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SYNOPSIS

For this Synthesis and Assessment Report, abrupt climate change is defined as:

A large-scale change in the climate system that takes place over
a few decades or less, persists (or is anticipated to persist) for at
least a few decades, and causes substantial disruptions in human
and natural systems.

This report considers progress in understanding four types of abrupt change
in the paleoclimatic record that stand out as being so rapid and large in their
impact that if they were to recur, they would pose clear risks to society in terms
of our ability to adapt: (I) rapid change in glaciers, ice sheets, and hence sea
level; (2) widespread and sustained changes to the hydrologic cycle; (3) abrupt
change in the northward flow of warm, salty water in the upper layers of the
Atlantic Ocean associated with the Atlantic Meridional Overturning Circula-
tion (AMOC); and (4) rapid release to the atmosphere of methane trapped in
permafrost and on continental margins.

This report reflects the significant progress in understanding abrupt climate
change that has been made since the report by the National Research Council
in 2002 on this topic, and this report provides considerably greater detail and
insight on these issues than did the 2007 Intergovernmental Panel on Climate
Change Fourth Assessment Report (IPCC AR4). New paleoclimatic recon-
structions have been developed that provide greater understanding of patterns
and mechanisms of past abrupt climate change in the ocean and on land, and
new observations are further revealing unanticipated rapid dynamic changes
of modern glaciers, ice sheets, and ice shelves as well as processes that are
contributing to these changes. This report reviews this progress. A summary
and explanation of the main results is presented first, followed by an overview
of the types of abrupt climate change considered in this report. The subsequent
chapters then address each of these types of abrupt climate change, including a
synthesis of the current state of knowledge and an assessment of the likelihood
that one of these abrupt changes may occur in response to human influences
on the climate system.
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PREFACE

Report Motivation and Guidance for Using this
Synthesis and Assessment Report

Lead Authors:

John P. McGeehin, USGS
John A. Barron, USGS
David M. Anderson, NOAA
David J. Verardo, NSF

A primary objective of the U.S. Climate Change Sci-
ence Program (CCSP) is to provide the best possible,
up-to-date scientific information to support public
discussion and government and private sector decision-
making on key climate-related issues. To help meet this
objective, the CCSP has identified a set of 21 synthesis
and assessment products (SAP) to address its highest
priority research, observation, and decision-support
needs. This SAP (3.4) focuses on abrupt climate change
events where key aspects of the climate system change
faster than the responsible forcings would suggest and/
or faster than society can respond to those changes.

This report addresses Goal 3 of the CCSP Strategic
Plan: Reduce uncertainty in projections of how the
Earth’s climate and related systems may change in
the future. The report (1) summarizes the current
knowledge of key climate parameters that could change
abruptly in the near future, potentially within years to
decades and (2) provides scientific information on these
topics for decision support. As such, the SAP is aimed
at both the decision-making audience and the expert
scientific and stakeholder community.

Background

Past records of climate and environmental change de-
rived from archives such as tree rings, ice cores, corals,
and sediments indicate that global and regional climate
has experienced repeated abrupt changes, many occur-
ring over a time span of decades or less. Abrupt climate
changes might have a natural cause (such as volcanic
aerosol forcing), an anthropogenic cause (such as in-
creasing carbon dioxide in the atmosphere), or might
be unforced (related to internal climate variability).
Regardless of the cause, abrupt climate change presents
potential risks for society that are poorly understood.
An improved ability to understand and model future
abrupt climate change is essential to provide decision-
makers with the information they need to plan for these
potentially significant changes.

The National Research Council (NRC) report
“Abrupt Climate Change” (Alley et al., 2002)
provides an excellent treatise on this topic. Addi-
tionally, the Intergovernmental Panel on Climate
Change Fourth Assessment Report (IPCC AR4)
(IPCC, 2007) addresses many of the same topics
associated with abrupt climate change. This SAP
picks up where the NRC report and the IPCC AR4
leave off, updating the state and strength of existing
knowledge, both from the paleoclimate and histori-
cal records, as well as from model predictions for
future change.

Focus of this Synthesis and Assessment
Product

The content of this report follows a prospectus that
was developed by the SAP Product Advisory Group,
made up of the co-authors of this preface. The pro-
spectus is available from the CCSP website (http://
www.climatescience.gov).

SAP 3.4 considers four types of change documented
in the paleoclimate record that stand out as being so
rapid and large in their impact that they pose clear
risks to society in terms of our ability to adapt.
They are supported by sufficient evidence in current
research indicating that abrupt changes could occur
in the future. These four topics, each addressed as a
chapter in this report, are

1. Rapid Changes in Glaciers and Ice Sheets
and their Impacts on Sea Level;

2. Hydrological Variability and Change;

3. Potential for Abrupt Change in the
Atlantic Meridional Overturning
Circulation (AMOC); and

4. Potential for Abrupt Changes in
Atmospheric Methane.




The following questions are considered in this report:

Rapid Changes in Glaciers and Ice Sheets and their
Impacts on Sea Level
* What is the paleoclimate evidence regarding rates
of rapid ice sheet melting?
» What are the recent rates and trends in ice sheet
mass balance?
* What will be the impact on sea level if the recently
observed rapid rates of melting continue?
* What is needed to model the mechanical processes
that accelerate ice loss?

Hydrological Variability and Change
* What is our present understanding of the causes of
major drought and hydrological change, including the
role of the oceans or other natural or nongreenhouse-
gas anthropogenic effects as well as land-use changes?
(Note that this question is posed to facilitate an as-
sessment of what is known about natural causes for
hydrological change as opposed to anthropogenic
causes, such as increased greenhouse gases. The
authors also address anthropogenic influences, in-
cluding greenhouse gases, as a potential source of
hydrological change, in the past, present, and future.)
* What is our present understanding of the dura-
tion, extent, and causes of megadroughts of the past
2,000 years?
*  What states of oceanic/atmospheric conditions and
the strength of land-atmosphere coupling are likely to
have been responsible for sustained megadroughts?
» How might such a state affect the climate in regions
not affected by drought? (For example, enhanced
floods or hurricanes in other regions.)
» What will be the change in the state of natural vari-
ability of the ocean and atmosphere that will signal
the abrupt transition to a megadrought?

Potential for Abrupt Change in the Atlantic Meridional
Overturning Circulation
» What are the factors that control the overturning
circulation?
* How well do the current ocean general circula-
tion models (and coupled atmosphere-ocean models)
simulate the overturning circulation?
» What is the present state of the MOC?
» Whatis the evidence for change in the overturning
circulation in the past?
* What are the global and regional impacts of a
change in the overturning circulation?
» What factors that influence the overturning circu-
lation are likely to change in the future, and what is the
probability that the overturning circulation will change?

Abrupt Climate Change

* What are the observational and modeling require-
ments required to understand the overturning circula-
tion and evaluate future change?

Potential for Abrupt Changes in Atmospheric Methane
* Whatis the volume of methane stored in terrestrial
and marine sources and how much of it is likely to be
released in various climate change scenarios?

* What is the impact on the climate system of the
release of varying quantities of methane over varying
intervals of time?

* What is the evidence in the past for abrupt climate
change caused by massive methane release?

* How much methane is likely to be released by
thawing of the topmost layer (3 meters) of permafrost?
Is thawing at greater depths likely to occur?

* What conditions (in terms of sea-level rise and
warming of bottom waters) would allow methane
release from hydrates in sea-floor sediments?

* What are the observational and modeling require-
ments necessary to understand methane storage and
its release under various future scenarios of abrupt
climate change?

Each section of this report is structured to answer these
questions in the manner that best suits the topic. Questions
are addressed either specifically as individual sections or
subsections of a chapter, or through a broader, more sys-
tematic discussion of the topic. Additional subject matter
is presented in a chapter, beyond what is asked for in the
prospectus, where the authors feel that this information is
necessary to effectively treat the topic.

It is important to note that the CCSP Synthesis and Assess-
ment Products are scientific documents that are intended to
be of use not only to scientists but to the American public
and to decisionmakers within the United States. As such,
the geographic focus of the Abrupt Climate Change SAP is
United States, and by extension, North American climate.
Other regional examples of abrupt climate change are dis-
cussed when the authors feel that the information serves
as an important analog to past, present, or future North
American climate.

Suggestions for Reading, Using, and

Navigating this Report

This report is composed of four main chapters that corre-
spond to the major climate themes indicated above. There
is also an introductory chapter that provides an extensive
overview of the information from the other four chapters, as
well as additional background information. The Executive
Summary further distills the information, with a focus on
the key findings and recommendations from each chapter.

IX
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The four theme chapters have a recurring organizational
format. Each chapter begins with key scientific findings
which are then followed by recommendations for future
research aimed at deepening our understanding of the
critical scientific issues raised in the chapter. The scientific
theories, models, data, and uncertainties that are part of the
author’s scientific syntheses and assessments are referenced
through citations to peer-reviewed literature throughout the
chapter. Finally, side boxes are used to discuss topics the
author team felt deserved additional attention or served as
useful case studies.

A reader interested in an overview of the state of the science
for the topic of abrupt climate change might, therefore, start
by reading the Executive Summary and Introduction chapter
(Chapter 1) of this report, then delve deeper into the thematic
chapters for more detailed explanations and information.

To integrate a wide variety of information and provide
estimates of uncertainty associated with results, this re-
port utilizes the terms from the IPCC AR4 (IPCC, 2007).
Terms of uncertainty range from “exceptionally unlikely”
(< 1% likelihood) to “virtually certain” (> 99% likelihood).
See Box 1.1 in the Introduction chapter (Chapter 1) of this
report for a complete explanation of the uncertainty terms.

Preface

The Synthesis and Assessment Product Team

The primary authors of this report were constituted as a
Federal Advisory Committee that was charged with advis-
ing the USGS and the CCSP on the scientific and technical
content related to the topic of abrupt climate change as de-
scribed in the SAP 3.4 prospectus. (See Public Law 92-463
for more information on the Federal Advisory Committee
Act, and the GSA website http://fido.gov/facadatabase/ for
specific information related to the SAP 3.4 Federal Advisory
Committee.) The Federal Advisory Committee for SAP 3.4
enlisted input from numerous contributing authors. These
authors provided substantial, relevant content to the report,
but did not participate in the Federal Advisory Committee
deliberations upon which this SAP was developed.
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MAIN RESULTS AND FINDINGS

For this Synthesis and Assessment Report,
abrupt climate change is defined as:

A large-scale change in the climate
system that takes place over a few
decades or less, persists (or is anticipat-
ed to persist) for at least a few decades,
and causes substantial disruptions in
human and natural systems.

This report considers progress in understanding
four types of abrupt change in the paleoclimatic
record that stand out as being so rapid and large
in their impact that if they were to recur, they
would pose clear risks to society in terms of
our ability to adapt: (1) rapid change in glaciers,
ice sheets, and hence sea level; (2) widespread
and sustained changes to the hydrologic cycle;
(3) abrupt change in the northward flow of
warm, salty water in the upper layers of the
Atlantic Ocean associated with the Atlantic
Meridional Overturning Circulation (AMOC);
and (4) rapid release to the atmosphere of meth-
ane trapped in permafrost and on continental
margins. While these four types of change
pose clear risks to human and natural systems,
this report does not focus on specific effects
on these systems as a result of abrupt change.

This report reflects the significant progress in
understanding abrupt climate change that has
been made since the report by the National
Research Council in 2002 on this topic, and

* SAP 3.4 Federal Advisory Committee member

this report provides considerably greater detail
and insight on these issues than did the 2007
Intergovernmental Panel on Climate Change
(IPCC) Fourth Assessment Report (AR4).
New paleoclimatic reconstructions have been
developed that provide greater understanding
of patterns and mechanisms of past abrupt cli-
mate change in the ocean and on land, and new
observations are further revealing unanticipated
rapid dynamic changes of modern glaciers, ice
sheets, and ice shelves as well as processes that
are contributing to these changes. This report
reviews this progress. A summary and expla-
nation of the main results is presented first,
followed by an overview of the types of abrupt
climate change considered in this report. The
subsequent chapters then address each of these
types of abrupt climate change, including a
synthesis of the current state of knowledge and
an assessment of the likelihood that one of these
abrupt changes may occur in response to human
influences on the climate system. Throughout
this report we have adopted the IPCC terminol-
ogy in our expert assessment of the likelihood
of a particular outcome or result. The term
virtually certain implies a >99% probability;
extremely likely: >95% probability; very likely:
>90% probability; likely: >66% probability;
more likely than not: >50% probability; about
as likely as not: 33%—66% probability; unlikely:
<33% probability; very unlikely: <10% prob-
ability; extremely unlikely: <5% probability;
exceptionally unlikely: <1%.
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Based on an assessment of the published
scientific literature, the primary conclusions
presented in this report are:

» Recent rapid changes at the edges of the
Greenland and West Antarctic ice sheets
show acceleration of flow and thinning,
with the velocity of some glaciers increas-
ing more than twofold. Glacier accel-
erations causing this imbalance have been
related to enhanced surface meltwater pro-
duction penetrating to the bed to lubricate
glacier motion, and to ice-shelf removal,
ice-front retreat, and glacier ungrounding
that reduce resistance to flow. The present
generation of models does not capture these
processes. It is unclear whether this imbal-
ance is a short-term natural adjustment or
a response to recent climate change, but
processes causing accelerations are enabled
by warming, so these adjustments will very
likely become more frequent in a warmer
climate. The regions likely to experience
future rapid changes in ice volume are
those where ice is grounded well below sea
level such as the West Antarctic Ice Sheet
or large glaciers in Greenland like the Jako-
bshavn Isbre that flow into the sea through
a deep channel reaching far inland. Inclu-
sion of these processes in models will likely
lead to sea-level projections for the end of
the 21st century that substantially exceed
the projections presented in the IPCC AR4
report (0.28+0.10 m to 0.42+0.16 m rise).

* There is no clear evidence to date of
human-induced global climate change on
North American precipitation amounts.
However, since the IPCC AR4 report,
further analysis of climate model scenarios
of future hydroclimatic change over North
America and the global subtropics indi-
cates that subtropical aridity is likely to
intensify and persist due to future green-
house warming. This projected drying
extends poleward into the United States
Southwest, potentially increasing the like-
lihood of severe and persistent drought
there in the future. If the model results are
correct, then this drying may have already
begun, but currently cannot be definitively
identified amidst the considerable natural
variability of hydroclimate in Southwest-
ern North America.

Executive Summary

* The AMOC is the northward flow of
warm, salty water in the upper layers of
the Atlantic, and the southward flow of
colder water in the deep Atlantic. It plays
an important role in the oceanic transport
of heat from low to high latitudes. It is very
likely that the strength of the AMOC will
decrease over the course of the 21st century
in response to increasing greenhouse gases,
with a best estimate decrease of 25-30%.
However, it is very unlikely that the AMOC
will undergo an abrupt transition to a weak-
ened state or collapse during the course of
the 21st century, and it is unlikely that the
AMOC will collapse beyond the end of the
21st century because of global warming,
although the possibility cannot be entirely
excluded.

* A dramatic abrupt release of methane (CH,)
to the atmosphere appears very unlikely,
but it is very likely that climate change will
accelerate the pace of persistent emissions
from both hydrate sources and wetlands.
Current models suggest that a doubling
of northern high latitudes CH, emissions
could be realized fairly easily. However,
since these models do not realistically
represent all the processes thought to be
relevant to future northern high-latitude
CH, emissions, much larger (or smaller) in-
creases cannot be discounted. Acceleration
of release from hydrate reservoirs is likely,
but its magnitude is difficult to estimate.

MAJOR QUESTIONS AND
RELATED FINDINGS

1. Will There Be an Abrupt Change
in Sea Level?

This question is addressed in Chapter 2 of this
report, with emphasis on documenting (1) the
recent rates and trends in the net glacier and ice-
sheet annual gain or loss of ice/snow (known as
mass balance) and their contribution to sea level
rise (SLR) and (2) the processes responsible for
the observed acceleration in ice loss from mar-
ginal regions of existing ice sheets. In response
to this question, Chapter 2 notes:



1.

The record of past changes in ice vol-
ume provides important insight to the
response of large ice sheets to climate
change.

* Paleorecords demonstrate that there is
a strong inverse relation between atmo-
spheric carbon dioxide (CO,) and global
ice volume. Sea level rise associated with
the melting of the ice sheets at the end of
the last Ice Age ~20,000 years ago aver-
aged 1020 millimeters per year (mm a-1)
with large “meltwater fluxes” exceeding
SLR of 50 mm a-! and lasting several cen-
turies, clearly demonstrating the potential
for ice sheets to cause rapid and large sea
level changes.

Sea level rise from glaciers and ice sheets
has accelerated.

* Observations demonstrate that it is
extremely likely that the Greenland Ice
Sheet is losing mass and that this has very
likely been accelerating since the mid-
1990s. Greenland has been thickening at
high elevations because of the increase
in snowfall that is consistent with high-
latitude warming, but this gain is more
than offset by an accelerating mass loss,
with a large component from rapidly
thinning and accelerating outlet glaciers.
The balance between gains and losses
of mass decreased from near-zero in the
early 1990s to net losses of 100 gigatons
per year (Gt a-!) to more than 200 Gt a-!
for the most recent observations in 2006.

» The mass balance for Antarctica is a net
loss of about 80 Gt a-! in the mid-1990s,
increasing to almost 130 Gt a-! in the
mid-2000s. Observations show that while
some higher elevation regions are thick-
ening, substantial ice losses from West
Antarctica and the Antarctic Peninsula
are very likely caused by changing ice
dynamics.

 The best estimate of the current (2007)
mass balance of small glaciers and ice
caps is a loss that is at least three times
greater (380 to 400 Gt a-!) than the net
loss that has been characteristic since the
mid-19th century.
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3. Recent observations of the ice sheets have

shown that changes in ice dynamics can
occur far more rapidly than previously
suspected.

* Recent observations show a high cor-
relation between periods of heavy surface
melting and increase in glacier veloc-
ity. A possible cause is rapid meltwater
drainage to the base of the glacier, where
it enhances basal sliding. An increase in
meltwater production in a warmer climate
will likely have major consequences on
ice-flow rate and mass loss.

* Recent rapid changes in marginal re-
gions of the Greenland and West Antarc-
tic ice sheets show mainly acceleration
and thinning, with some glacier velocities
increasing more than twofold. Many of
these glacier accelerations closely fol-
lowed reduction or loss of their floating
extensions known as ice shelves. Sig-
nificant changes in ice-shelf thickness are
most readily caused by changes in basal
melting induced by oceanic warming. The
interaction of warm waters with the pe-
riphery of the large ice sheets represents
one of the most significant possibilities for
abrupt change in the climate system. The
likely sensitive regions for future rapid
changes in ice volume by this process are
those where ice is grounded well below
sea level, such as the West Antarctic Ice
Sheet or large outlet glaciers in Green-
land like the Jakobshavn Isbre that flow
through a deep channel that extends far
inland.

* Although no ice-sheet model is currently
capable of capturing the glacier speedups
in Antarctica or Greenland that have been
observed over the last decade, including
these processes in models will very likely
show that IPCC AR4 projected sea level
rises for the end of the 21st century are
too low.
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2. Will There Be an Abrupt Change in Land
Hydrology?

This question is addressed in Chapter 3 of this
report. In general, variations in water supply
and in particular protracted droughts are among
the greatest natural hazards facing the United
States and the globe today and in the foreseeable
future. In contrast to floods, which reflect both
previous conditions and current meteorologi-
cal events, and which are consequently more
localized in time and space, droughts occur on
subcontinental to continental scales and can
persist for decades and even centuries.

On interannual to decadal time scales, droughts
can develop faster than human societies can
adapt to the change. Thus, a severe drought last-
ing several years can be regarded as an abrupt
change, although it may not reflect a permanent
change in the state of the climate system.

Empirical studies and climate model experi-
ments conclusively show that droughts over
North America and around the world are sig-
nificantly influenced by the state of tropical
sea-surface temperatures (SSTs), with cool La
Nifa-like SSTs in the eastern equatorial Pacific
being especially responsible for the develop-
ment of droughts over the Southwestern United
States and Northern Mexico. Warm subtropical
North Atlantic SSTs played a role in forcing
the 1930s Dust Bowl and 1950s droughts as
well. Unusually warm Indo-Pacific SSTs have
also been strongly implicated in the develop-
ment of global patterns of drought observed in
recent years.

Historic droughts over North America have
been severe, but not nearly as prolonged as a
series of “megadroughts” reconstructed from
tree rings from about 4.D. 900 up to about
A.D. 1600. These megadroughts are significant
because they occurred in a climate system that
was not being perturbed in a major way by hu-
man activity (i.e., the ongoing anthropogenic
changes in greenhouse gas concentrations,
atmospheric dust loadings, and land-cover
changes). Modeling experiments indicate that
these megadroughts may have occurred in re-
sponse to cold tropical Pacific SSTs and warm
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subtropical North Atlantic SSTs externally
forced by high irradiance and weak volcanic
activity. However, this result is tentative, and
the exceptional duration of the droughts has
not been adequately explained, nor whether
they also involved forcing from SST changes
in other ocean basins.

Even larger and more persistent changes in
hydroclimatic variability worldwide are indi-
cated over the last 10,000 years by a diverse
set of paleoclimatic indicators. The climate
conditions associated with those changes were
quite different from those of the past millen-
nium and today, but they show the additional
range of natural variability and truly abrupt
hydroclimatic change that can be expressed by
the climate system.

With respect to this question, Chapter 3 con-
cludes:

* There is no clear evidence to date of
human-induced global climate change on
North American precipitation amounts.
However, since the [IPCC AR4 report,
further analysis of climate model scenarios
of future hydroclimatic change over North
America and the global subtropics indi-
cates that subtropical aridity is likely to
intensify and persist due to future green-
house warming. This projected drying
extends poleward into the United States
Southwest, potentially increasing the like-
lihood of severe and persistent drought
there in the future. If the model results are
correct, then this drying may have already
begun, but currently cannot be definitively
identified amidst the considerable natural
variability of hydroclimate in Southwest-
ern North America.

* The cause of model-projected subtropical
drying is an overall widespread warming
of the ocean and atmosphere, in contrast
to the causes of historic droughts, and the
likely causes of Medieval megadroughts,
which were related to changes in the pat-
terns of SSTs. However, systematic biases
within current coupled atmosphere-ocean
models raise concerns as to whether they



correctly represent the response of the trop-
ical climate system to radiative forcing and
whether greenhouse forcing will actually
induce El Nifio/Southern Oscillation-like
patterns of tropical SST change that will
create impacts on global hydroclimate in
addition to those caused by overall warming.

3. Do We Expect an Abrupt Change in
the Atlantic Meridional Overturning
Circulation?

This question is addressed in Chapter 4 of this
report. The Atlantic Meridional Overturning
Circulation (AMOC) is an important component
of the Earth’s climate system, characterized by
a northward flow of warm, salty water in the
upper layers of the Atlantic, and a southward
flow of colder water in the deep Atlantic. This
ocean current system transports a substantial
amount of heat from the Tropics and Southern
Hemisphere toward the North Atlantic, where
the heat is transferred to the atmosphere.
Changes in this ocean circulation could have a
profound impact on many aspects of the global
climate system.

There is growing evidence that fluctuations in
Atlantic sea surface temperatures, hypothesized
to be related to fluctuations in the AMOC, have
played a prominent role in significant climate
fluctuations around the globe on a variety of
time scales. Evidence from the instrumental
record shows pronounced, multidecadal swings
in widespread Atlantic temperature that may be
at least partly due to fluctuations in the AMOC.
Evidence from paleorecords suggests that there
have been large, decadal-scale changes in the
AMOC, particularly during glacial times. These
abrupt changes have had a profound impact
on climate, both locally in the Atlantic and in
remote locations around the globe.

At its northern boundary, the AMOC interacts
with the circulation of the Arctic Ocean. The
summer arctic sea ice cover has undergone
dramatic retreat since satellite records began in
1979, amounting to a loss of almost 30% of the
September ice cover in 29 years. The late sum-
mer ice extent in 2007 was particularly startling
and broke the previous record minimum with an
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extent that was three standard deviations below
the linear trend. Conditions over the 2007-2008
winter promoted further loss of multiyear ice
due to anomalous transport through Fram Strait,
raising the possibility that rapid and sustained
ice loss could result. Climate model simulations
suggest that rapid and sustained September
Arctic ice loss is likely in future 21st century
climate projections.

In response to the question of an abrupt change
in the AMOC, Chapter 4 notes:

« It is very likely that the strength of the
AMOC will decrease over the course of
the 21st century in response to increasing
greenhouse gases, with a best estimate
decrease of 25-30%.

+  Even with the projected moderate AMOC
weakening, it is still very likely that on
multidecadal to century time scales a
warming trend will occur over most of the
European region downstream of the North
Atlantic Current in response to increasing
greenhouse gases, as well as over North
America.

» Itis veryunlikely that the AMOC will un-
dergo a collapse or an abrupt transition to
a weakened state during the 21st century.

o Itisalso unlikely that the AMOC will col-
lapse beyond the end of the 21st century
because of global warming, although the
possibility cannot be entirely excluded.

* Although it is very unlikely that the
AMOC will collapse in the 21st century,
the potential consequences of this event
could be severe. These might include a
southward shift of the tropical rainfall
belts, additional sea level rise around the
North Atlantic, and disruptions to marine
ecosystems.
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4. What Is the Potential for Abrupt Changes
in Atmospheric Methane?

This question is addressed in Chapter 5 of
this report. The main concerns about abrupt
changes in atmospheric methane stem from
(1) the large quantity of methane believed to
be stored in clathrate hydrates in the sea floor
and to a lesser extent in permafrost soils and
(2) climate-driven changes in emissions from
northern high-latitude and tropical wetlands.
The size of the hydrate reservoir is uncertain,
perhaps by up to a factor of 10. Because the
size of the reservoir is directly related to the
perceived risks, it is difficult to make certain
judgment about those risks.

Observations show that there have not yet been
significant increases in methane emissions from
northern high-latitude hydrates and wetlands
resulting from increasing Arctic temperatures.
Although there are a number of suggestions in
the literature about the possibility of a dramatic
abrupt release of methane to the atmosphere,
modeling and isotopic fingerprinting of ice-
core methane do not support such a release to
the atmosphere over the last 100,000 years or in
the near future. Previous suggestions of a large
release of methane at the Paleocene-Eocene
boundary (about 55 million years ago) face a
number of objections, but may still be viable.

In response to the question of an abrupt increase
in atmospheric methane, Chapter 5 notes:

*  While the risk of catastrophic release of
methane to the atmosphere in the next
century appears very unlikely, it is very
likely that climate change will accelerate
the pace of persistent emissions from both
hydrate sources and wetlands. Current
models suggest that wetland emissions
could double in the next century. How-
ever, since these models do not realisti-
cally represent all the processes thought
to be relevant to future northern high-
latitude CH, emissions, much larger (or
smaller) increases cannot be discounted.
Acceleration of persistent release from
hydrate reservoirs is likely, but its mag-
nitude is difficult to estimate.
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RECOMMENDATIONS

How can the understanding of the potential for
abrupt changes be improved?

We answer this question with nine primary rec-
ommendations that are required to substantially
improve our understanding of the likelihood
of an abrupt change occurring in the future.
An overarching recommendation is the urgent
need for committed and sustained monitoring
of those components of the climate system
identified in this report that are particularly
vulnerable to abrupt climate change. The nine
primary recommendations are:

1. Efforts should be made to (i) reduce un-
certainties in estimates of mass balance
and (ii) derive better measurements of gla-
cier and ice-sheet topography and velocity
through improved observation of glaciers
and ice sheets. This includes continuing
mass-balance measurements on small gla-
ciers and completing the World Glacier
Inventory. This further includes observing
flow rates of glaciers and ice sheets from
satellites, and sustaining aircraft observa-
tions of surface elevation and ice thickness
to ensure that such information is acquired
at the high spatial resolution that cannot be
obtained from satellites.

2. Address shortcomings in ice-sheet models
currently lacking proper representation of
the physics of the processes likely to be
most important in potentially causing an
abrupt loss of ice and resulting sea level
rise. This will significantly improve the
prediction of future sea level rise.

3. Research is needed to improve existing ca-
pabilities to forecast short- and long-term
drought conditions and to make this infor-
mation more useful and timely for decision
making to reduce drought impacts. In the
future, drought forecasts should be based
on an objective multimodel ensemble pre-
diction system to enhance their reliability
and the types of information should be ex-
panded to include soil moisture, runoff, and
hydrological variables.



4. Improved understanding of the dynamic

causes of long-term changes in oceanic
conditions, the atmospheric responses to
these ocean conditions, and the role of soil
moisture feedbacks are needed to advance
drought prediction capabilitics. Ensemble
drought prediction is needed to maximize
forecast skill, and “downscaling” is needed
to bring coarse-resolution drought forecasts
from General Circulation Models down to
the resolution of a watershed.

. Efforts should be made to improve the
theoretical understanding of the processes
controlling the AMOC, including its inhe-
rent variability and stability, especially with
respect to climate change. This will likely
be accomplished through synthesis studies
combining models and observational re-
sults.

. Improve long-term monitoring of the
AMOC. Parallel efforts should be made to
more confidently predict the future beha-
vior of the AMOC and the risk of an abrupt
change. Such a prediction system should
include advanced computer models, sys-
tems to start model predictions from the
observed climate state, and projections of
future changes in greenhouse gases and
other agents that affect the Earth’s energy
balance.
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7. Prioritize the monitoring of atmospheric

methane abundance and its isotopic com-
position with spatial density sufficient to
allow detection of any change in net emis-
sions from northern and tropical wetland
regions. The feasibility of monitoring me-
thane in the ocean water column or in the
atmosphere to detect emissions from the
hydrate reservoir should be investigated.
Efforts are needed to reduce uncertainties
in the size of the global methane hydrate
reservoir in marine and terrestrial environ-
ments and to identify the size and location
of hydrate reservoirs that are most vulnera-
ble to climate change.

. Additional modeling efforts should be fo-

cused on (i) processes involved in releasing
methane from the hydrate reservoir and
(i) the current and future climate-driven
acceleration of release of methane from
wetlands and terrestrial hydrate deposits.

. Improve understanding of past abrupt chan-

ges through the collection and analysis of
those proxy records that most effectively
document past abrupt changes in sea level,
ice-sheet and glacier extent, distribution
of drought, the AMOC, and methane, and
their impacts.







I. BACKGROUND

Ongoing and projected growth in global popula-
tion and its attendant demand for carbon-based
energy is placing human societies and natural
ecosystems at ever-increasing risk to climate
change (IPCC, 2007). In order to mitigate this
risk, the United Nations Framework Conven-
tion on Climate Change (UNFCCC) would
stabilize greenhouse gas (GHG) concentrations
in the atmosphere at a level that would prevent
“dangerous anthropogenic interference” with
the climate system (UNFCCC, 1992, Article 2).
Successful implementation of this objective
requires that such a level be achieved “within
a time frame sufficient to allow ecosystems to
adapt naturally to climate change, to ensure that
food production is not threatened and to enable
economic development to proceed in a sustain-
able manner” (UNFCCC, 1992, Article 2).

Among the various aspects of the climate
change problem, the rate of climate change
is clearly important in determining whether
proposed implementation measures to stabilize
GHG concentrations are adequate to allow
sufficient time for mitigation and adaptation.
In particular, the notion of adaptation and
vulnerability takes on a new meaning when
considering the possibility that the response of
the climate system to radiative forcing' from
increased GHG concentrations may be abrupt.
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Because the societal, economic, and ecological
impacts of such an abrupt climate change would
be far greater than for the case of a gradual
change, assessing the likelihood of an abrupt,
or nonlinear, climate response becomes critical
to evaluating what constitutes dangerous human
interference (Alley et al., 2003).

Studies of past climate demonstrate that
abrupt changes have occurred frequently in
Earth history, even in the absence of radiative
forcing. Although geologic records of abrupt
change have been available for decades, the
decisive evidence that triggered widespread
scientific and public interest in this behavior
of the climate system came in the early 1990s

'The term “forcing” is used throughout this report
to indicate any mechanism that causes the climate
system to change, or respond. Examples of forcings
discussed in this report include freshwater forcing
of ocean circulation, and changes in sea-surface
temperatures and radiative forcing as a forcing of
drought. As defined by the IPCC Third Assessment
Report (Church et al., 2001), radiative forcing refers
to a change in the net radiation at the top of the tro-
posphere caused by a change in the solar radiation,
the infrared radiation, or other changes that affect
the radiation energy absorbed by the surface (e.g.,
changes in surface reflection properties), resulting in a
radiation imbalance. A positive radiative forcing tends
to warm the surface on average, whereas a negative
radiative forcing tends to cool it. Changes in GHG
concentrations represent a radiative forcing through
their absorption and emission of infrared radiation.
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Abrupt climate
change is a
fundamental
characteristic of the
climate system.

with the publication of climate records from
long ice cores from the Greenland Ice Sheet
(Fig. 1.1). Subsequent development of marine
and terrestrial records (Fig. 1.1) that also resolve
changes on these short time scales has yielded
a wide variety of climate signals from highly
resolved and well-dated records from which the
following generalizations can be drawn:

* abrupt climate change is a fundamental
characteristic of the climate system;

» some past changes were subcontinental to
global in extent;

 the largest of these changes occurred dur-
ing times of greater-than-present global ice
volume;

« all components of the Earth’s climate system
(ocean, atmosphere, cyrosphere, biosphere)
were involved in the largest changes, indicat-
ing a closely coupled system response with
important feedbacks; and

* many past changes can be linked to forcings
associated with changes in sea-surface
temperatures or increased freshwater fluxes
from former ice sheets.

These developments have led to an intensive
effort by climate scientists to understand the
possible mechanisms of abrupt climate change.
This effort is motivated by the fact that if such
large changes were to recur, they would have
a potentially devastating impact on human
society and natural ecosystems because of the
inability of either to adapt on such short time
scales. While past abrupt changes occurred in
response to natural forcings, or were unforced,
the prospect that human influences on the cli-
mate system may trigger similar abrupt changes
in the near future (Broecker, 1997) adds further
urgency to the topic.

Significant progress has been made since the
report on abrupt climate change by the National
Research Council (NRC) in 2002 (NRC, 2002),
and this report provides considerably greater
detail and insight on many of these issues than
was provided in the 2007 Intergovernmental
Panel on Climate Change (IPCC) Fourth
Assessment Report (AR4) (IPCC, 2007).
New paleoclimate reconstructions have been
developed that provide greater understanding of
patterns and mechanisms of past abrupt climate
change in the ocean and on land, and new
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observations are further revealing unanticipated
rapid dynamical changes of modern glaciers, ice
sheets, and ice shelves as well as processes that
are contributing to these changes. Finally, im-
provements in modeling of the climate system
have further reduced uncertainties in assessing
the likelihood of an abrupt change. The present
report reviews this progress.

2. DEFINITION OF ABRUPT
CLIMATE CHANGE

What is meant by abrupt climate change? Sev-
eral definitions exist, with subtle but important
differences. Clark et al. (2002) defined abrupt
climate change as “a persistent transition of
climate (over subcontinental scale) that occurs
on the timescale of decades.” The NRC report
“Abrupt Climate Change” (NRC, 2002) offered
two definitions of abrupt climate change. A
mechanistic definition defines abrupt climate
change as occurring when “the climate system
is forced to cross some threshold, triggering a
transition to a new state at a rate determined
by the climate system itself and faster than
the cause.” This definition implies that abrupt
climate changes involve a threshold or nonlinear
feedback within the climate system from one
steady state to another, but is not restrictive
to the short time scale (1-100 years) that has
clear societal and ecological implications.
Accordingly, the NRC report also provided
an impacts-based definition of abrupt climate
change as “one that takes place so rapidly and
unexpectedly that human or natural systems
have difficulty adapting to it.” Finally, Over-
peck and Cole (2006) defined abrupt climate
change as “a transition in the climate system
whose duration is fast relative to the duration
of the preceding or subsequent state.” Similar
to the NRC’s mechanistic definition, this
definition transcends many possible time scales,
and thus includes many different behaviors of
the climate system that would have little or
no detrimental impact on human (economic,
social) systems and ecosystems.

For this report, we have modified and combined
these definitions into one that emphasizes
both the short time scale and the impact on
ecosystems. In what follows we define abrupt
climate change as:



Figure I.lI. Records of climate change
from the time period 35,000 to 65,000
years ago, illustrating how many aspects
of the Earth’s climate system have changed
abruptly in the past. In all panels, the
upward-directed gray arrows indicate the
direction of increase in the climate vari-
able recorded in these geologic archives
(i.e., increase in temperature, increase in
monsoon strength, etc.). The upper panel
shows changes in the oxygen-isotopic
composition of ice (5'20O) from the GISP2
Greenland ice core (Grootes et al., 1993).
Isotopic variations record changes in tem-
perature of the high northern latitudes,
with intervals of cold climate (more nega-
tive values) abruptly switching to intervals
of warm climate (more positive values),
representing temperature increases of
8 °C to |5 °C typically occurring within
decades (Huber et al.,, 2006). The next
panel down shows a record of strength of
the Indian monsoon, with increasing values
of total organic carbon (TOC) indicating
an increase in monsoon strength (Schulz
et al, 1998). This record indicates that
changes in monsoon strength occurred
at the same time as, and at similar rates
as, changes in high northern-latitude tem-
peratures. The next panel down shows a
record of the biological productivity of the
surface waters in the southwest Pacific
Ocean east of New Zealand, as recorded
by the concentration of alkenones in
marine sediments (Sachs and Anderson,
2005). This record indicates that large in-
creases in biological productivity of these
surface waters occurred at the same time
as cold temperatures in high-northern
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latitudes and weakened Indian monsoon strength. The next panel down is a record of changes in the
concentration of atmospheric methane (CH,) from the GISP2 ice core (Brook et al., 1996). As discussed
in Chapter 5 of this report, methane is a powerful greenhouse gas, but the variations recorded were not
large enough to have a significant effect on radiative forcing. However, these variations are important in
that they are thought to reflect changes in the tropical water balance that controls the distribution of
methane-producing wetlands. Times of high-atmospheric methane concentrations would thus correspond
to a greater distribution of wetlands, which generally correspond to warm high northern latitudes and
a stronger Indian monsoon. The bottom panel is an oxygen-isotopic (5'®0O) record of air temperature
changes over the Antarctic continent (Blunier and Brook, 2001). In this case, warm temperatures over
Antarctica correspond to cold high northern latitudes, weakened Indian monsoon and drier tropics, and
great biological productivity of the southwestern Pacific Ocean.
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A large-scale change in the climate
system that takes place over a few
decades or less, persists (or is antici-
pated to persist) for at least a few
decades, and causes substantial
disruptions in human and natural
systems.

3. ORGANIZATION OF REPORT

Synthesis and Assessment Product 3.4 consid-
ers four types of change documented in the
paleoclimate record that stand out as being
so rapid and large in their impact that they
pose clear risks to the ability of society and
ecosystems to adapt. These changes are (i) rapid
decrease in ice sheet mass with resulting global
sea level rise; (ii) widespread and sustained
changes to the hydrologic cycle that induces
drought; (iii) changes in the Atlantic Me-
ridional Overturning Circulation (AMOC); and
(iv) rapid release to the atmosphere of the potent
greenhouse gas methane, which is trapped in
permafrost and on continental slopes. Based on
the published scientific literature, each chapter
examines one of these types of change (sea
level, drought, AMOC, and methane), providing
a detailed assessment of the likelihood of future
abrupt change as derived from reconstructions
of past changes, observations and modeling of
the present physical systems that are subject
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to abrupt change, and where possible, climate
model simula