_
2 139031
- |
@ v
&
o 10
=
&
o)
o
'\\M N d i
1880 1900 1920

18941

H\J il i

1940

‘i !

1958

[

1
1960

1980

2000

FIGURE 4.2 San Francisco tide gage record showing relative sea-level increases during major El Nifio
events. SOURCE: Tide gage data from the Permanent Service for Mean Sea Level.
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FIGURE 4.3 (a) Sea-level anomaly (SLA), the difference between mean sea level for 1993-2009 and sea
level during the December 1997 El Nifio. (b) Same as (a) but for a La Nifia event in February 1999. Color
scale on right is in cm. (¢) Time series of monthly SLA offshore San Diego, San Francisco, and Seattle.
The two black arrows correspond to the dates shown in the upper figures. SOURCE: AVISO satellite
altimetry data from <http://www.aviso.oceanobs.com/>.
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Decadal and Longer Variability. The low-frequency (decadal and longer) variability in sea
level off the U.S. west coast often corresponds to forcing by regional and basin-scale winds
associated with climate patterns such as the PDO and the North Pacific Gyre Mode (e.g.,
Lagerloef, 1995; Fu and Qiu, 2002; Jevrejeva et al., 2006; Cummins and Freeland, 2007; Miller
and Douglas, 2007; Di Lorenzo et al., 2008, 2010; Bromirski et al., 2011; Sturges and Douglas,
2011; Merrifield, 2011). For example, ocean modeling by Bromirski et al. (2011) found that
surface heating alone produced falling sea level—the opposite to that observed—whereas forcing
by winds explained the rise in sea level along the U.S. west coast since 1950. They suggest that
the lack of a significant trend in sea level observed in tide gages since 1980 reflects forcing by
winds associated with phase changes of the PDO. Sea level rose when the PDO changed from
negative (cool) to positive (warm) around 19761977, and it fell when the PDO changed from
positive to negative at the end of the 1990s (see lower figure in Box 4.1). The PDO has largely
been in a positive phase since 1977, although negative phases have occurred almost a half-a-
dozen times since the 1990s.

ENSO may also play a significant role in decadal and longer sea-level variability (Newman
et al., 2003). Indeed, ENSO and the PDO are not independent. ENSO can influence the PDO
(Newman et al., 2003; Schneider and Cornuelle, 2005), and the PDO can modulate tropical
Pacific circulation and ENSO (e.g., Vimont et al., 2009; Alexander et al., 2010).

Summary

The spatial variability of sea level in the Pacific Ocean is driven primarily by ENSO, which
affects sea level on seasonal to decadal timescales, and is also associated with phase changes in
the PDO, which affects sea level on decadal and longer timescales. Satellite altimetry, tide gage,
and ocean temperature measurements all indicate a long-term increase in sea level off the U.S.
west coast, with large amplitude seasonal to multidecadal variability. The measurements show no
statistically significant sea-level trend since 1980, consistent with the PDO phase changes.

SHORT-TERM SEA-LEVEL RISE, STORM SURGES, AND SURFACE WAVES

Any climate-induced increase in storm frequency and magnitude will induce short-term
changes in sea level. This issue is critical to coastal planners because storm surges and wind-
driven waves are responsible for most of the flooding and erosion damage along the west coast
of the United States (Armstrong and Flick, 1989; Domurat and Shak, 1989; Allan and Komar,
2006). The most severe coastal impacts tend to occur when a storm surge coincides with high
tides and/or during periods of anomalously high sea level, such as those caused by El Nifios. For
example, the simultaneous occurrence of anomalously high sea level, high waves in late January
and early March, and high astronomical tides caused significant damage along the California
coast during the El Nifio winter of 1983 (Figure 4.4). The amplitude of local sea-level rise from
storm and wave events can greatly exceed the projected amplitude of global and regional sea-
level rise, even beyond 2100, so understanding their additive effects is crucial for coastal
planning. This section describes the contributions of these factors to short-term sea-level rise and
the extent to which they may be changing with climate change (Task 2b).
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FIGURE 4.4 (a) Hourly sea-level pressure (SLP; mb), (b) sea-level anomaly (cm) above tide-predicted
levels, (c¢) predicted and (d) observed sea level (cm) relative to a mean sea-level datum, and (e) significant
wave height (Hs, the average height of the highest one-third of waves [m]) from a buoy sensor near San

Francisco during the El Nifio winter of 1983. SOURCE: Adapted from Flick (1998).

Contributions of Tides, Storms, and EIl Niios to Local Sea Level

High tides along the U.S. west coast occur twice daily, often of uneven amplitude, caused
predominately by the gravitational attraction of the Moon and the Sun on the Earth. The Earth-
Moon-Sun orbital geometry also results in heightened high tides twice monthly (spring tides,
near the times of the full and new moon) and every 4.4 years and 18.6 years (Zetler and Flick,
1985). The largest tidal amplitudes of the year along the coasts of California, Oregon, and
Washington usually occur in winter and in summer (Zetler and Flick 1985). Tides in the highest
winter and summer months are often more than 20 cm higher than tides in the spring and fall
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months.'” The peaks in the 4.4-year and 18.6-year cycles produce monthly high tides that are
about 15 cm and 8 cm, respectively, higher than they are in the intervening years (Flick, 2000).
Flick et al. (2003) reported increases in the range from high to low astronomical tide over
multiple decades at some, but not all, U.S. west coast tide gages.

Storm surges are created when high winds, the Coriolis force, and low barometric pressures
from coastal storms force sea water onto the shore. During the most severe winter storms,
surface atmospheric pressure along the west coast drops by 20 mb or more from long-term
average levels, typically with greater pressure drops in Washington and Oregon than in
California. The drop in atmospheric surface pressure raises sea level by approximately 1 cm for
every 1 mb decrease in atmospheric pressure. The resulting increase in sea level is usually
regional, according to the regional scale of winter cyclones, and typically lasts only a few days at
most (Flick, 1998). Woodworth and Blackman (2004) investigated high-water levels from tide
gages around the world since 1975 and found that the magnitude of sea-level extremes has risen
in many locations, including some parts of the U.S. west coast, and that these extremes closely
followed increases in the median sea level.

Strong ocean winds also produce surface gravity or wind waves. The most extreme such
waves are of two types: sustained intervals of large waves (measured by the significant wave
height, the average height of the largest one-third of the waves) and rogue waves, which have
individual crests that are much larger than the significant wave height. Sustained intervals of
large waves occur during strong storms. These storm waves can propagate over a long distance
to the shoreline. Rogue waves are produced by interactions among waves and perhaps currents,
and they have the greatest impact when they arise during a sustained interval of large waves. By
definition, they are expected but relatively uncommon events (Baschek and Imai, 2011).

El Nifos can significantly elevate sea level along the west coast during winter months (see
“Changes in Ocean Circulation” above), especially along the California coast because the North
Pacific storm track is displaced toward the equator during El Nifio events (Seager et al., 2010).
The wind and pressure patterns that elevate sea level above climatological normals along the
west coast also may occur in winters when El Nifio is not present. Winters with high sea-level
anomalies have usually had a few large North Pacific storms with strong westerly, southwesterly,
or northwesterly winds offshore, which generate storm surges and high waves along the coast of
California and sometimes the coasts of Oregon and Washington.

The path and propagation speed of storms controls the wind direction and barometric
pressure, which, in turn, affects the generation of wind waves and high water (e.g., O’Reilly and
Guza, 1991). The highest winds, and hence waves, along the west coast of the United States
nearly always occur during strong winter extra-tropical cyclones (Wang and Swail, 2001;
Bromirski et al., 2003; Caires et al., 2004; Ruggiero et al., 2010; Barnard et al., 2011; Seymour,
2011). Tropical cyclones rarely travel as far north as California, although two cases have been
recorded historically (Hurd, 1939; Chenoweth and Landsea, 2004). Significant wave heights
recorded by offshore coastal buoys during extra-tropical events can exceed 10 m (Figure 4.5;
Ruggiero et al., 2010; Seymour, 2011), although they are usually smaller as they approach the
shoreline. Significant wave heights at the shoreline vary considerably depending on incident
wave direction and nearshore bathymetry.

12 See data compiled at <http://tidesandcurrents.noaa.gov>.
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FIGURE 4.5 (a) Number of storm events per month off Oregon and Washington between 1976 and 2007,
when the significant wave height (SWH) exceeded a threshold of 8.1 m at two deep-water wave buoys.
(b) Days when the threshold of 8.1 m was exceeded (dots), annual maxima (circles), and the five largest
storms per year (asterisks) for 1976-2007, illustrating the seasonality of the extreme wave climate. The
100-year significant wave height is shown by the solid horizontal line and its associated uncertainty is the
dashed horizontal lines. SOURCE: Ruggiero et al. (2010).

Wave swells generated by storms propagate long distances (e.g., from the central North
Pacific to the U.S. west coast) over several days. Swells generated far from the west coast tend to
peak at relatively long periods (12 seconds or more), whereas more locally generated wave
swells tend to peak at periods of 10 seconds or less. The largest swells are generated by winter
cyclones that produce high winds with a long fetch (the total distance that wind blows over the
sea surface during the storm) directed toward the west coast. A broad, deep low-pressure system
over the North Pacific favors these conditions (Figure 4.6; Bromirski et al., 2005). Synoptic
timescale patterns like this tend to occur during El Nifio winters, but not exclusively (Seymour et
al., 1984; Bromirski et al., 2005; Allan and Komar, 2006). Larger than normal waves have
occurred during El Nifio winters along the California coast and some parts of the Oregon and
Washington coasts (Bromirski et al., 2005; Allan and Komar, 2006). La Nifas have been shown
to produce smaller than normal winter wave heights at some California locations, but not
everywhere along the west coast (Allan and Komar, 2006). Overall, the occurrence of large
storms and high waves is clustered in time, with particular years and groups of years having
many large storms, and other years having few or no large storms.
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FIGURE 4.6 Atmospheric circulation during periods of high waves along the central California coast
exhibits broad-scale low pressure over the North Pacific. This map shows anomalies of 700 hPa height in
meters during the 15 winter months (November through March) from 1981 to 2003 when wave energy
offshore San Francisco was greatest. The region of anomalously low 700 hPa indicates a low-pressure
trough and increased storminess in the central and eastern North Pacific. Significant negative and positive
anomalies are blue and red, respectively. SOURCE: Adapted from Bromirski et al. (2005).

Peaks in wind waves are generally much higher than sea-level anomalies (Seymour et al.,
1984; Seymour, 1998; Storlazzi and Griggs, 1998; Ruggiero et al., 2010). High breakers induce a
change in mean water level at the beach (set-up), which can be about 20 percent of the breaking
wave height (Dean and Dalrymple, 1991). High wave events sometimes, but not always,
coincide with high sea levels (Cayan et al., 2008; Ruggiero et al., 2010).

Changes in Storminess and Extreme Wave Heights

Evidence of changes in storminess (wind intensity) in the North Pacific Ocean is mixed.
Bromirski et al. (2003) examined non-tidal sea-level fluctuations from 1858 to 2000 in the San
Francisco tide gage record and found significant decadal variability. Although the record showed
an increase in storminess from 1950 to 2000, the storm intensity in recent decades did not
significantly exceed that in the decades prior to 1950 (Bromirski et al., 2003). On the other hand,
the IPCC Fourth Assessment Report cited several studies that reported increases in the strength
of the winter westerly wind circulation across the North Pacific during the past few decades
(Trenberth et al., 2007).

Lowe et al. (2010) described climate change effects on storm intensity as inconclusive, with
no consensus among different model simulations on local changes in storm frequency. A
simulation of San Francisco sea-level anomalies forced by 21st century climate change
simulations (Cayan et al., 2008) found considerable interannual and decadal variability, driven
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partly by storm characteristics, superimposed on an assumed long-term rise in mean sea level.
Several climate models discussed in the [IPCC Fourth Assessment Report project that the mid-
latitude storm tracks in both the southern and northern hemispheres will migrate poleward over
the 21st century (Meehl et al., 2007). A subsequent projection by Salathé (2006) also showed a
northward shift in the North Pacific winter storm track over the next several decades. The storm
tracks and Pacific wind fields in some global climate model projections suggest that future wave
heights might diminish somewhat over the open ocean and along the coast from southern and
central California to Oregon (Salathé, 2006; Cayan et al., 2009).

If frequency or intensity of storminess changes as a result of climate change, the frequency
of high sea-level extremes also would likely change. Even if the storminess regime does not
change, sea-level rise will increase the exposure of the coast to storm-driven surge and high
waves, magnifying their impact on the coast.

Analyses of marine weather reports discussed in the IPCC Fourth Assessment Report
showed an increase in significant wave height of 8 to 10 cm per decade over the central and
eastern North Pacific from 1950 to 2002 (Trenberth et al., 2007). Gulev and Grigorieva (2006)
attributed these increases to longer period, longer distance sources of swell as well as to more
locally generated wind waves. The tendency for an increase in wave energy over the eastern
North Pacific is also indicated by wave hindcasts (Graham and Diaz, 2001), buoy observations
(e.g., Allan and Komar, 2006), some wave buoy records (Ruggiero et al., 2010), and satellite
altimeter observations (Young et al., 2011a).

A study of North Pacific wind variability on 2- to 10-day timescales from the National
Centers for Environmental Prediction (NCEP) Reanalysis (Kalnay et al., 1996) indicated that
wind speed trends are variable, owing to the occurrence of relatively infrequent large events.
From the 1950s through the 1990s, wave model reanalyses over the North Pacific (Graham and
Diaz, 2001; Caires et al., 2004) indicate a trend toward increasing wave height. From a series of
buoy observations beginning in the late 1970s, Storlazzi and Wingfield (2005), Allan and Komar
(2006), Ruggiero et al. (2010), and Seymour (2011) found that the largest waves along the coast
from California to Washington state were larger in the period after 1990 than in the period before
(Figure 4.7). This change was associated with a deepening of the winter low pressure system
over the North Pacific Basin and partly to the incidence of some relatively strong El Nifio years
since 1995.

Increases in wind speed and wave heights in the northeastern Pacific Ocean have been
reported recently, but the interpretation of these changes is controversial. Analyses of global
ocean winds from ship observations (Tokinaga and Xie, 2011), satellite microwave sensors
(Wentz et al., 2007), and satellite altimeters (Young et al., 2011a) indicate that wind speeds have
risen over the global oceans, although the trends found by Young et al. (2011a) are greater than
those derived from Tokinaga and Xie (2011) and Wentz et al. (2007) by approximately a factor
of two (Wentz and Ricciardulli, 2011; Young et al., 2011b). The Young et al. (2011a) analysis
also found that wind speeds within the highest 1 percent of events have risen over much of the
extratropical oceans over the past two decades, including an increase of about 1 percent per year
in the northeast Pacific, and that this increase is accompanied by increases in the extreme wave
heights. The latter occurs in particular in the northeast Pacific Ocean, which is consistent with
increasing extreme wave heights (by as much as 2 m over the record period) during big storms
recorded in near coastal deep-water buoy records from northern California to Washington (Allan
and Komar, 2006; Menéndez et al., 2008; Ruggiero et al., 2010). However, further analysis by
Gemmirich et al. (2011) suggests that much of this change is spurious, caused by changes in buoy
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hardware and data processing. All of these estimates were made from records that are only a few
decades long, and thus partly reflect changes in wind forcing associated with natural climate
variability such as the Pacific Decadal Oscillation and other interannual-interdecadal
fluctuations. However, the global extra-tropical pattern of extreme wave increase found by
Young et al. (2011a) is atypically widespread for most decadal natural variability, and thus might
indicate a longer trend. As yet there is no good explanation for why such a trend would occur.
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Annual Mean = 0.015 +- 0.01 m/yr (r’=033)
Winter Average = 0.023 +- 0.014 m/yr (r 22036)
Avg. 5 largest = 0.071 +- 0.054 m/yr (r?=0.25)

®  Annual Max. = 0.095 +- 0.073 m/yr (r = 0.25)
FIGURE 4.7 Increases in the annual maximum wave height (green; m), average of the five largest wave
events per year (blue), winter average height (red), and annual average height (black) from northeast
Pacific wave buoy sensors. Open circles represent years with too much missing data (i.e., winter months
missing more than 60 percent of data). SOURCE: Ruggiero et al. (2010), after Allan and Komar (2006).

Summary

Periods of anomalously high sea levels and wave heights along the west coast of the United
States exhibit considerable variability on synoptic, interannual, and decadal timescales, in
association with ENSO and other climate patterns. Some evidence suggests that wave heights
have increased along the west coast from northern California to Washington during the past few
decades. However, it is likely that much of this increase is associated with interannual- to
decadal-scale natural variability of the Pacific atmosphere-ocean system. Some global climate
models predict that the North Pacific storm track will shift northward as global climate warms
during the next several decades, which would generate extreme wave heights and storm surges
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along the Oregon and Washington coasts. However, a northward shift in the North Pacific storm
track has not yet been confirmed.

All climate models project ample winter storm activity in the North Pacific in future
decades, suggesting that periods of anomalously high sea level and high waves will continue to
occur along the west coast. Storm-generated bursts of high sea levels and waves are expected to
vary from year to year and decade to decade. Over the next few decades, these anomalies will
likely eclipse the secular rise in sea level (few to several mm per year). Short-period fluctuations
of sea level may sometimes exceed 20 cm, and storm-driven wave heights of 1 m or even higher
amplitudes than are seen in the historical record could easily occur. These variations will have
greatest impact when they occur on days with high tides.

SEA-LEVEL FINGERPRINTS OF MODERN LAND ICE CHANGE

As glaciers and ice sheets melt and lose mass and the melt water is transferred from the
continents to the ocean, the solid earth deforms and the gravitational field of the planet is
perturbed. The addition of new water to the ocean basins and the associated gravitational and
deformational effects create regional patterns of sea level change. Both modern melting and
deglaciation of the ancient ice sheets affect sea-level change along the west coast of the United
States. Melting of the ancient ice sheets caused the solid earth to rebound (glacial isostatic
adjustment), resulting in significant vertical land motions in the vicinity of the California,
Oregon, and Washington coasts. In contrast, modern melting affects land motions at the ice
masses, which are far from the U.S. west coast, but the gravitational effect influences the height
of the sea surface in the northeast Pacific Ocean. This section describes the effects of modern
land ice melt on sea-level rise off the coasts of California, Oregon, and Washington. The effects
of ancient ice melt are discussed in the following section (see “Glacial Isostatic Adjustment”
below).

Modern melting of land ice affects sea level along the west coast of the United States in two
ways. First, the large mass of glaciers and ice sheets generates an additional gravitational pull
that draws ocean water closer, raising relative sea level near the ice masses. As the ice melts, the
amount of ice mass on land declines, decreasing its gravitational pull on the ocean water. The
loss of mass also results in uplift of the land mass under the ice. The combination of these effects
causes relative sea level to fall in the vicinity of the ice mass. The fall extends, at decreasing
rates, in the region within a few thousand km of the melting ice. Second, ice melt enters the
ocean, raising global mean sea level. Because of gravitational and deformational effects,
however, the distribution of new ice melt is nonuniform over the globe. Relative sea level falls
near the shrinking ice mass and rises everywhere else. This effect is shown schematically in
Figure 4.8. The combined effect of new water mass entering the ocean and altered gravitational
attraction results in a spatial pattern of sea-level rise that is unique for each ice sheet or glacier
(Mitrovica et al., 2001; Tamisiea et al., 2003). As a consequence, these sea-surface geometries
have come to be known as sea-level fingerprints.
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FIGURE 4.8 Schematic view of the changing sea level caused by a shrinking land ice mass. Relative sea
level at time t; exceeds the mean sea level near the ice mass and is less than the mean at some distance
beyond the mass. As the land ice mass decreases (time t,), the local gravitational attraction decreases and
the land in the vicinity of the ice rises, causing the relative sea level to fall, even though the mean sea
level increases. SOURCE: Adapted from Tamisiea et al. (2003).

Only a few studies have attempted to map the sea-level fingerprints of melting land ice
along the west coast of the United States (e.g., Tamisiea et al., 2003, 2005). Figure 4.9A shows
the sea-level fingerprints of the three largest sources of land ice that are most likely to have
significant effects on west coast sea level: Alaska, Greenland, and Antarctica. The figure shows
that melting of Alaska glaciers creates a strong north-south gradient in relative sea-level change
along the west coast. The gradient from uniform melting of the Greenland Ice Sheet is much
smaller (Figure 4.9B). Uniform melting of either the Antarctic Ice Sheet or the West Antarctic
Ice Sheet leads to a uniform change in relative sea level along the entire west coast (Figure
4.9C).

To estimate the effect of fingerprinting from these three ice masses on relative sea level, it is
necessary only to multiply the global sea-level equivalent of the mass loss from each source by
the appropriate scale factor (colored contours) indicated in the figure and then add the
contributions from all three sources. Scale factors greater than 0 indicate that the sea-level
fingerprint increases relative sea-level rise at that location, and scale factors greater than 1
indicate that the rise is higher than the global sea-level equivalent value. Scale factors less than 0
mean that the effect of mass loss from a source causes the relative sea level to fall. Scale factors
for other ice sources (e.g., European Alps, northeastern Canadian Arctic, Patagonia) are not
available at the resolution shown in Figure 4.9, but these sources are likely too small and/or too
distant to affect the gradient in sea-level change along the U.S. west coast.

The scale factors and ice loss rates used to calculate the adjusted rates of relative sea-level
rise are given in Table 4.1. Modeling or estimating individual regional land ice losses is beyond
the scope of this study, so the committee used ice loss rates averaged from data reported in
Appendix C. To simplify the analysis, scale factors were picked from Figure 4.9 for three
representative locations along the U.S. west coast: the north coast (approximately Neah Bay,
Washington), the central coast (approximately Eureka, California), and the south coast
(approximately Santa Barbara, California).
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FIGURE 4.9 Sea-level responses in the northeast Pacific to ice loss from three major ice masses. The
responses are shown as scale factors, which are the local sea-level equivalent divided by the global mean
sea-level equivalent. (4) Response to melt from the Alaskan glacier system, as modeled in Tamisiea et al.
(2003). (B) Response to uniform melting over the entire grounded portion of the Greenland Ice Sheet. (C)
Response to melting across the entire Antarctic Ice Sheet (left) or the West Antarctic Ice Sheet (right). All
of the calculations underlying this figure treat the Earth as elastic; that is, the timescale of response is
assumed to be sufficiently rapid that viscous effects can be neglected. SOURCE: Courtesy of Jerry
Mitrovica and Natayla Gomex, Harvard, based on calculations described in Mitrovica et al. (2011).

In the absence of a sea-level fingerprint effect, the expected sea-level rise along the U.S.
west coast from ice loss in Alaska, Greenland, and Antarctica would be 0.79 mm yr'l, the sum of
the ice mass loss rates in Table 4.1. The overall effect of the fingerprint is to lower sea-level rise
along the entire west coast. Although melting of Alaska glaciers contributes less water to the
oceans than melting of the Greenland Ice Sheet, the Alaska glaciers are closer to the U.S. west
coast and have a greater effect on relative sea level in the region. The adjusted rates of relative
sea-level rise for the three sources (found by multiplying the loss rate by the fingerprint scale
factors) are 0.46 mm yr' for the north coast, 0.60 mm yr' for the central coast, and 0.68 mm yr™'
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for the south coast. This adjusted rate of sea-level rise is 42 percent lower than the rate for
melting of the three ice sources (0.79 mm yr') for the north coast, 24 percent lower for the
central coast, and 14 percent lower for the south coast.

TABLE 4.1 Ice Loss Rates, Fingerprint Scale Factors, and Adjusted Rates of Relative Sea-Level
Rise for Three West Coast Locations

North Coast Central Coast South Coast
Ice Mass Scale Adjusted Scale Adjusted Scale Adjusted
Loss Rate Factor Sea-Level Factor Sea-Level Factor Sea-Level
(mm yr'1 Rise Rise Rise
Ice Source  SLE)? (mm yr”) (mm yr”) (mm yr”)
Alaska 0.16 -0.8 -0.13 -0.2 -0.03 0.2 0.03
Greenland 0.35 0.75 0.26 0.87 0.30 0.92 0.32
Antarctica®  0.28 1.17 0.33 1.17 0.33 1.17 0.33
Sum 0.79 0.46 0.60 0.68

¥ Based on the average of published rates for 1992-2009 for Greenland and Antarctica and 1992—2008 for Alaska, as
described in Appendix C.
b Average of east and west Antarctic values.

This simple calculation provides only an approximate estimate of the magnitude and sign of
relative sea-level change due to gravitational and deformational effects of modern land ice
melting. Uncertainties in the rate of ice loss and, to a lesser extent, the neglect of fingerprints of
other sources of land ice can lead to significant uncertainties in the adjusted rates of relative sea-
level rise. In particular, the steep gradient caused by Alaska’s proximity to the study region,
combined with the high uncertainty in the rate of ice loss from Alaska compared to the ice
sheets, yield a wide range of possible adjustments to relative sea-level rise (see Appendix C).
When the uncertainty in loss rates from the three sources is considered, the adjusted rate of
relative sea-level rise due to melting of these ice masses ranges from 0.1 to 0.9 mm yr' for the
north coast, 0.1 to 1.1 mm yr' for the central coast, and 0.1 to 1.3 mm yr™' for the south coast.

Summary

The large mass of glaciers and ice sheets creates a gravitational pull that draws ocean water
closer. As the ice melts, the gravitational pull decreases, ice melt enters the ocean, and the land
and ocean basins deform as a result of this loss of land ice mass. These gravitational and
deformational effects produce a spatial pattern of regional sea-level change commonly referred
to as a sea-level fingerprint. The land ice masses that most affect sea level along the California,
Oregon, and Washington coasts are in Alaska, which is nearby, and Greenland and Antarctica,
which are large. Melting in Alaska and, to a lesser extent, Greenland, causes relative sea level to
fall at decreasing rates from northern Washington to southern California. Melting in Antarctica
causes a uniform sea-level rise along the entire west coast of the United States. The net result is a
reduction in the contribution of Alaska, Greenland, and Antarctica ice melt to relative sea-level
rise off Washington, Oregon, and California. The magnitude of this reduction decreases from
about 42 percent along the north coast (Neah Bay) to 24 percent along the central coast (Eureka)
to 14 percent along the south coast (Santa Barbara) for 1992-2008.
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VERTICAL LAND MOTION ALONG THE U.S. WEST COAST

Vertical land movements that affect relative sea level may be caused by geologic processes
(e.g., glacial isostatic adjustment, tectonics, compaction) or anthropogenic activities (e.g.,
groundwater or oil extraction). Each of these processes can in principle be modeled or observed
(Box 4.2), although data coverage is sparse and uncertainties are large. The estimated rates of
vertical land motions resulting from these processes are on the order of several mm yr'—about
the same as the rate of global sea-level rise—with magnitudes that vary over spatial scales
ranging from one to thousands of km.

BOX 4.2
Geodetic Observations of Vertical Land Motion

Ground-based and space-based geodetic techniques are used to observe vertical land motion at
sub-cm vertical precision. Leveling measures the vertical component of land motions from ground stations
spaced hundreds to thousands of meters apart. Height differences between points are measured by
setting a level on a tripod and orienting it so that the line of sight is horizontal. For short distances
between benchmarks (e.g., 1 km, similar to the spacing used for tide gage leveling), a vertical accuracy of
about 1 mm can be achieved (see Appendix D). For longer lines (e.g., 10 km), such as are used for
tectonic studies, expected accuracies are about 2 mm.

Satellite-based systems, including the Global Navigation Satellite System (GNSS) and
Interferometric Synthetic Aperture Radar (InNSAR), have been available for selected regions since the
1990s. The GNSS comprises constellations of navigation satellite systems, including 24 Global
Positioning System (GPS) satellites, circling the Earth with accurately determined orbits and broadcasting
their precise locations and velocities. The global network of GNSS stations, along with other space
geodetic techniques (e.g., satellite laser ranging, very long baseline interferometry, Doppler Orbitography
and Radiopositioning Integrated by Satellite [DORIS]), provide the fundamental reference frame that
makes accurate positioning and time transfer possible. The radio signals sent by the satellites are
received at fixed ground stations or low-orbiting satellites. Because errors in the vertical component are
typically twice as large as errors in the horizontal components, only continuous GPS (CGPS) stations are
used routinely to measure vertical land motion. The National Science Foundation’s Plate Boundary
Observatory significantly increased the number of CGPS stations in the western United States. Stations
along the west coast are spaced ~25-50 km apart. If time series are long (>5 years) and the location of
the station is accurately known, vertical resolution can reach ~1-2 mm yr'1.

INSAR uses phase differences between radar images from repeat satellite passes to infer changes in
the round-trip travel time of the radar signals between the earth surface and the satellite. These changes
can be used to generate interferograms to infer line-of-sight surface deformation. The high-resolution
image swath size is 60-100 km, and the spatial resolution of the measurement tends to be on the order of
40-100 m (pixel size). The vertical resolution of the measured surface change is less than 1 cm.

Glacial Isostatic Adjustment

The solid earth and oceans continue to respond to the decay of ice sheets since the last
deglaciation through glacial isostatic adjustment (GIA). The loss of ice mass produces uplift in
regions under the former ice masses, including northern Washington, and subsidence in areas at
the ice margin and beyond, including the rest of Washington, Oregon, and California (Box 1.2).
In addition, the transfer of melt water to the oceans and the consequent subsidence of the ocean
basins in response to the increased water load produce a change in the absolute sea level (or
geoid, an equipotential surface of the Earth’s gravity field that coincides with the mean sea
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surface). Both processes are manifested in geological records of relative sea-level rise, geodetic
observations, and GIA models.

GIA models commonly focus on predictions of sea level because many of the time series
used as constraints are from paleo sea-level data (e.g., Engelhart et al., 2011). The sea-level
predictions in GIA literature (e.g., Peltier, 2004) are typically a measure of relative sea-level
change, according to the following equation:

Relative sea-level change = Change in absolute sea level — Change in height
of the solid earth surface,

where the changes in absolute sea level and the height of the solid earth surface are measured
relative to a common datum (e.g., the Earth’s center of mass). In GIA models, the solution is
obtained using the sea-level equation (Peltier, 1974; Farrell and Clark, 1976; Clark et al., 1978),
which assumes that the volume of water in the earth system must be conserved. Note that the
GIA literature that uses the sea-level equation frequently interchanges the terms “absolute sea
level,” “sea surface height,” and “geoid,” which creates a problem when comparing and
discussing predicted GIA contributions to altimetry and GRACE observations (see the discussion
in Tamisiea, 2011). “Height change,” “radial displacement,” and “vertical motion” also are used
interchangeably.

The committee compared the GIA predictions of relative sea-level change at 21 tide gage
locations in California, Oregon, and Washington from an ensemble of 16 models (Figure 4.10).
The time period of these models is = 250 years relative to the present day. The models differ
significantly from one another, depending on the earth rheology parameters and deglaciation
model used (Table 4.2). Most GIA models employ a self-gravitating, spherically symmetric
Earth model, with Maxwell rheology. Some use laterally varying viscosity and mantle
thicknesses (e.g., Wu, 2006).
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FIGURE 4.10 Ensemble of 16 GIA models showing the predictions of relative sea-level rise (expressed
as change in absolute sea level minus change in height of the solid earth surface) at the latitudes of 21 tide
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gages off the California, Oregon, and Washington coasts. The time period of these models is + 250 years
relative to the present day. SOURCES: ICEAGVM2 (Peltier, 1998) and ICESGVM?2 (Peltier, 2004)
models and their variations are from <http://www.sbl.statkart.no/projects/pgs/authors>. Other GIA
models (Wang and Wu, 2006; Paulson et al., 2007; van der Wal et al., 2009; Sasgen et al., 2011; H.
Wang, personal communication) were provided by the respective authors. Predicted values from ICESG
and ICE6G models and their variations were computed for this study by Richard Peltier, University of
Toronto.

TABLE 4.2 Earth Rheology Parameters Used in Selected GIA Models

Viscosity (x102' Pa-s)

Ice History Lithosphere Upper Lower Mantle
GIA Model Model Thickness (km) Mantle
ICE4GVM2 (Peltier, 2002a) ICE-4G 90 0.4~1.5 1.3~3.9
ICE5GVM2? (Peltier, 2004) ICE-5G 90 0.4~1.5 1.3~3.9
ICE5GVM4? (Peltier, 2004) ICE-5G 20 0.4~0.9 0.9~3.9
Paulson-Zhong-Wahr? (Paulson et~ ICE-5G 98 0.9 3.6
al., 2007)
Sasgen-Klemann-Martinec? HUY, . 100 0.52 5.9
(Sasgen et al., 2011) NAWI
van der Wal? (van der Wal et al., ICE-5G 98 0.9 3.6
2009)
Wang Wu ICE4G (Wang and Wu, ICE-4G 115 0.6 LM1 =3, LM2 =
2006) 6, p=0.4°
Wang Wu ICE5G (H. Wang, pers. ICE-5G 115 0.6 LM1 =3, LM2 =
com.) 6,p=04°

@ Models that considered rotational feedback.

® HUY is the Antarctica ice model (Huybrechts, 2002), scaled to 12 m of sea-level rise since the last glacial maximum.
NAWI is the Northern Hemisphere ice model (Huybrechts, 2002).

¢ Laterally varying mantle viscosity. LM1 is a shallow lower mantle, and LM2 is a deep lower mantle. Lateral variation
is inferred from lateral shear wave velocity anomalies given in the seismic tomographic model S20A with a scaling
factor B.

The new ICE-5G reconstruction of the surface topography and land-ice distribution at the
last glacial maximum differs significantly from its ICE-4G precursor at all Northern Hemisphere
locations that were glaciated (see Peltier, 2002a; Tarasov and Peltier, 2002). ICE-5G and ICE-6G
(Peltier, 2010) contain a similar mass for the Laurentide Ice Sheet and cover the same surface
area of the North American continent. They differ in the relative thickness of the ice sheet, which
in the case of ICE-6G has been adjusted to eliminate the misfits between the vertical motion
predictions of the model and the GPS observation analyses by Argus and Peltier (2010). Changes
include a thickening of the ice cover over Labrador, Yellowknife, and the northwestern border
between British Columbia and Alberta, as well as a thinning of the ice cover to the south of
Hudson Bay.

All the GIA models shown in Figure 4.10 predict a similar pattern of variability in relative
sea-level change along the Pacific coast, rising from 32° latitude to a maximum around 47°
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latitude, and then declining sharply. The strong latitudinal gradient in Washington illustrates the
importance of glacial isostatic adjustment in regions under or at the margins of the extinct
Laurentide Ice Sheet. In Cascadia, uplift is expected at the far north locations, which had been
covered by the ice sheet, and subsidence is expected at the other locations, which are along the
former margins of the ice sheet. In Oregon and California, the variance among models is almost
as large as any apparent trend. The mean relative sea-level rise from the GIA model ensemble at
each tide gage location is given in Table 4.3.

TABLE 4.3 GIA Predicted Relative Sea-Level Rise for + 250 Years Relative to the Present Day
Using an Ensemble of 16 GIA Models at 21 West Coast Tide Gage Locations

GIA Predicted Relative Sea-Level Rise

(mm yr")
Location Latitude  Longitude Mean Standard Deviation
Cherry Point, WA 48.87 -122.75 -0.16 0.44
Friday Harbor, WA 48.55 -123.00 0.14 0.46
Neah Bay, WA 48.37 -124.62 0.58 0.64
Port Townsend, WA 48.12 -122.75 0.40 0.48
Seattle, WA 47.60 -122.33 0.53 0.44
Toke Point, WA 46.72 -123.97 1.03 0.53
Astoria, OR 46.22 -123.77 1.07 0.43
South Beach, OR 44.63 -124.05 1.00 0.34
Charleston 1l, OR 43.35 -124.32 0.86 0.32
Port Orford, OR 42.73 -124.50 0.81 0.32
Crescent City, CA 41.75 -124.20 0.67 0.31
N. Spit, Humboldt Bay, CA  40.77 -124.22 0.63 0.32
Point Reyes, CA 38.00 -122.98 0.53 0.30
San Francisco, CA 37.80 -122.47 0.47 0.29
Alameda, CA 37.77 -122.30 0.44 0.29
Monterey, CA 36.60 -121.88 0.48 0.28
Port San Luis, CA 35.17 -120.75 0.45 0.27
Santa Monica, CA 34.02 -118.50 0.34 0.25
Los Angeles, CA 33.72 -118.27 0.36 0.25
La Jolla, CA 32.87 -117.25 0.34 0.25
San Diego, CA 32.72 -117.17 0.35 0.25

NOTE: Relative sea-level change = change in absolute sea level minus change in height of the solid earth surface.
Relative sea level rise has a negative sign compared to uplift of the earth surface due to GIA.

It should be noted that some studies suggest that the global earth rheology parameters (e.g.,
mantle viscosity) used to study the GIA process may not be suitable for subduction zones such as
Cascadia. For example, James et al. (2000) used a regional, rather than global, deglaciation
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history to analyze GIA in southern Vancouver Island. Local paleo sea-level data show rapid
uplift 12,000 years before present, which best fits a mantle with much lower mantle viscosity
(~10" Pa s) than is used in the GIA models shown in Table 4.3. James et al. (2000) extrapolated
these results, concluding that vertical land motion from glacial isostatic adjustment along the
Cascadia Subduction Zone is negligible compared to the influence of tectonics.

Tectonics

The U.S. west coast is characterized by two tectonically distinct regions: (1) the Cascadia
Subduction Zone, where lithospheric plates are colliding north of Cape Mendocino, California,
and (2) the San Andreas Fault Zone, where the plates are sliding past one another south of Cape
Mendocino (Figure 1.8). Vertical land motions in both regions are caused by strain buildup along
faults and release during an earthquake. Vertical land motions associated with the Cascadia
Subduction Zone (e.g., Hyndman and Wang, 1993) are generally larger than those associated
with the San Andreas Fault Zone (Argus and Gordon, 2001). Surficial crustal motions along the
San Andreas Fault Zone are primarily horizontal, although convergence in some areas can
produce locally significant rates of vertical deformation (e.g., Argus et al., 1999; Argus and
Gordon, 2001). South of the San Francisco Bay area, the principal fault trace extends inland as
much as 50-100 km, further reducing its effect on coastal vertical land motion.

The history of crustal strain accumulation and release above subduction zone faults over
hundreds of years is described by the earthquake deformation cycle (Nelson et al., 1996; Satake
and Atwater, 2007). During an earthquake (known as the coseismic period), vertical land motion
can change almost instantly by more than a meter (see “Rare Extreme Events” in Chapter 5).
Between earthquakes (known as the interseismic period), rates of vertical land motion can be on
the order of mm yr' and thus can have a significant impact on the relative sea level. Vertical
land motions for the Cascadia Subduction Zone and San Andreas Fault Zone are described
below.

Cascadia Subduction Zone. Along much of the Oregon and Washington coasts, the earthquake
cycle yields a characteristic pattern of vertical land movements (Figure 4.11). In the first stage of
the cycle, slow interseismic strain accumulation over hundreds of years causes the upper plate to
bend upward, leading to gradual uplift along the coasts above this part of the subduction zone. In
areas closer to the plate boundary (usually the continental shelf) and further inland, the slow
bending of the upper plate causes gradual subsidence. In the second stage of the cycle, the plate-
boundary megathrust fault slips in a great earthquake, releasing hundreds of years of
accumulated strain along many hundreds of kilometers of the plate boundary. During the
earthquake, the former slow vertical deformation of the upper plate is reversed: coastal areas
suddenly subside as much as 2 m and formerly subsiding areas landward and seaward are
suddenly uplifted.
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FIGURE 4.11 (Top) Deformation associated with a subduction-zone thrust fault on a coastline during an
earthquake cycle. (Bottom) Idealized seismic cycle for a subduction zone, showing a long period of uplift,
followed by small-scale subsidence and then a sudden drop in land elevation during a great earthquake.
SOURCE: Modified from Horton and Sawai (2010).

Current rates of interseismic vertical deformation can be estimated using dislocation models
constrained by geodetic, thermal, and seismic data (e.g., Okada, 1985; Hyndman and Wang,
1993, 1995; Fliick et al., 1997; Wang et al., 2003). To estimate interseismic deformation along
the Washington and Oregon coasts, the committee used results from the CAS3D-2 model (He et
al., 2003; Wang et al., 2003; Wang, 2007), a three-dimensional, viscoelastic, spherical earth,
finite element model that assumes negligible present-day influence of GIA (following the work
of James et al., 2000). The model has been further constrained by comparisons between
geological estimates of coseismic subsidence of the 1700 earthquake and predictions from elastic
dislocation models of slip on the Cascadia subduction zone (Leonard et al., 2004, 2010; Hawkes
etal., 2011).

Table 4.4 shows the predicted rates of vertical land motion for the Cascadia Subduction
Zone for 2010-2030 from the CAS3D-2 model assuming a continuation of the interseismic
phase of the earthquake deformation cycle. The projections suggest that coastal sites, which are
closest to the offshore subduction boundary, should be experiencing uplift, whereas more inland
locations (Anacortes and Seattle) should be experiencing subsidence. Comparisons of the model
projections with GPS data are discussed below (see “Current Rates of Vertical Land Motion
Along the U.S. West Coast”). Model projections further forward in time are given in Chapter 5.
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TABLE 4.4 Vertical Land Motion Rates Predicted by the CAS3D-2 Model for 2010-2030

Location Latitude Longitude Rate of Vertical Land Motion (mm yr™)
Anacortes, WA 48.56 -122.64 -0.87
Seattle, WA 47.85 -122.73 -0.59
Long Beach, WA 46.58 -123.83 1.87
Pacific City, OR 45.38 -123.94 1.69
Waldport, OR 44 .42 -124.02 1.66
Coos Bay, OR 43.36 -124.30 2.33
Eureka, CA 40.87 -124.15 2.98

SOURCE: Rates provided by Kelin Wang, Geological Survey of Canada, using the CAS3D-2 model (He et al., 2003;
Wang, 2007). The model deformation history includes a coseismic rupture of the entire Cascadia subduction fault,
representing the 1700 M 9 great earthquake, followed by locking of the fault, modeled using the conventional backslip
approach (Savage, 1983). A mantle wedge viscosity of 10 Pa s was used, consistent with the results of postglacial
rebound analyses at northern Cascadia and values adopted at other subduction zones.

San Andreas Fault Zone. Unlike the Cascadia Subduction Zone, vertical land motions along the
San Andreas Fault Zone cannot be characterized by a single tectonic model. The San Andreas
Fault Zone comprises multiple sub-parallel faults, each with limited extent and unique
seismotectonic character. Although crustal displacement is primarily horizontal (Figure 4.12),
local vertical motions result from rock uplift associated with restraining bends (e.g., Anderson,
1990) and active contractional processes associated with the Transverse ranges and the Ventura
and Los Angeles basins (Namson and Davis, 1991; Donnellan et al., 1993; Yeats, 1993; Shaw
and Suppe, 1994, 1996; Yeats and Huftile, 1995; Dong et al., 1998; Orme, 1998; Argus et al.,
1999, 2005; Hager et al., 1999; Shaw and Shearer, 1999; Argus and Gordon, 2001; Bawden et
al., 2001). A comprehensive analysis of tectonically induced vertical land motions for the San
Andreas Fault Zone has not been done.
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FIGURE 4.12 Faults (black lines) and GPS-defined horizontal velocities (red arrows) for sites in the
western United States relative to stable North America. Circles are error ellipses at the 95 percent
confidence level. SOURCE: Bennett et al. (1999).

Sediment Compaction

Compaction may rearrange the mineral matrix of sediment, reducing its volume (Kaye and
Barghoorn, 1964; Allen, 2000; Brain et al., 2011). The amount of compaction depends on a
number of factors, including the mechanical and chemical properties of the sediment (e.g.,
composition, porosity), the water content, and the loading history (Brain et al., 2011). For
example, deposits with a high sand fraction undergo little compaction, whereas peat may
compact as much as 90 percent by volume (Jelgersma, 1961).

Early studies of wetlands in North America (Kaye and Barghoorn, 1964) and Europe
(Jelgersma, 1961) illustrated the importance of sediment compaction to relative sea-level rise.
However, only a few studies have quantified compaction rates of coastal sediments. Térnqvist et
al. (2008) analyzed wetland sediments from the Mississippi Delta and found compaction rates of
5 mm yr' on millennial timescales and more than 10 mm yr' in some areas on decadal to
century timescales. These high rates of compaction were thought to contribute significantly to
the high rates of relative sea-level rise (10 mm yr' over the past century) in the Mississippi
Delta. Horton and Shennan (2009) found compaction rates of 0.4 + 0.3 mm yr' during the past
4,000 years in eastern England, with higher values in large estuaries and considerable local
variability depending on sediment types and drainage histories. Galloway et al. (2001) found that
compaction of organic soils in the Sacramento Bay Delta (27 cm yr'), combined with
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reclamation and agriculture, has resulted in islands sinking below sea level (see also “California
Bay Delta Case Study” in Chapter 6).

Comprehensive studies of compaction rates for the types of geomorphic environments that
dominate the U.S. west coast (see “Geographic Variation Along the U.S. West Coast” in Chapter
1) are not available. Most of these environments, particularly the peat- and mud-rich estuaries
and tidal marshes, will subside as a result of compaction.

Groundwater and Petroleum-Related Drawdown and Recharge

Withdrawal of groundwater and petroleum can lower large areas of the land surface.
Subsurface fluid extraction depressurizes underground reservoirs, altering the arrangement of in
situ stresses within the reservoir and surrounding rock or sediment (Donaldson et al., 1995). The
elastic compaction can be recovered if the fluid level rises again (e.g., Schmidt and Burgmann,
2003), but the inelastic compaction becomes permanent, resulting in subsidence (Sun et al.,
1999). Some of the best documented examples of subsidence due to groundwater withdrawal
along the U.S. west coast are in California (Figure 4.13). Intense cultivation in the Santa Clara
Valley during the first half of the 1900s caused the land surface to subside up to 4 m in San Jose
and 0.6-2.4 m near the southern end of San Francisco Bay, putting 17 square miles below the
high-tide level (Galloway et al., 2001). In the San Joaquin Valley, one of the world’s most
productive agricultural regions, the land surface dropped 0.3-9 m over 75 years, mainly due to
groundwater pumping and compaction. Since 1969, groundwater recharge and the supplemental
use of surface water for irrigation has slowed land subsidence in both valleys.

In some cases, subsidence is partly offset by groundwater recharge. For example, long-term
subsidence in the Santa Ana Basin (Los Angeles area