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Preface

The drive to better understand how Earth’s climate has responded to
natural and anthropogenic forcing over the geologically recent past has
resulted in a plethora of observational and modeling paleoclimate studies
seeking to understand climate dynamics associated with glacial and inter-
glacial cyclicity. From these near-time paleoclimate studies the scientific
community has developed a refined understanding of the complex—and
often nonlinear—dynamics of the Earth’s climate system and has delin-
eated an array of environmental and ecological impacts that have accom-
panied climate change over the past few thousands to hundreds of thou-
sands of years. The knowledge gleaned from this near-time archive has
been of great importance for predicting Earth’s immediate future climate.
There is, however, a growing appreciation by the scientific community that
the changes observed over the past few decades may lead to a degree of
warming and associated climate, resource, and ecological changes well
beyond those of the “icehouse” climate state in which humans evolved
and currently live. Critical insights to understanding such changes are
contained in the deep-time geological record that captures the response of
the climate system to the full spectrum of internal and external forcings,
and their feedbacks, experienced over Earth history.

There is little dispute within the scientific community that humans are
changing Earth’s climate on a decadal to century timescale. This change,
however, is happening within the context of geological time and geological
magnitude, and thus must be evaluated and understood at a comparable
scale. The fossil fuel CO, released to the atmosphere by humans will
impact the climate system for tens to hundreds of thousands of years,

vil
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i PREFACE

because of the timescales over which the natural feedbacks in the climate
system sweep CO, from the atmosphere. Consequently, the changes to the
hydrosphere, cryosphere, chemosphere, and biosphere that are occurring
now and projected within this century could pale in comparison to those
that are possible over the next few centuries. Furthermore, it is studies of
deep-time climates that have revealed the nature of the complex network
of short- and long-term processes and feedbacks that govern the global cli-
mate system. Perhaps more importantly, these studies have also revealed
the potential for positive feedbacks that typically operate on century to
millennial timescales but may become operative on much shorter, human
timescales with continued warming. There are important lessons to be
learned from the repeated inability of existing climate models to recre-
ate the large changes in global temperature distributions and climates
that can be deciphered from deep-time records of past climates that were
much different than Earth’s current glacial state. Despite its potential, the
deep-time geological record is undertapped scientifically, particularly
because it hosts the only records of major, and at times rapid, transitions
across climate states as well as records of past warming far greater than
witnessed by Earth over the past few tens of millions of years but within
the scope of that projected for our future.

This report is the committee’s collective assessment of both the dem-
onstrated and the underdeveloped potential of the deep-time geological
record to inform us about the dynamics of the global climate system in
response to the spectrum of forcings and conditions under which it has
operated. A large part of our effort was directed toward describing past
climate changes and their impacts on regional climates, water resources,
marine and terrestrial ecosystems, and the cycling of life-sustaining ele-
ments, emphasizing the lessons that have been learned uniquely from
deep-time worlds. While revealing gaps in scientific knowledge of past
climate states, we highlight a range of high-priority scientific issues with
potential for major advances in the scientific understanding of climate
processes. Understanding how the complex network of processes and
feedbacks that make up the global climate system operates at various
timescales—and over the full range of climate variability experienced
through Earth’s history—is a high priority for improving projections of
future climatic conditions and the impacts on the surface systems that
can be anticipated with such change. To that end, we propose a research
agenda—and an implementation strategy to address this agenda—that
builds on the evolving cross- and interdisciplinary nature of deep-time
paleoclimate science.

As the question is increasingly raised as to whether Earth could
return—on a human timescale—to a greenhouse climate analogous to that
of more than 35 million years ago, it is essential that science thoroughly
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understands the mechanisms, triggers, and thresholds of climate change
in past warmer worlds and the associated magnitudes, rates, and impacts
of such change. We hope that the readers of this report share our collective
enthusiasm for the richness and societal relevance of the geological record
and for the exciting opportunities for enhanced knowledge provided by
deep-time paleoclimatology.

The committee would like to thank the National Science Foundation,
the U.S. Geological Survey, and Chevron Corporation for enabling this
report through their financial support and participation in the study pro-
cess. As chair, I would also like to acknowledge the committee members
for the insights they brought to the table and their efforts in translating
a plentitude of knowledge into lucid statements and informative fig-
ures. The process was not always linear and involved crossing multiple
thresholds; but analogous to climate change, we anticipate that the out-
come of the process, this report, will “impact” scientific understanding of
the potential of Earth’s global climate system for change. Study Director
David Feary deserves a special acknowledgment for his tireless effort and
patience, aptitude for skillful persuasion, and wonderful wit—it was a
privilege to work with him. The committee is also grateful for the support
of National Research Council staff members Nicholas Rogers, Courtney
Gibbs, and Eric Edkin.

Isabel Patricia Montafiez, Chair
Committee on the Importance of Deep-Time Geologic
Records for Understanding Climate Change Impacts
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Executive Summary

By the end of this century, without a reduction in emissions, atmo-
spheric CO, is projected to increase to levels that Earth has not experi-
enced for more than 30 million years. Critical insights to understanding
how Earth’s systems would function in this high-CO, environment are
contained in the records of warm periods and major climate transitions
from Earth’s geological past.

Throughout its long geological history, Earth has had two fundamen-
tally different climate states—a cool “icehouse” state characterized by
the waxing and waning of continental-based ice sheets at high latitudes,
and a “greenhouse” state characterized by much warmer temperatures
globally and only small—or no—ice sheets. Although Earth has been in
an icehouse state throughout the time that humans evolved and for the
previous 30 million years, Earth has been in the warmer greenhouse state
for most of the past 600 million years of geological time.

As greenhouse gas emissions propel Earth toward a warmer climate
state, an improved understanding of climate dynamics in warm envi-
ronments is needed to inform public policy decisions. Research on the
climates of Earth’s deep past can address several questions that have
direct implications for human civilization: How high will atmospheric
CO, levels rise, and how long will these high levels persist? Have sci-
entists underestimated the sensitivity of Earth’s surface temperatures to
dramatically increased CO, levels? How quickly do ice sheets decay and
vanish, and how will sea level respond? How will global warming affect
rainfall and snow patterns, and what will be the regional consequences
for flooding and drought? What effect will these changes, possibly involv-

1
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2 UNDERSTANDING EARTH'S DEEP PAST

ing increasingly acidic oceans and rapidly modified continental climates,
have on regional and global ecosystems? Because of the long-lasting
effects of this anthropogenic perturbation on the climate system, has per-
manent change—from a human point of view—become inevitable? How
many thousands of years will it take for natural processes to reverse the
projected changes?

The importance of these questions to science and to society prompted
the National Science Foundation, the U.S. Geological Survey, and Chevron
Corporation to commission the National Research Council to describe the
existing understanding of Earth’s past climates, and to identify focused
research initiatives to better understand the insights that the deep-time
record offers into the response of Earth systems to projected future climate
change. Throughout this report, “deep time” refers to that part of Earth’s
history that must be reconstructed from rock, and is older than historical
or ice core records. Although the past 2 million years of the Pleistocene
are included in “deep time,” most of the focus of the research described
or called for in this report is on the long record of Earth’s history prior to
the Pleistocene.

Although deep-time greenhouse climates are not exact analogues for
the climate of the future, past warm climates—and particularly abrupt
global warming events—provide important insights into how physical,
biogeochemical, and biological processes operate under warm condi-
tions. These insights particularly include the role of greenhouse gases
in causing—or “forcing”—global warming; the impact of warming on
ice sheet stability, sea level, and on oceanic and hydrological processes;
and the consequences of global warming for ecosystems and the global
biosphere. As Earth continues to warm, it may be approaching a critical
climate threshold beyond which rapid and potentially permanent—at
least on a human timescale—changes may occur, prompting major societal
questions: How soon could abrupt and dramatic climate change occur, and
how long could such change persist?

HIGH-PRIORITY DEEP-TIME CLIMATE RESEARCH AGENDA

The following six elements of a deep-time scientific research agenda
have the potential to address enduring scientific issues and produce excit-
ing and critically important results over the next decade:

e To understand how sensitive climates are to increased atmo-
spheric CO,.

e To understand how heat is transported around the globe and the
controls on pole-to-equator thermal gradients.
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e To understand sea level and ice sheet stability in a warm world.

e To understand how water cycles will operate in a warm world.

e To understand abrupt transitions across tipping points into a
warmer world.

¢ To understand ecosystem thresholds and resilience in a warming
world.

STRATEGIES AND TOOLS TO IMPLEMENT
THE RESEARCH AGENDA

Implementing the deep-time paleoclimate research agenda described
above will require four key infrastructure and analytical elements:

e Development of additional and improved estimates of precipita-
tion, seasonality, aridity, and soil productivity in the geological past.

e Continental and ocean drilling transects to collect high-resolution
records of past climate events and transitions, to determine climate
parameters before and after these events, and to model the dynamic pro-
cesses causing these transitions.

e Paleoclimate modeling focusing on past warm worlds and extreme
and/or abrupt climate events, at high resolution to capture regional paleo-
climate variability. Model outputs will be compared with climate records
from drilling transects and fine-tuned.

e Atransition from single-researcher or small-group research efforts
to a much broader-based interdisciplinary collaboration of observation-
based scientists with climate modelers for team-based studies of important
paleoclimate events.

ENCOURAGING A BROADER COMMUNITY UNDERSTANDING
OF CLIMATES IN DEEP TIME

The public—and indeed many scientists—have minimal apprecia-
tion of the value of understanding deep-time climate history and appear
largely unaware of the relevance of far distant past times for Earth’s
future. The paleoclimate record contains surprising facts—there have
been times when the poles were forested rather than being icebound;
there were times when the polar seas were warm; there were times when
tropical forests grew at midlatitudes; more of Earth history has been
greenhouse than icehouse. Such straightforward concepts provide an
opportunity to help disparate audiences understand that the Earth has
archived its climate history and that this archive, while not fully under-
stood, is perhaps science’s best tool to understand Earth’s climate future.
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4 UNDERSTANDING EARTH'S DEEP PAST

The possibility that our world is moving toward a “green-
house” future continues to increase as anthropogenic carbon
builds up in the atmosphere, providing a powerful motivation
for understanding the dynamics of Earth’s past “greenhouse”
climates that are recorded in the deep-time geological record.
An integrated research program—a deep-time climate research
agenda—to provide a considerably improved understanding of
the processes and characteristics over the full range of Earth’s
potential climate states offers great promise for informing indi-
viduals, communities, and public policy.
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Summary

By the end of this century, without a reduction in emissions,
atmospheric CO, is projected to increase to levels that Earth has
not experienced for more than 30 million years. Critical insights
to understanding how Earth’s systems would function in this
high-CO, environment are contained in the records of warm
periods and major climate transitions from Earth’s geological
past.

Earth is currently in a cool “icehouse” state, a climate state character-
ized by continental-based ice sheets at high latitudes. When considering
the immense expanse of geological time, an icehouse Earth has not been
the norm; for most of its geological history Earth has been in a warmer
“greenhouse” state. As increasing levels of atmospheric CO, drive Earth
toward a warmer climate state, an improved understanding of how
climate dynamics could change is needed to inform public policy deci-
sions. Research on the climates of Earth’s deep past can address several
questions that have direct implications for human civilization: How high
will atmospheric CO, levels rise, and how long will these high levels
persist? Have scientists underestimated the sensitivity of Earth surface
temperatures to dramatically increased CO, levels? How quickly do ice
sheets decay and vanish, and how will sea level respond? How will global
warming affect rainfall and snow patterns, and what will be the regional
consequences for flooding and drought? What effect will these changes,
possibly involving increasingly acidic oceans and rapidly modified con-
tinental climates, have on regional and global ecosystems? Because of

5
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6 UNDERSTANDING EARTH'S DEEP PAST

the long-lasting effects of this anthropogenic perturbation on the climate
system, has permanent change—from a human point of view—become
inevitable? How many thousands of years will it take for natural processes
to reverse the projected changes?

The importance of these questions to science and to society prompted
the National Science Foundation, the U.S. Geological Survey, and Chevron
Corporation to commission the National Research Council (NRC) to report
on the present state of scientific understanding of Earth’s geological record
of past climates, and to identify focused research initiatives to better under-
stand the insights offered by Earth’s deep-time record into the response of
Earth systems to potential future climate change. Throughout this report,
the “deep time” geological record refers to that part of Earth’s history that
is older than historical or ice core records, and therefore must be recon-
structed from rocks. Although the past 2 million years of the Pleistocene are
included in “deep time,” most of the research described or called for in this
report focuses on the long record of Earth’s history prior to the Pleistocene.

The study of climate history and processes during the current glacial
(icehouse) state shows the sensitivity of Earth’s climate system to various
external and internal factors and the response of key components of the
Earth system to such change. The resolution and high precision of these
datasets capture environmental change on human timescales, thereby
providing a critical baseline against which future climate change can be
assessed. However, this more recent paleoclimate record captures only
part of the known range of climate phenomena; the waxing and waning
of ice sheets in a bipolar glaciated world under atmospheric CO, levels at
least 25 percent lower than current levels.

In contrast to this reasonably well documented record of recent cli-
mate dynamics and at least partial understanding of the short-term feed-
backs that have operated in icehouse states of the recent past, the climate
dynamics of past periods of global warming and major climate transitions
are considerably less well understood. Paleoclimate records offer poten-
tial for a much improved understanding of the long-term equilibrium
sensitivity of climate to increasing atmospheric CO, and of the impact of
global warming on atmospheric and ocean circulation, ice sheet stability
and sea level response, ocean acidification, regional hydroclimates, and
the health of marine and terrestrial ecosystems. Deep-time paleoclimate
records uniquely offer the temporal continuity required to understand
how both short-term (decades to centuries) and long-term (millennia
to tens of millennia) climate system feedbacks have played out over the
longer periods of time in Earth’s history. This understanding will provide
valuable insights on how Earth’s climate would respond to, and recover
from, the levels of greenhouse gas forcing that are projected to occur if no
efforts are made to reduce emissions.
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Although deep-time greenhouse climates are not exact analogues for
the climate of the future, past warm climates—and in particular abrupt
global warming events—could provide important insights into how physi-
cal, biogeochemical, and biological processes operate under warm condi-
tions. These insights particularly include the role of greenhouse gases in
causing—or “forcing”—global warming; the impact of warming on ice
sheet stability, on sea level, and on oceanic and hydrological processes;
and the consequences of global warming for ecosystems and the global
biosphere.

As Earth continues to warm, it may be approaching a critical climate
threshold beyond which rapid and potentially permanent—at least on a
human timescale—changes not anticipated by climate models tuned to
modern conditions may occur. Components of the climate system that are
particularly vulnerable to being forced across such thresholds by increas-
ing atmospheric CO, include the following: the loss of Arctic summer sea
ice, the stability of the Greenland and West Antarctic Ice Sheets, the vigor
of Atlantic thermohaline circulation, the extent of Amazon and boreal
forests, and the variability of El Nifio-Southern Oscillation. The deep-time
geological archive of climate change concerning such thresholds could
provide insight to several major societal questions—How soon could
abrupt and dramatic climate change occur, and how long could such
change persist?

The deep-time geological record provides several examples of such
climate transitions, perhaps the most dramatic of which—with potential
parallels to the near future—was the Paleocene-Eocene Thermal Maximum.
This abrupt greenhouse gas-induced global warming began ~55 million
years ago with the large and rapid releases of “fossil” carbon and major
disruption of the carbon cycle. Global warming was accompanied by
extreme changes in hydroclimate and accelerated weathering, deep-ocean
acidification, and possible widespread oceanic anoxia. Whereas regional
climates in the mid- to high latitudes became wetter and were character-
ized by increased extreme precipitation events, other regions, such as the
western interior of North America, became more arid. With this intense
climate change came ecological disruption, with the appearance of modern
mammals (including primates), large-scale floral and faunal ecosystem
migration, and widespread extinctions in the deep ocean.

A key requirement for an improved understanding of deep-time cli-
mate dynamics is the integration of high-resolution observational records
across critical intervals of paleoclimate transition with more sophisticated
modeling. Projections of climate for the next century are based on general
climate models (GCMs) that have been developed and tuned using records
of the “recent” past. In part, this reflects the high levels of radiometric cali-
bration and temporal resolution (subannual to submillennial) offered by
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near-time paleoclimate archives. A critical prerequisite for accurate projec-
tions of future regional and global climate changes based on GCMs, how-
ever, is that these models use parameters that are relevant to the potential
future climate states we seek to better understand. In this context, the
recent climate archive captures only a small part of the known range of
climate phenomena because it has been derived from a time dominated by
low and relatively stable atmospheric CO, and bipolar glaciations. Model-
ing efforts will have to be expanded to capture the full range of variability
and climate-forcing feedbacks of the global climate system, in particular
for the past “extreme climate events” and warmer Earth intervals that may
serve as analogues for future climate. An additional requirement is the
need to improve the more comprehensive Earth system models to better
capture regional climate variability, particularly with different boundary
conditions (e.g., paleogeography, paleotopography, atmospheric pCO,
[partial pressure of carbon dioxide], solar luminosity).

HIGH-PRIORITY DEEP-TIME CLIMATE RESEARCH AGENDA

The committee, with substantial contributions from a broad cross
section of the scientific community, has identified the following six ele-
ments of a deep-time scientific research agenda as having the highest
priority to address enduring scientific issues and produce exciting and
critically important results over the next decade:

Improved Understanding of Climate Sensitivity and
CO,-Climate Coupling

Determining the sensitivity of the Earth’s mean surface temperature to
increased greenhouse gas levels in the atmosphere is a key requirement for
estimating the likely magnitude and effects of future climate change. The
paleoclimate record, which captures the climate response to a full range
of radiative forcing, can uniquely contribute to a better understanding
of how climate feedbacks and the amplification of climate change have
varied with changes in atmospheric CO, and other greenhouse gases.
A critical scientific focus is the determination of long-term equilibrium
climate sensitivity on multiple timescales, in particular during periods of
greenhouse gas forcing comparable to that anticipated within and beyond
this century. Using the deep-time geological archive to address these ques-
tions will require focused efforts to improve the accuracy and precision
of existing proxies, together with efforts to develop new proxies for past
atmospheric pCO,, surface air and ocean temperatures, non-greenhouse
gases, and atmospheric aerosol contents. With these improved data, a
hierarchy of models can be used to test how well processes other than
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CO, forcing (e.g., non-CO, greenhouse gases; solar and aerosol forcing)
can explain anomalously warm and cold periods and to critically evaluate
the degree to which feedbacks and climate responses are characteristic of
greenhouse gas forcing.

Climate Dynamics of Hot Tropics and Warm Poles

Although paleoclimate reconstructions indicate that the tropics have
been much warmer in the past and that anomalous polar warmth char-
acterized some warm paleoworlds, the current understanding of how
tropical and higher-latitude temperatures respond to increased CO, forcing
remains limited. This reflects the mismatch between modern observational
data, which have been used to define the hypothesis of thermostatic regula-
tion of tropical surface temperatures, and climate model simulations run
with large radiative forcings that argue against tropical climate stability.
The current consensus is that tropical ocean temperatures seem not to
have been regulated by such a tropical thermostat. Notably, the deep-time
record indicates that the mechanisms and feedbacks in the modern ice-
house climate system, which have controlled tropical temperatures and a
high pole-to-equator thermal gradient, may not straightforwardly apply in
warmer worlds, suggesting that additional feedbacks probably operated
under warmer mean temperatures. An improved understanding of these
processes, which may drive further changes in surface temperatures in a
future warmer world, is important in light of the substantial effects that
higher temperatures would have on tropical ecosystems and ultimately on
regional extratropical climates through teleconnections.

Sea Level and Ice Sheet Stability in a Warm World

Large uncertainties in the theoretical understanding of ice sheet
dynamics currently hamper the ability to predict future ice sheet and sea
level response to continued climate forcing. For example, paleoclimate
studies of intervals within the current icehouse climate state document
variations in the extent of ice sheet coverage that cannot be reproduced
by state-of-the-art coupled climate-ice sheet models. These studies further
indicate that equilibrium sea level in response to current warming may be
substantially higher than model projections. Efforts to address these issues
will have to focus on past periods of ice sheet collapse that accompanied
transitions from icehouse to greenhouse conditions, in order to provide
context and understanding of the “worst-case” forecasts for the future.
Such studies will also refine scientific understanding of long-term equilib-
rium sea level change in a warmer world, the nature of ice age termination,
and the timescales at which such feedbacks and responses could operate
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in the future. An integral component of such studies should be a focus on
improving the ability to separate the temperature and seawater signals
recorded in biogenic marine proxies, including refinement of existing
paleotemperature proxies and the development of new geochemical and
biomarker proxies.

Understanding the Hydrology of a Hot World

Studies of past climates and climate models strongly suggest that
the greatest impact of continued CO, forcing would be regional climate
changes, with consequent modifications of the quantity and quality of
water resources—particularly in drought-prone regions—and impacts
on ecosystem dynamics. A fundamental component of research to under-
stand hydrology under warmer conditions is the requirement—because
of its potential for large feedbacks to the climate system—for an improved
understanding of the global hydrological cycle over a full spectrum of CO,
levels and climate conditions. The deep-time record uniquely archives the
processes and feedbacks that influence the hydrological cycle in a warmer
world, including the effect of high-latitude unipolar glaciation or ice-free
conditions on regional precipitation patterns in lower latitudes. Under-
standing these mechanisms and feedback processes requires the collection
of linked marine-terrestrial records that are spatially resolved and of high
temporal resolution, precision, and accuracy.

Understanding Tipping Points and
Abrupt Transitions to a Warmer World

Studies of past climates show that Earth’s climate system does not
respond linearly to gradual CO, forcing, but rather responds by abrupt
change as it is driven across climatic thresholds. Modern climate is
changing rapidly, and there is a possibility that Earth will soon pass
thresholds that will lead to even larger and/or more rapid changes in
its environments. Climate system behavior whereby a small change in
forcing leads to a large change in the system represents a “tipping phe-
nomenon” and the threshold at which an abrupt change occurs is the
“tipping point.” The question of how close Earth is to a tipping point,
when it could transition into a new climate state, is of critical impor-
tance. Because of their proven potential for capturing the dynamics of
past abrupt changes, intervals of abrupt climate transitions in the geo-
logical record—including past hyperthermals—should be the focus of
future collaborative paleoclimate, paleoecologic, and modeling studies.
Such studies should lead to an improved understanding of how various
components of the climate system responded to abrupt transitions in
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the past, in particular during times when the rates of change were suf-
ficiently fast to imperil diversity. This research also will help determine
whether there exist thresholds and feedbacks in the climate system of
which we are unaware—especially in warm worlds and past icehouse-
to-greenhouse transitions. Moreover, targeting such intervals for more
detailed investigation is a critical requirement for constraining how long
any abrupt climate change might persist.

Understanding Ecosystem Thresholds and
Resilience in a Warming World

Both ecosystems and human society are highly sensitive to abrupt
shifts in climate because such shifts may exceed the tolerance of organ-
isms and, consequently, have major effects on biotic diversity, human
investments, and societal stability. Modeling future biodiversity losses
and biosphere-climate feedbacks, however, is inherently difficult because
of the complex, nonlinear interactions with competing effects that result
in an uncertain net response to climatic forcing. How rapidly biological
and physical systems can adjust to abrupt climate change is a fundamental
question accompanying present-day global warming. An important tool to
address this question is to describe and understand the outcome of equiva-
lent “natural experiments” in the deep-time geological record, particularly
where the magnitude and/or rates of change in the global climate system
were sufficiently large to threaten the viability and diversity of many spe-
cies, which at times led to mass extinctions. The paleontological record of
the past few million years does not provide such an archive because it does
not record catastrophic-scale climate and ecological events. As with the
other elements of a deep-time research agenda, improved dynamic mod-
els, more spatially and temporally resolved datasets with high precision
and chronological constraint, and data-model comparisons are all critical
components of future research efforts to better understand ecosystem
processes and dynamic interactions.

STRATEGIES AND TOOLS TO IMPLEMENT
THE RESEARCH AGENDA

Implementing the deep-time paleoclimate research agenda described
above will require four key infrastructure and analytical elements:

e Development of additional and improved quantitative estimates
of paleoprecipitation, paleoseasonality, paleoaridity, and paleosoil condi-
tions (including paleoproductivity). This will require targeted efforts to
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refine existing proxies and develop new proxies! in particular where the
level of precision and accuracy—and thus the degree of uncertainty in
inferred climate parameter estimates—can be significantly reduced. Proxy
improvement efforts should include strategies for better constraining the
paleogeographic setting of proxy records, including latitude and altitude
or bathymetry, as well as the development of proxies for greenhouse
gases other than CO, (e.g., methane). Ultimately, such new and/or refined
mineral and organic proxies will permit the collection of multiproxy paleo-
climate time series that are spatially resolved, temporally well constrained,
and of high precision and accuracy.

e A transect-based deep-time drilling program designed to iden-
tify, prioritize, drill, and sample key paleoclimate targets—involving
a substantially expanded continental drilling program and additional
support for the existing scientific ocean drilling program—to deliver
high-resolution, multiproxy archives for the key paleoclimate targets
across terrestrial-paralic-marine transects and latitudinal or longitudinal
transects. Such a drilling strategy will permit direct comparison of the
marine and terrestrial proxy records that record fundamentally different
climate responses—Ilocal and regional effects on continents compared with
homogenized oceanic signals.

e Enhanced paleoclimate modeling with a focus on past warm
worlds and extreme and/or abrupt climate events, including improved
parameterization of conditions that are relevant to future climate, devel-
opment of higher-resolution modules to capture regional paleoclimate
variability, and an emphasis on paleoclimate model intercomparison
studies and “next-generation” paleoclimate data-model comparisons. An
increase in model spatial resolution will be required to capture smaller-
scale features that are more comparable to the highly spatially resolved
geological data that can be obtained through ocean and continental drill-
ing. Downscaling techniques using either statistical approaches or nested
fine-scale regional models, will be required to better compare simulated
climate variables to site-specific observational data. Dedicated computa-
tional resources for model development and the application of models to
specific time periods are important requirements to address this element
of the research agenda.

e An interdisciplinary collaboration infrastructure to foster broad-
based collaborations of observation-based scientists and modelers. This
collaboration will allow team-based studies of important paleoclimate
time slices, incorporating climate and geochemical models; will expand

1 When used in the scientific sense (rather than the more common context of stock owner-
ship or voting delegation), proxies refer to parameters that “stand in” for other parameters
that cannot be directly measured. For example, tree ring width is commonly considered to
be primarily a proxy for past temperature.
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capabilities for the development, calibration, and testing of highly precise
and accurate paleoclimate proxies; and will allow the continued develop-
ment of digital databases to store proxy data and facilitate multiproxy and
record comparisons across all spatial and temporal scales. Such broad-
based and interdisciplinary cultural and technological infrastructure will
require acceptance and endorsement by both the scientific community
and the funding agencies that support deep-time paleoclimatology and
paleobiology-paleoecology studies. Making the transition from single-
researcher or small-group research efforts to a much broader-based inter-
disciplinary collaboration will be possible only through a modification
of scientific research culture, and will require substantially increased
programmatic and financial support.

EDUCATION AND OUTREACH STRATEGIES—
STEPS TOWARD A BROADER COMMUNITY UNDERSTANDING
OF CLIMATES IN DEEP TIME

Despite the potential of the deep-time geological record to provide
unique insights into the global climate system’s sensitivity, response,
and ability to recover from perturbation, the public—and indeed many
scientists—have minimal appreciation of the value of understanding
deep-time climate history and appear largely unaware of the relevance of
far distant times for Earth’s future. The deep-time climate research com-
munity has not made the point strongly enough that the record of the past
can be inspected both for insights into the Earth’s climate system and for
making more informed projections for the future. A strategy for education
and outreach to convey the lessons contained within deep-time records
should be tailored to several specific audiences:

e K-12 elementary and secondary education, with teachers and
children requiring different strategies. Museums are a key resource for
educating children, providing access to the inherently interesting dinosaur
story as a window into deep time. The involvement of teachers in scien-
tific endeavors (e.g., the teacher-at-sea program of the Integrated Ocean
Drilling Program) provides opportunities to demystify science and convey
the excitement of scientific discovery, as well as disseminating scientific
information.

e Colleges and universities, where distinguished lecture tours and
summer schools can add to the more traditional learning elements in
geoscience courses. The integration of deep-time paleoclimatology into
environmental science curricula offers an additional opportunity to con-
vey the relevance of the deep-time record.

e To involve and educate the general public, the deep-time obser-
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vation and modeling communities have opportunities to break into the
popular science realm by emphasizing their more compelling and under-
standable elements. Immediate opportunities exist for the popularization
of ice cap and ocean drilling research, both of which occur in dramatic
settings that are unfamiliar and interesting to the general public. These
illustrate “science in action,” showing scientists undertaking interesting
activities in the pursuit of knowledge.

e DPotential scientific collaborators from the broader climate science
community can obtain an increased understanding of the potential offered
by paleoclimate data and modeling through the creation or use of forums
in which scientists from different disciplines exchange information and
perspectives. This is effectively done within disciplines by talks and sym-
posia at national disciplinary meetings and between disciplines at meetings
of broader groups, such as those hosted by the American Association for
the Advancement of Science.

e Policy makers require scientifically credible and actionable data
on which to base their policies. Faced with a diversity of opinions, they
need credible sources of information. This report and other NRC reports
attempt to play this role, but in a much broader sense the scientific com-
munity must strive to make the presentation of deep-time paleoclimate
information as understandable as possible.

The paleoclimate record contains facts that are surprising to most
people: for example, there have been times when the poles were forested
rather than being icebound; there were times when the polar seas were
warm, and there were times when tropical forests grew at midlatitudes.
For the majority of Earth’s history, the planet has been in a greenhouse
state rather than in the current icehouse state. Such concepts provide
an opportunity to help disparate audiences understand that the Earth
has archived its climate history and that this archive, while not fully
understood, provides crucial lessons for improving our understanding
of Earth’s climate future. Such relatively simple but relevant messages
provide a straightforward mechanism for an improved understanding in
the broader community of the importance of paleoclimate studies.

The possibility that our world is moving toward a “greenhouse”
future continues to increase as anthropogenic carbon builds up in
the atmosphere, providing a powerful motivation for understand-
ing the dynamics of Earth’s past “greenhouse” climates that are
recorded in the deep-time geological record. It is the deep-time
climate record that has revealed feedbacks in the climate system
that are unique to warmer worlds—and thus are not archived
in more recent paleoclimate records—and might be expected to
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become increasingly relevant with continued warming. It is the
deep-time record that has revealed the thresholds and tipping
points in the climate system that have led to past abrupt climate
change, including amplified warming, substantial changes in
continental hydroclimate, catastrophic ice sheet collapse, and
greatly accelerated sea level rise. Also, it is uniquely the deep-
time record that has archived the full temporal range of climate
change impacts on marine and terrestrial ecosystems, including
ecological tipping points. An integrated research program—a
deep-time climate research agenda—to provide a considerably
improved understanding of the processes and characteristics over
the full range of Earth’s potential climate states offers great prom-
ise for informing individuals, communities, and public policy.

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/13111

Understanding Earth's Deep Past: Lessons for Our Climate Future

Introduction

The atmosphere’s concentration of carbon dioxide—a potent green-
house gas—has been increasing in recent years faster than had been
forecast by even the most extreme projections of a decade ago. At cur-
rent carbon emission rates, Earth will experience atmospheric CO, levels
within this century that have not occurred since the warm “greenhouse”
climates of more than 34 million years ago. Atmospheric pCO, could reach
as high as 2000 ppmv! if fossil fuel emissions remain unabated, all fossil
fuel resources are used, and carbon sequestration efforts remain at present-
day levels (Kump, 2002; Caldeira and Wicket, 2003). As oceanographer
Roger Revelle noted more than 50 years ago, humans are launching an
uncontrolled “Great Geophysical Experiment” with the planet to observe
how burning fossil fuels will affect all aspects of the climate, chemistry,
and ecology of Earth (Revelle and Suess, 1957). Despite the high stakes
for humans and the natural environment that will result from forcing
an “icehouse” planet into “greenhouse” conditions, we still have only a
poor idea of what this rapidly approaching greenhouse world will be like.
However, studies of past climate states do provide a vision of this climate
future and the substantial and abrupt (years to decades) climate shifts that
are likely to usher in these changed climate conditions.

This projected rise in atmospheric CO, levels—perhaps at unprec-
edented rates—raises a series of major questions with direct implications
for human civilization:

1 The atmospheric concentration of carbon dioxide—the partial pressure of the gas
(pCO,)—is expressed in units of ppmv (parts per million by volume).
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e What is the sensitivity of air and ocean (both shallow and deep)
temperatures to dramatically increased CO, levels?

e How high will atmospheric CO, levels rise, and for how long will
these high levels persist?

e How quickly do ice sheets decay and vanish, and consequently
how rapidly does sea level change? Also, if the Arctic is to become perma-
nently ice-free, how will this affect thermohaline circulation and regional
and global climate patterns?

e Are there processes in the climate system that are not currently
apparent or understood that will become important in a warmer world?

e How will global warming affect rainfall and snow levels, and
what will be the regional consequences for flooding and drought?

e What effect will these changes have on the diversity of marine biota?
What will be the impact on—and response of —terrestrial ecosystems?

e Has climate change become inevitable? How long will it take to
reverse the projected changes through natural processes?

How Earth’s climate system has responded to past episodes of increas-
ing and elevated atmospheric CO, is a critical element of the answers to
these questions.

Temperature Response to Increasing CO,

Recent syntheses suggest that climate sensitivity—the response of
global mean surface temperature to a doubling of atmospheric CO,
levels—Ilies between 1.5 and 6.2°C (Hegerl et al., 2006; IPCC, 2007; Hansen
et al., 2008). The lower end of this range (<3°C) is based on modern data
and paleoclimate records extending back no further than the Last Glacial
Maximum of 20,000 years ago, and therefore these estimates factor in
only the short-term climate feedbacks—such as water vapor, sea ice, and
aerosols—that operate on subcentennial timescales. Climate sensitivity,
however, is likely to be enhanced under higher atmospheric CO, and
significantly warmer conditions due to long-term positive feedbacks that
typically are active on much longer timescales (thousands to tens of thou-
sands of years) (Hansen et al., 2008; Zachos et al., 2008; Pagani et al., 2010).
These physical and biochemical feedbacks—such as changes in ice sheets
and terrestrial biomes as well as greenhouse gas release from soils and
from methane hydrates in tundra and ocean sediments—however, may
become increasingly more relevant on human timescales (decades) with
continued global warming (Hansen and Sato, 2001; Hansen et al., 2008).
Determining the deep-time record of equilibrium climate sensitivity—in
particular during periods of elevated CO, and at timescales at which long-
term climate feedbacks operate—is thus a critical element in evaluating
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climate theories more thoroughly and for constraining the magnitude and
effects of future temperature increases (Box 1.1).

Alternating Icehouse and Greenhouse—Earth’s Climate History

Earth is currently in an “icehouse” state—a climate state characterized
by continental-based ice sheets at high latitudes. Human evolution took
place in this bipolar (i.e., with ice sheets at each pole) icehouse (NRC,
2010), and civilizations arose within its most recent interglacial phase.
Such icehouse states, however, account for far less of Earth’s history than
“hothouse” states (Figure 1.2).

Most paleoclimate studies have focused on the interglacial-glacial
cycles that have prevailed during the past 2 million years of the current
icehouse, to link instrumental records with geological records of the
recent past and to exploit direct records of atmospheric gases preserved
in continental glaciers. These relatively recent (Pleistocene) records docu-
ment systematic fluctuations in atmospheric greenhouse gases in near
concert with changes in continental ice volume, sea level, and ocean
temperatures. Their decadal- to millennial-scale resolution has improved
scientific understanding of the complex climate dynamics of the current
bipolar glacial state, including the ability of climate to change extremely
rapidly—in some cases over a decade or less (Taylor et al., 1993; Alley et
al., 2003). Perhaps most importantly, recent ice core archives reveal that
during the past 800,000 years—prior to the industrial rise in pCO,—the
current icehouse has been characterized by atmospheric CO, levels of less
than 300 parts per million (Siegenthaler et al., 2005).

In contrast to this reasonably well documented record of recent cli-
mate dynamics and at least partial understanding of the short-term (sub-
centennial) feedbacks that have operated in icehouse states of the near
past, scientific understanding of the climate dynamics for past periods
of global warming—when Earth was in a “greenhouse” climate state—is
much less advanced. The paleoclimate records of deep-time worlds,?> how-
ever, are the closest analogue to Earth’s anticipated future climate—one
that will be warmer and greenhouse gas forced beyond that experienced
in the past 2 million years, as atmospheric CO, contents have already
surpassed by about 35 percent those that applied during the Pleistocene
glacial-interglacial cycles. This deep-time geological archive records the
full spectrum of Earth’s climate states and uniquely captures the ecosys-

2 The deep-time geological record that is the subject of this report refers to that part of
Earth’s history that must be reconstructed from rocks, older than historical or ice core records.
Although the past 2 million years of the Pleistocene are included in deep time, most of the
focus of the research described or advocated here is the long record of Earth’s history prior
to the Pleistocene.
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BOX 1.1
Societal Effects—
What Do the Projected Temperature Changes Really Mean?

Global temperatures are projected to rise by at least 1°C, and per-
haps up to 6°C (Figure 1.1), by the end of this century (IPCC, 2007). The
human consequences of this steep rise in greenhouse gases are likely
to be substantial, with decreased precipitation in already drought-prone
regions and widespread social, economic, and health effects (IPCC, 2007).
One yardstick to better appreciate these effects is to consider the roughly
0.2-0.5°C rise in global temperatures that accompanied the Medieval
Warm Period at ~1000 A.D. This modest rise in temperatures resulted in
meadows and stunted beech forests in fjords in southwest Greenland, as
well as ice-free shipping lanes that allowed Vikings to colonize Greenland
between 982 A.D and 1400 A.D. Drought throughout the Americas and
Southeast Asia, coincident with this warming event, has been invoked as
a contributing factor in the collapse of the Anasazi, the Classic Mayan, the
South American Moche civilization, and the Khmer empire of Angkor Wat
(e.g., Haug et al., 2003; Hodell et al., 2005; Ekdahl et al., 2008; Zhang
et al., 2008).

Fluctuations in average global temperatures during the glacial-interglacial
cycles of the past several hundred thousand years caused major shifts in
the areal extent of continental ice sheets and greater than 100-m sea level
changes, with some interglacial periods up to 2-3°C warmer than the pres-
ent day (Otto-Bliesner et al., 2006). Large-scale changes in carbon cycling
and overall greenhouse gas contents, including 50 percent variations in
atmospheric CO,, occurred in response to interglacial warmings (Sigman
and Boyle, 2000; Lea, 2004; Siegenthaler et al., 2005), highlighting the
potential for amplification of future CO,-driven global warming through
climate-CO, feedbacks. In fact, estimates of temperature response to all
modern forcings, including human and naturally induced factors, indicate
the potential for ~0.6-1.4°C of additional warming—with no additional
greenhouse gas forcing—as the long-term feedbacks that typically operate
on thousands to tens of thousands of years (e.g., changes in surface albedo
feedback with variation in ice sheet and vegetation coverage) become
operative on human timescales (Hansen et al., 2008). The substantial
societal impacts from past temperature increases that were of lesser mag-
nitude than those anticipated during this century raise obvious questions
about the societal impacts that are likely to result from future temperature
rise.

continued
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BOX 1.1 Continued
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FIGURE 1.1 Projections (colored lines), with uncertainty bounds of *1
standard deviation (shading), for future surface temperature rise from
models that use different economic scenarios. Scenario A2 represents
“business as usual” where temperature is projected to rise by the end of
the century between 2° an

d 5.5°C if no effort is made to constrain the rise of CO, levels. The solid
bars at right indicate the best estimate (solid line) and possible ranges
(shading) for each scenario.

SOURCE: IPCC (2007, Figure SPM.5, p. 14).

tem response to, and interaction with, this full range of climate changes.
The deep-time record thus offers the potential for a much improved under-
standing of the long-term equilibrium sensitivity of climate to increasing
pCO,, and of the impact of major climate change on atmospheric and
ocean circulation; ice sheet stability and sea level response; ocean acidifi-
cation and hypoxia; regional hydroclimates; and the diversity, radiation,
and decline of marine and terrestrial organisms (see Box 1.2). Furthermore,
the deep-time paleoclimate records uniquely offer the temporal continuity
required to understand how both short- (subcentennial) and long-term
(millennial-scale) climate system feedbacks have played out over the
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BOX 1.2
The Nonlinear Development of Life on Earth

The Earth has been populated with life, as we know it today, through
a protracted and nonlinear history of evolution characterized by repeated
extinctions and radiations (Figure 1.3). The biosphere in the Precambrian
was dominated by single-cellular organisms such as microbes and cyano-
bacteria, capable of building massive reefal structures and living in the
overall oxygen-poor conditions of the oceans of the time. In contrast,
Phanerozoic faunal life—the past 542 million years—has been character-
ized by a metazoan fauna, rich in diversity, that arose following the geo-
logically rapid radiation of life in the latest Precambrian (see Figure 1.2
for timescale). Floral ecosystems of equal diversity soon populated much
of the Earth following their evolution ~450 million years ago. Throughout
Earth history, physiological evolution and ecosystem dynamics have been
intricately linked to various surface processes and systems (e.g., landscapes,
ocean and atmospheric composition and circulation, soil and hydrological
processes) through interactions and feedbacks, examples of which are pre-
sented in this report and are a fundamental component of interdisciplinary
deep-time studies. Earth’s deep-time history offers numerous examples of
how ecosystems, geosystems, and climate systems have operated in the
absence of various major groups of life and under conditions far more ex-
treme than those of the present day—time intervals when oceans lacked the
major elements of their current buffering capacity or were hypoxic, when
the poles lacked ice sheets, and/or when atmospheric CO, levels were
higher by hundreds to thousands of parts per million of volume.
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FIGURE 1.3 Timing of major events in late Precambrian and Phanerozoic
evolution. From bottom to top: record of the carbon cycle from carbon
isotopes, showing the transition from the high-amplitude cycles of the
late Neoproterozoic—including several “snowball Earth” episodes—to
the much more muted trends of the Phanerozoic (Hayes et al., 1999).
Periods of abundant coal and oil formation, which include the extensive
coal units of the Carboniferous and Permian, Cretaceous coal, and exten-
sive coal deposits of the Paleogene Arctic, as well as oil deposits formed
during Jurassic and Cretaceous oceanic anoxic events and Mio-Pliocene
oil deposits of the Pacific Rim (Windley, 1995), are shown in black. Ocean
hypoxia (red line) illustrates the reduction in the extent of anoxic or
hypoxic conditions in the deep sea with time, with low oxygen common
in the Paleozoic and intermittent episodes of basinwide to global oceanic
anoxic events in the Mesozoic. The extent of vegetation cover is shown
with green lines, and major groups of oceanic organisms that contribute
to global geochemical cycles either through burrowing (metazoans;
Sheehan, 2001), marine calcifiers that buffer ocean pH (Ridgwell et al.,
2003), or diatoms with their role in the silica cycle (Ridgwell et al., 2002;
Cortese et al., 2004; Lazarus et al., 2009), are shown in blue. Fish (brown
line) appear in the early Cambrian (Shu, 1999) and give rise to terrestrial
amphibians in the Devonian (Selden, 2001). The invasion of land is
accomplished by terrestrial arthropods well before the appearance of
terrestrial vertebrates. Non-avian dinosaurs and mammals evolved from
reptiles in the early Mesozoic (Sereno, 1999; Brusatte et al., 2008). Reptiles
show multiple invasions of the oceans in the Mesozoic, and mammalian
groups invade the ocean several times in the Cenozoic.
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longer periods of time (millennia to hundreds of thousands of years) that
are necessary to fully understand how Earth’s climate responds to, and
recovers from, the levels of greenhouse gas forcing that will result from
fossil fuel burning over the next century.

COMMITTEE CHARGE AND SCOPE OF THIS STUDY

The National Science Foundation, U.S. Geological Survey, and Chevron
Corporation, with input from the Geosystems initiative® and the broader
research community, commissioned the National Research Council to
describe the present state of understanding of Earth’s geological record of
past climates, as well as to identify focused research initiatives that would
enhance the understanding of this record and thereby improve predictive
capabilities for the likely parameters and impacts of future climate change.
The study committee was also charged to present advice on research
implementation and public outreach strategies (Box 1.3).

To address this charge, the National Research Council assembled a
committee of 12 members with broad disciplinary expertise; committee
biographical information is presented in Appendix A. The committee held
four meetings between February 2008 and February 2009, convening in
Washington, D.C.; Boulder, Colorado; and twice in Irvine, California. The
major focal point for community input to the committee was a 2-day open
workshop held in May 2008 (see Appendix B), where concurrent breakout
sessions interspersed with plenary addresses enabled the committee to
gain a thorough understanding of community perspectives regarding the
status of existing research as well as future research priorities. Additional
briefings by sponsors and keynote addresses from other speakers were
presented at the initial meeting of the committee (see Appendix C).

The paleoclimate archive contained in the geological record both
offers an opportunity and assigns a responsibility for Earth and climate
science to effectively predict what is likely to happen as Earth warms and
to offer projections with enough precision to assist society to mitigate
and/or adapt to future changes. The examination of climate states in the
deep-time geological record has the potential to provide unique informa-
tion about how Earth’s climate dynamics operate over long time frames
and during changes of large magnitude. Earth’s pending transition into
warmer climates provides the motivation for the description of the under-
standing of past warm periods presented in Chapter 2, and the transitions
into and out of different climate states over differing timescales is the

3 The Geosystems initiative is an interdisciplinary, community-based initiative focused on
understanding the wealth of “alternative-Earth” climatic extremes archived in older parts
of the geological record, as the basis for understanding Earth’s climate future. See http://
www.geosystems.org/.
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BOX 1.3
Statement of Task

The geologic record contains physical, chemical, and biological indi-
cators of a range of past climate states. As recent changes in atmospheric
composition cause Earth’s climate to change, and amid suggestions that
future change may cause the Earth to transition to a climatic state that is
dramatically different from that of the recent past, there is an increasing
focus on the geologic record as a repository of critical information for
understanding the likely parameters and impacts of future change. To
further our understanding of past climates, their signatures, and key envi-
ronmental forcing parameters and their impact on ecosystems, an NRC
study will:

e Assess the present state of knowledge of Earth’s deep-time paleo-
climate record, with particular emphasis on the transition periods of major
paleoclimate change.

e Describe opportunities for high-priority research, with particular
emphasis on collaborative multidisciplinary activities.

e Outline the research and data infrastructure that will be required to
accomplish the priority research objectives.

The report should also include concepts and suggestions for an effective
education and outreach program.

focus of Chapter 3. The capabilities and limitations of existing models and
proxies used to describe and understand past climates are addressed in
Chapter 4, providing the backdrop for the recommendations for a high-
priority deep-time climate research agenda and strategies to implement
this agenda which are contained in Chapter 5. Some elements of this
report—particularly the descriptions of existing scientific understanding
of the paleoclimate record and the processes that have controlled that
record—are necessarily technical; nevertheless, every effort has been made
to present the material in terms that are accessible to the broadest possible
audience.
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Alfred Wegener’s concept of continental drift, reformulated in the
modern theory of plate tectonics, arose in part as a way to explain the
geographic distribution of paleoclimate indicators in ancient rocks.
Permo-Carboniferous (~300-million-year-old) glacial deposits in distinctly
nonpolar regions of present-day Africa, South America, and Australia
rectify to polar latitudes when the ancient supercontinent of Gondwana is
reconstructed. Continental drift transported them through broad climate
belts—humid tropics, arid subtropics, moist and cool temperate zones,
and cold and arid polar regions (Box 2.1). Paleoclimate reconstructions,
however, reveal that although paleogeography and the plate tectonics that
control continental configurations are important, they are not the major
determinant of climate change. Global warm climates have prevailed
when large continents covered the poles, and deep “snowball Earth” gla-
ciations occurred when there apparently were no polar continents. Instead,
it appears that the greenhouse gas content of the atmosphere was the key
factor in determining whether a particular interval of Earth’s past was an
icehouse or a greenhouse.

Although most deep-time greenhouse climates occurred when there
were distinctly different continental configurations, and thus are not
direct analogues for the future, past warm climates and abrupt transi-
tions into even hotter states (known as hyperthermal events; Thomas et
al., 2000) provide important insights into how physical, biogeochemical,
and biological processes operate under warm conditions more analogous
to what is anticipated for the future than the moderate and stable climates
of the Holocene (past 10,000 years) or the relatively warm interglacials of

26
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BOX 2.1
Continental Drift and Climate

Plate tectonics has been rearranging Earth’s configuration of continents
ever since the plates on Earth became rigid approximately 2.5 billion years
ago (Figure 2.1). On long (millions of years) timescales, the movement of
tectonic plates—and the continents that ride upon them—has strongly
influenced Earth’s distribution of solar insolation, ocean and atmospheric
circulation, and carbon cycling between the Earth’s deep and shallow
reservoirs, thereby profoundly impacting global climate, sea level, and the
overall planetary ecology.

The arrangement of the continents through time is most reliable for the
past 800 million years, the period for which the chronostratigraphic tools
necessary for reconstructions are available. The global views presented in
Figure 2.1 show how the continents on Earth’s surface may have appeared
during four intervals of time that are noted throughout this report: the unipo-
lar glaciated Pennsylvanian (300 million years ago [Ma]), mid-Cretaceous
(105 Ma), Eocene (50 Ma), and mid-Pliocene (3 Ma).

The major transitions between climatic icehouse and greenhouse con-
ditions are ultimately most probably driven by the deep Earth processes
of plate tectonics, as a function of the long-term balance between CO,
degassing at spreading centers and the conversion of atmospheric CO, to
mineral carbon through long-term silicate weathering and oceanic carbon-
ate formation (Berner, 2004). For example, the eruptions of large igneous
provinces in the mid-Cretaceous and the subduction of the carbonate-rich
tropical Tethys Sea in the early Cenozoic are the most likely cause of the
high-CO, equilibrium climates of the Cretaceous and Eocene greenhouses.
Conversely, uplift of the Himalayas and Tibetan Plateau associated with
“docking” of the Indian subcontinent with Asia (~40 Ma), and the evolu-
tion of vascular land plants in the early Paleozoic (~450 Ma), led to the
sequestration of atmospheric CO, through enhanced weathering of silicate
minerals (Ruddiman, 2007; Archer, 2009).

continued
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the Pleistocene (past 2 million years). The following sections describe the
insights provided by understanding past warm periods, including the
role of greenhouse gases in controlling—or “forcing”—global warming;
the impact of warming on ice sheet stability, sea level, and oceanic and
hydrological processes; and the consequences of global warming for eco-
systems and the global biosphere.

CLIMATE SENSITIVITY TO INCREASING CO,
IN A WARMER WORLD

Fundamentally, Earth’s climate results from the balance between
absorbed energy from the sun and radiant energy emitted from Earth’s
surface, with changes to either component resulting in a forcing of the
climate system. The net forcing of the climate system over geological
time caused episodes of warming and cooling that are coincident with
greenhouse and icehouse climates, respectively. Most projections indicate
that, by the end of this century, climate forcing resulting from increased
CO, will be at least of the same magnitude as that experienced in the
early Cenozoic (during the late Eocene, ~34 Ma) (Figure 2.1), and possibly
analogous to estimates for the Cretaceous Period (~80-120 Ma)—probably
one of the times of greatest radiative forcing since the evolution of animals
(Hay, 2010).

Climate sensitivity—the equilibrium warming resulting from a dou-
bling of atmospheric carbon dioxide relative to preindustrial levels of
CO,—provides a measure of how the climate system responds to external
forcing factors and is also used to compare global climate model outputs
to understand why different models respond to the same external forcings
with different outputs. Climate sensitivity to CO, strongly influences the
magnitude of warming that Earth will experience at any particular time
in the future (Box 2.2). The magnitude of climate sensitivity and Earth’s
surface temperature are determined by a myriad of short-term (human
timescales) and long-term (thousands to tens of thousands) interactions
and feedbacks (e.g., water vapor, cloud properties, sea ice albedo, snow
albedo, ice sheet and terrestrial biome distribution, ocean-atmosphere CO,
interaction, and silicate weathering).

As noted above, synthesis of the various estimates of Earth’s climate
sensitivity for the past 20,000 years has lead to the general conclusion that
sensitivity most probably lies in the range of 1.5 to 4.5°C (IPCC, 2007), with
some recent projections suggesting that the value may be even as high as
6-8°C (Hansen et al., 2008; Knutti and Hegerl, 2008). However, estimates of
equilibrium climate sensitivity averaged over tens to hundreds of millen-
nia (i.e., long term) and extending back for 400 million years are minimally
between 3 and 6°C (Royer et al., 2007). For the most recent period of global

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/13111

Understanding Earth's Deep Past: Lessons for Our Climate Future

30 UNDERSTANDING EARTH’S DEEP PAST
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FIGURE 2.2 Estimated atmospheric pCO, for the past 45 million years (late Eocene
through Miocene) calculated using all available stable carbon isotopic values of
diunsaturated alkenones in deep-sea sediments. Values of CO,,  were translated to
atmospheric pCO, using Henry’s Law and a range of dissolveél phosphate values
and sea surface temperatures for each site, and a salinity of 35 parts per thousand.
The dark gray shaded region shows the range of maximum to intermediate esti-
mates, and the dashed line represents minimum estimates. The uncertainty in
pCO, estimates ranges from ~20 percent for the Miocene to 30 to 40 percent for the
Paleogene. The broad pale red band (pCO, values of 600-1,100 parts per million
by volume) encompasses most of the CO, concentration range for nonmitigation
emission scenarios projected for the end of this century (figure 10.26 in IPCC, 2007);
the dark red band (values of 800-1,000 ppmv) corresponds to the Intergovernmen-
tal Panel on Climate Change (IPCC) A2 “business-as-usual” scenario.

SOURCE: Modified after Pagani et al. (2005).

warming, the middle Pliocene (~3.0-3.3 Ma), climate sensitivity may have
been as high as 7-9.6°C + 1.4°C per CO, doubling (Pagani et al., 2010).
Such values, which are well above short-term climate sensitivity estimates
based on more recent paleoclimate and instrumental records, indicate that
long-term feedbacks operating at accelerated timescales (decadal to cen-
tennial) promoted by global warming can substantially magnify an initial
temperature increase.

As Earth moves toward a warmer climate state, it is important to under-
stand the extent to which climate sensitivity will change due to processes
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BOX 2.2
Why Does Climate Sensitivity Matter?

For any particular increase in atmospheric CO, (and other greenhouse
gases), a system with high climate sensitivity to CO, will warm more in the
future than a world with low climate sensitivity. Thus, if the climate sensitiv-
ity is high, restricting future global warming will require a larger reduction
in future CO, emissions than if climate sensitivity is lower. Comparison
of emission scenarios for the period until 2100, calculated for a range of
CO, stabilization targets (Figure 2.3A) and the corresponding equilibrium
global average temperature increases (Figure 2.3B; IPCC, 2007), based on
the Intergovernmental Panel on Climate Change (IPCC) range of climate
sensitivities (2 to 4.5°C), illustrates the impact of fossil carbon emissions on
future surface temperatures and the extent of reductions required to limit
the warming to <2°C relative to preindustrial conditions.

Even if anthropogenic carbon emissions to the atmosphere are reduced,
CO, levels will continue to increase for a century or more because the
removal of CO, from the atmosphere by natural processes of carbon seques-
tration (e.g., CO, absorption by the surface ocean, CO, fertilization of ter-
restrial vegetation) is slow (Archer et al., 2009). Consequently, temperature
increases may continue for several centuries until equilibrium temperatures
are reached, especially for higher CO, stabilization targets. However, even
if climate sensitivity is at the lower end of the possible range, global tem-
perature increases of >2°C will be reached with CO, stabilization levels of
450-550 parts per million by volume. Given that equilibrium temperature
increases may be protracted, emissions could continue to increase into
the middle of this century (Figure 2.3; Caldeira et al., 2003). However, if
the climate sensitivity is 4.5°C or greater, then a significant and immediate
reduction in CO, emissions—to levels ultimately below those of the present
day—is required to stay below a target warming of 2°C.

continued
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BOX 2.2 Continued
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FIGURE 2.3 Global CO, emissions and equilibrium global average
temperature increases for a range of target CO, stabilization levels.
(A) Measured (1940 to 2000) and projected (colored shading; 10th to 90th
percentile) global CO, emissions for the range of IPCC emission scenarios
and associated stabilization CO, levels indicated by roman numerals
(ppm CO,-eq). (B) Corresponding relationship between the different

that have not operated in recent icehouse climate regimes. One simple
example is to consider a warm world with no sea ice at either pole—as CO,
increases, the sea ice albedo feedback is removed and therefore this nega-
tive feedback’s contribution to climate sensitivity is absent. In addition, it
is important to determine the potential for nonlinear responses that are
specific to a greenhouse or transitional world, and whether such responses
would enhance climate sensitivity. For example, the destabilization of con-
tinental ice sheets resulting from warming of polar regions can potentially
lead to a decrease in deep-water formation, thereby affecting global ocean
circulation, stratification, and carbon cycling, leading to higher climate sen-
sitivity than indicated by present estimates. In sufficiently warm climates,
even water vapor has a nonlinear dependence on temperature, and this can
introduce new and potentially rapid feedbacks, operating at a subdecadal
scale, into the climate system. Destabilization of methane and its release
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CO, stabilization targets shown in (A) and equilibrium global average
temperature increase above preindustrial levels. Colored regions for
each stabilization target were calculated for a range of climate sensitivity
(2-4.5°C) and “best estimate” climate sensitivity of 3°C (blue solid line
in middle of shaded area).

SOURCE: IPCC (2007, Figure 5.1, page 66).

into the atmosphere in response to warming— through either the melting
of terrestrial permafrost reservoirs or the dissolution of subseafloor clath-
rate deposits—would dramatically increase greenhouse gas contents in the
atmosphere. Hence, an initial warming from greenhouse gases released by
burning fossil fuels could end up releasing even more greenhouse gases
from natural sources, exacerbating the original warming of the atmosphere.

TROPICAL AND POLAR CLIMATE STABILITY AND
LATITUDINAL TEMPERATURE GRADIENTS
IN A WARMER WORLD

With more than half of Earth’s surface lying within 30° latitude of
the equator, the response of tropical climates to increased greenhouse gas
forcing is critically important. Modern observational data (Ramanathan and
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Collins, 1991) suggest that western tropical Pacific sea surface temperatures
rarely exceed ~30-32°C, and this has led to speculation that the Earth’s
tropics have a “thermostat” that limits maximum sea surface temperatures.
Explanations about how such a thermostat might work have included the
buildup of clouds that reflect heat back into space (Ramanathan and Collins,
1991), evaporative cooling (Hartmann and Michelsen, 1993; Pierrehumbert,
1995), winds, or an increase in transport of heat out of the tropics by ocean
currents (Clement et al., 1996; Sun and Liu, 1996). Most of these studies have
used present-day data to explain surface temperature regulation, although
there are artifacts in these datasets that call into question the robustness of
the observed trends (Clement et al., 2010). Paleoclimate reconstructions of
tropical temperatures during past greenhouse times, however, document
sea surface temperatures that were much warmer than modern tropical
maxima—possibly as high as 42°C—and thus were probably not thermo-
statically “regulated” (Bice et al., 2006; Came et al., 2007; Pearson et al., 2007;
Trotter et al., 2008; Kozdon et al., 2009).

The discovery of a giant Paleocene snake fossil in South America
(Head et al., 2009; Huber, 2009; although see discussions by Makarieva et
al., 2009; Sniderman, 2009), as well as other terrestrial paleotemperature
indicators such as paleoflora leaf-margin analysis and stable isotope com-
positions of biogenic apatites and soil minerals (Fricke and Wing, 2004;
Tabor and Montafiez, 2005; Passey et al., 2010), further suggests anoma-
lously high continental temperatures (~30-34°C) for the terrestrial tropics
of past warmer worlds. Additionally, coupled climate model simulations
with large radiative forcings and /or paleoclimate simulations for elevated
greenhouse gases do not produce a thermostatic regulation of tropical
temperatures (e.g., Boer et al., 2005; Poulsen et al., 2007b; Cherchi et al.,
2008), suggesting that the tropical warming in response to greenhouse gas
forcing is neither moderated nor local in its impacts (Xie et al., 2010). Such
deep-time paleoclimate studies have documented that tropical surface
temperatures during past greenhouse periods were not thermostatically
regulated by the negative feedback processes that operate in the current
icehouse climate system, further illustrating how knowledge of deep-time
warm periods is fundamental to understanding Earth’s climate system.

There is also abundant evidence for anomalous polar warmth during
past greenhouse periods (e.g., middle Cretaceous to Eocene, Pliocene; see
Figure 2.4) associated with reduced equator-to-pole temperature gradients
(e.g., Huber et al., 1995; Crowley and Zachos, 2000; Hay, 2010; Miller et al.,
2010). To date, climate models have not been able to simulate this warmth
without invoking greenhouse gas concentrations that are notably higher
than proxy estimates (Figure 2.4; Bice et al., 2006). This has prompted mod-
eling efforts to explain high-latitude warmth through vegetation (DeConto
et al., 1999), clouds (Sloan and Pollard, 1998; Abbot and Tziperman, 2008;
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Kump and Pollard, 2008), intensified heat transport by the oceans (Barron
etal., 1995; Korty et al., 2008), and increased tropical cyclone activity (Sriver
and Huber, 2007; Fedorov et al., 2010). The ability to successfully model a
reduced latitudinal temperature gradient state, including anomalous polar
warmth, presents a first-order check on the efficacy of climate models as
the basis for predicting future greenhouse conditions.

Since significant changes in tropical and polar surface temperatures
and pole-to-equator temperature gradients occurred in the past, and could
occur in a future warmer world, it is imperative to understand the mecha-
nisms and feedbacks that lead to such changes and their consequences for
atmospheric and oceanic circulation (Hay, 2008). The fundamental mis-
match between model outputs, modern observations, and paleoclimate
proxy records discussed above, however, may indicate some very impor-
tant deficiencies in scientific knowledge of climate and the construction of
climate models (e.g., Huber, 2008). Resolution of this disparity, as well as
an improved understanding of the anthropogenic signal in observational
data, can likely be obtained by analysis of paleoclimate records from past
warm worlds.

HYDROLOGICAL PROCESSES AND THE GLOBAL WATER CYCLE
IN A WARMER WORLD

Earth’s hydrological processes—including precipitation, evaporation,
and surface runoff—are susceptible to, and play a critical role in, both
past and future climate change (Pierrehumbert, 2002). Large-scale atmo-
spheric processes determine the general position of climate zones and
the intensity of precipitation and storms; the intertropical convergence
zone is a region of significant rainfall, while large regions of atmospheric
subsidence lead to dry desert regions. Regional hydroclimates, such as
the Southwest Indian and the East Asian summer monsoons, which affect
nearly half of Earth’s human population, are highly sensitive to distal
climate changes and to mean warming (Sinha et al., 2005; Wang et al.,
2005) via teleconnections (e.g., changes in high-latitude surface tempera-
tures or Arctic sea ice extent impact lower-latitude climate through atmo-
spheric processes). Overall, the vapor-holding capacity of the atmosphere
increases substantially with increased global mean temperatures if there
is no change in the relative humidity. Consequently, climate models for
global warming predict an intensified hydrological cycle and, on a global
scale, enhanced precipitation (IPCC, 2007).

Observations over the past few decades indicate that precipitation
has increased faster (~7 percent per degree of surface warming; Wentz et
al., 2007) than that predicted by models (1-3 percent per degree of surface
warming; Zhang et al., 2007). Although the reasons for this substantial
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discrepancy are not understood, one possibility is that the observational
data trends are too short to detect long-period changes in evaporation
(Wentz et al., 2007). Moreover, analyses of future global warming model
simulations (IPCC, 2007) predict that the atmosphere will hold more water
as the latitudinal extent of the Hadley cell expands (Held and Soden, 2006;
Lu etal., 2007).! Warming will also enhance precipitation in the tropics and
midlatitudes and will expand subtropical desert regions.

Small changes in tropical sea surface temperatures can impart large
changes in global climate patterns, affecting wind strength, relative rates
of precipitation versus evaporation, and surface temperatures (Cane,
1998). With evidence from deep-time records for warmer tropical oceans
during past periods of global warming, the sensitivity of the climate sys-
tem to such change is of critical importance for projecting how regional
and global climate patterns may change in the future. For example, the
Pacific ocean-atmosphere system and its coupled instability, El Nifio-
Southern Oscillation (ENSO), are maintained by dynamic feedbacks
that are sensitive to external forcings (Huber and Caballero, 2003; Cane,
2005). Perturbation of this regional system with continued warming could
modulate global climate change, including a shift toward a permanent
rather than intermittent El Nifio-like state. Climate simulations of future
transient global warming, however, offer inconsistent and uncertain pro-
jections regarding ENSO behavior (Cane, 2005; Collins, 2005), although
predictions of the Intergovernmental Panel on Climate Change (IPCC,
2007) include a change in tropical climate to an El Nifo-dominated state.
Existing observational data of global warming over the last century are too
short term to resolve the relative importance of ocean versus atmospheric
feedbacks (Vecchi et al., 2008). In contrast, proxy time series of sufficient
continuity, together with complementary climate models of past sustained
warm periods illustrate that small, long-term changes in Pacific sea surface
temperatures can have a substantial effect on ENSO phenomena, as well
as planetary albedo, regional rainfall, and increased atmospheric levels of
water vapor—a powerful greenhouse gas (see Box 2.3). If the IPCC (2007)
predictions of a long-term increase in El Nifio frequency and intensity
with continued warming are correct, then the climate impacts could be
far-reaching and include amplification of global mean temperatures, in
particular in the extratropical regions, as well as widespread drought
in some regions coincident with catastrophic flooding in others. The
geological records from warm periods, such as the Pliocene, will be key
elements for testing these predictions.

Deep-time paleoclimate studies provide a critical perspective, docu-

! The Hadley cell is the circulation cell dominating the tropical atmosphere, with rising
motion near the equator, poleward flow 10-15 km above the surface, descending motion in
the subtropics, and equatorward flow near the surface.
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BOX 2.3
Persistent El Nifo-like Conditions of the Early Pliocene Warming

The early Pliocene (4.5 to 3 Ma) was characterized by atmospheric pCO,
levels that were elevated in comparison to preindustrial times, but similar
to those of the present day (Pagani et al., 2010; Seki et al., 2010). Globally
averaged temperatures were ~3°C higher (Figure 2.5), the northern polar
region was ice-free, and a mean state resembling El Nino-like conditions
persisted in the Pacific (Wara et al., 2005; Fedorov et al., 2006; Ravelo et
al., 2006). This permanent El Nifio-like state contributed significantly to
overall warming and major changes in the hydrological cycle, including
effects in distal regions such as eastern equatorial Africa where perturba-
tions in rainfall patterns may have influenced the evolution of hominins
and other vertebrates (deMenocal, 1995; NRC, 2010). Recent deep-time
modeling studies have shown that such El Nifio-like mean conditions in
the Pliocene had far-reaching effects, influencing climate well outside of
the tropics (e.g., Shukla et al., 2009).

The persistent El Nifio conditions led to weaker Walker circulation, the east-
west directed zonal atmospheric circulation. As temperatures in the eastern
equatorial region cooled gradually after ~2 Ma, the equatorial sea surface
temperature gradient increased dramatically (post-1.8 Ma on Figure 2.6),
ultimately establishing strong Walker circulation and the present-day ENSO
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FIGURE 2.5 Benthic foraminifer §'%0 record of high-latitude climate (pri-
marily ice volume) from Ocean Drilling Program (ODP) cores, showing
the relative warmth during the early Pliocene, followed by the transition
into the cooler later Pliocene and Pleistocene.

SOURCE: Ravelo and Wara (2004).
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state. Ocean-atmosphere coupled model simulations for the Pliocene have
not successfully reproduced the observed persistent El Nifio mean state, with
close to modern temperatures in the west and warmer than modern in the
east. Furthermore, climate simulations and paleoclimate data for the Eocene
greenhouse period indicate that despite much higher global temperatures,
El Nifio variability was comparable to that of the present day (Huber and
Caballero, 2003).
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FIGURE 2.6 Changes in equatorial sea surface temperature gradients
over time. The top panel shows time series of paleo-sea surface tempera-
tures reconstructed for the western equatorial Pacific (ODP Site 806) using
foraminiferal Mg/Ca ratio measurements of Globigerinoides sacculifer, and
for the eastern equatorial Pacific (ODP Site 847) using Mg/Ca ratios of
G. sacculifer as well as the biomarker U¥, index. Note the reduced sea
surface gradient from 5 to 3 Ma, a gradual diversion of the records after
that time, and a relatively strong gradient established after about 1.7 Ma.
For comparison, the lower panel shows the present-day equatorial sea
surface temperature gradient and the location of the eastern (Site 847)
and western (Site 806) deep-sea coring sites.

SOURCES: Compiled from Wara et al. (2005) and Dekens et al. (2008).
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menting shifts in the position of climate zones and precipitation dur-
ing past warm periods characterized by elevated atmospheric CO,.
For example, paleosol mineralogy and geochemistry, as well as sta-
ble isotope compositions (3'%0 and 8D) of soil-formed minerals, fossil
plants, and biogenic apatites, have been used to document substantial
spatial and temporal changes in paleoprecipitation for periods spanning
the past 400 million years. These proxies have documented, in particular
for past warm periods, humidity and precipitation patterns substantially
different from current patterns (e.g., Fricke et al., 1998; Stiles et al., 2001;
Jahren and Sternberg, 2002; Sheldon et al., 2002; Tabor et al., 2002; Driese
et al., 2005). Lacustrine sediments have been used to document changes
in regional precipitation by using geochemical and mineralogical records
to identify open flow and evaporative phases (e.g., Olsen, 1986). Quanti-
tative assessment of relative humidity has been successfully carried out
using the stable isotope compositions of Eocene cellulose (e.g., Jahren and
Sternberg, 2003; Jahren et al., 2009) and leaf wax n-alkanes, which have
a higher potential for preservation and show promise as a paleo-aridity
proxy that can be used back to the Devonian (Liu and Huang, 2005;
Pagani et al., 2006; Smith and Freeman, 2006).

Mass balance models of soil-formed carbonate (calcite and sphaero-
siderite) using oxygen isotopes document increased precipitation rates
in response to intensified hydrological cycling during the middle Creta-
ceous and Eocene greenhouse periods (e.g., White et al., 2001; Ufnar et al.,
2002, 2004; Bowen et al., 2004; Jahren et al., 2009). For example, increased
atmospheric water vapor, together with increased rainout suggested by
stable isotope proxy records (Ludvigson et al., 1998), would have had the
effect of enhancing the transfer of latent heat from the tropics to the high
latitudes, thereby sustaining polar warmth and reinforcing greenhouse
conditions (Hay and DeConto, 1999). Recent modeling studies document
the additional role of high-latitude cloud feedbacks—with intensified
hydrological cycling—in setting up anomalous polar warmth and main-
taining depressed latitudinal temperature gradients (Abbot and Emanuel,
2007; Abbot and Tziperman 2008). Accordingly, deep-time data-model
comparisons of past warm and transitional periods provide the ultimate
test of science’s ability to forecast the geographic patterns of hydrologi-
cal response to CO,-forced global warming and associated precipitation,
evaporation, and latent heat fluxes.

SEA LEVEL AND ICE SHEET FLUCTUATIONS
IN A WARMER WORLD

Rising sea level is one of the most highly visible results of a warming
world and a primary concern for society (Figure 2.7). Sea level changes
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are dominated by changes in ocean water volume governed by the growth
and decay of continental ice sheets, although other factors can contribute
to smaller-magnitude fluctuations (e.g., thermal expansion of the ocean,
variations in groundwater and lake storage; Miller et al., 2005). Sea level
is projected to rise between ~0.4 and 1 m by the end of this century, with
long-term projections of up to 7 m if the Greenland or West Antarctic ice
sheets were to collapse (Alley et al., 2005; IPCC, 2007). Melting mountain
glaciers could contribute another 0.5 m of sea level rise.

The present rate of sea level rise (~3 mm per year) can be expected to
continue to accelerate because of positive feedbacks that act to significantly
increase the warming response times and ice melting rates (Joughin et al.,
2008; van de Wal et al., 2008). Currently, there is no clear consensus on
the potential rate and magnitude of future ice sheet melting and sea level
rise because of uncertainties in the theoretical understanding of ice sheet
dynamics (Alley et al., 2005), and because strong feedbacks in response to
warming (e.g., albedo, vegetation, and carbon cycling)—illustrated by the
past few glacial-interglacial cycles—are not evident from historical records
(Thompson and Goldstein, 2005; Carlson et al., 2008; Rohling et al., 2009).
During the last interglacial (~110,000 years ago [ka])—an interval slightly
warmer than today but with CO, at preindustrial levels—sea level was 4 to
6 m higher than at present (Rohling et al., 2008), indicating that there was
deglaciation of most of Greenland (Cuffey and Marshall, 2000) and prob-
ably also a contribution from Antarctica. Notably, rates of sea level change
during glacial terminations and interglacial periods in the past few 100,000
years were substantially faster, between >1 and ~5 cm per year (Carlson
et al., 2008; Rohling et al., 2009) than recent rates of rise (~3 mm per year).

Moreover, the deep-time sedimentary record contains evidence of past
sea level changes at rates an order of magnitude or more higher than the
current observed rate of rise (Miller et al., 2005). Because reconstructions of
paleoeustasy are typically based on passive margin stratigraphic records
or indirect geochemical records such as the oxygen isotope composition
of marine sediments and microfauna, such estimates come with uncer-
tainties. However, because positive feedbacks to warming are explicitly
not considered in current projections (e.g., IPCC, 2007) and sea level can
change at rates and magnitudes greater than typically considered, there
is an obvious need to better understand how passive margin successions
record past glacioeustasic sea level changes and their relationship to varia-
tions in atmospheric pCO, and surface temperatures.

Despite such uncertainty, the geological record is the only repository
that can place constraints on the sensitivity of ice sheets and equilibrium sea
level to rapid (millennia or less) climate change during past warmings that
led to collapse of ice sheets of the scale of, or larger than, the Greenland
or Antarctic ice sheets. During the Middle Pliocene warming (3.5-3.0 Ma),
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FIGURE 2.7 Effects of a 1-m rise in sea level (inundated areas with connectiv-
ity to the sea shown in red; see Weiss et al., 2011)—in the absence of human
intercession—for four areas of the U.S. coastline: (A) Chesapeake Bay area; (B) New
Orleans area; (C) San Francisco Bay area, and (D) South Florida. Because of the
time needed for atmospheric CO, and surface warming to reach equilibrium, this
amount of sea level rise might be anticipated even if anthropogenic sources of CO,
were to cease today. In addition to local effects, inundation of the San Francisco
Bay area and south Florida would have substantial impacts on water resources in
both California and Florida.

SOURCE: Images courtesy Jeremy Weiss and Jonathan Overpeck, University of
Arizona.
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when CO, levels were slightly higher than at present (330 to 415 parts per
million by volume; Pagani et al., 2010) and comparable to projections for
the coming decade, sea level is estimated to have been 15-25 + 5 m, and
possibly up to 36 m, above the present level (Wardlaw and Quinn, 1991;
Shackleton et al., 1995; Naish et al., 2009). It is clear that equilibrium sea
level in response to current warming may be substantially higher than pro-
jected by IPCC models given that they do not include dynamic processes
that were operative in past warm periods (Rohling et al., 2009). Therefore,
even with stabilization of atmospheric CO, at current levels, it is likely that
sea level will continue to rise over the next few centuries at much faster
rates—up to three to four times faster than at present—than has hitherto
been considered by long-term projections.

Evidence for continental ice sheets during past long-lived greenhouse
periods defines a “climate-glaciation paradox” which in turn provides
an opportunity to uniquely address two issues that cannot be tested in
studies of the more recent glacial-interglacial fluctuations of the Ceno-
zoic. First, the geological records of glacial events during past greenhouse
warm periods illustrate ice sheet stability and long-term equilibrium sea
level change during times of substantially elevated atmospheric pCO,,
major climate perturbations, and in many cases, complete deglaciation.
For example, geological records offer sedimentological (Alley and Frakes,
2003), stratigraphic (Gale et al., 2002, 2008; Miller et al., 2003, 2004; Plint
and Kreitner, 2007), and geochemical (Stoll and Schrag, 1996, 2000; Borne-
mann et al., 2008) evidence—albeit indirect—for moderate to high-mag-
nitude (<25 m) sea level fluctuations and, if ice-driven, the possible exis-
tence of continental ice during the protracted greenhouse periods of the
Cretaceous and early Eocene. The development of ephemeral (<200,000
years) and small to moderate ice sheets in Antarctica (Figure 2.8; Miller et
al., 2005; Miller, 2009) documents the climate mechanisms and feedbacks
that permitted the repeated development of glaciations during otherwise
hothouse climates (Bornemann et al., 2008). We can also use the geologi-
cal record to investigate the dynamics of ice-driven sea level change and
deglaciation from such records of ice during times of anomalously warm
tropical oceans (up to 35°C) and forested poles.

Major variations in the expansion and contraction of ice sheets
throughout the Late Paleozoic Ice Age (Fielding et al., 2008; Rygel et al.,
2008; Bishop et al., 2009) may have involved expansion of continental ice
into the tropics (Soreghan et al., 2008), followed by protracted periods of
minimal glaciation that were likely CO, forced (DiMichele et al., 2009).
Data-model comparisons for this ice age (Poulsen et al., 2007a; Peyser and
Poulsen, 2008; Horton et al., 2010) indicate the influence of high-latitude
vegetation-climate feedbacks and the need for pCO, changes of much
greater magnitude than those associated with more recent interglacial-
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-~ Ice thickness (km)

FIGURE 2.8 Modeled distribution of greenhouse ice sheets on Antarctica. Rela-
tively small (~25 m) fluctuations in sea level have been associated with Antarctic
ice (Galeotti et al., 2009), which would likely have built up in areas of high
topography or near coastal moisture.

SOURCE: DeConto and Pollard (2003), reprinted by permission of Macmillan
Publishers Ltd.

glacial cycles, and highlight the large-scale reorganization of atmospheric
circulation and regional precipitation patterns between periods of exten-
sive glaciation and the warmer “interglacial” periods with greatly dimin-
ished continental ice. This late Paleozoic icehouse, which is calibrated to
the orbital timescale (Strasser et al., 2006; Davydov et al., 2010), terminated
with the full collapse of expansive southern hemisphere ice sheets, thereby
serving as the only “vegetated” analogue for an icehouse-to-greenhouse
transition (Montanez et al., 2007).

The second issue that can be assessed uniquely in deep-time records
is an improved understanding of the origins of short-term (10,000 years
to <2 million years) sea level fluctuations. Some of these sea level changes
could reflect the development of small ice sheets, where direct evidence
for ice from glacial sediments or oxygen isotope excursions is often lack-
ing or ambiguous (Miller et al., 2005; Haq and Schutter, 2008). Rapid
sea level changes during past warm periods also raise the question of
whether ephemeral ice sheets were common to all past warm periods.
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Short glacial advances are known to be associated with rare alignments
of the orbital obliquity and eccentricity cycles (Zachos et al., 2001a; Palike
et al., 2006a,b), suggesting that orbital configuration may predispose the
climate system to glaciation and produce short sea level falls. It is also
possible that there are nonglacioeustatic—and perhaps nonclimatic—
causal mechanisms that could influence ice sheet dynamics and sea level
response with continued warming.

EXPANSION OF OCEANIC HYPOXIA IN A WARMER WORLD

One forecast consequence of global warming is the widespread expan-
sion of oceanic hypoxia. Projections anticipate a decline in ocean O, by
as much as 30 percent in the next several centuries, with the potential to
expand the area of hypoxic seas from the current ~9.1 percent to as much
as 61 percent of the total ocean (Shaffer et al., 2009; Keeling et al., 2010).
Excess nutrient loading from river runoff, in combination with warming
waters and increasing pCO,, presently results in annual or permanent
expanses of hypoxia or anoxia on continental shelves and estuaries—
well-publicized examples are Chesapeake Bay (Adelson et al., 2001) and
the northern Gulf of Mexico (Malakoff, 1998). Globally, more than 400
“oceanic dead zones”—so named because of their inability to support
marine animal life (Diaz and Rosenberg, 2008; Rabalais et al., 2009)—have
been identified, most of which have appeared within the last 50 years
and now cover a cumulative area of ~245,000 km? (Malakoff, 1998; Diaz
and Rosenberg, 2008). Models suggest that hypoxic and anoxic zones will
continue to increase in response to warming and increasing pCO,, making
this one of the important risks associated with current warming (Stramma
et al., 2008; Shaffer et al., 2009). The extent and rate at which they will
increase in the coming century, however, are unknown.

Periods of anoxia in the ancient record provide models for under-
standing the biological and environmental consequences of widespread
hypoxia (Gooday et al., 2009). In each past case, the combined effects of
increased surface ocean temperatures and reduced vigor of overturning
circulation—effects anticipated with the current global warming—Iled
to dramatically lower levels of dissolved oxygen throughout the water
column (Broecker, 1999). In the geological past, episodes of widespread
marine hypoxia have been associated with biotic crises of aerobic marine
organisms (Sepkoski, 1996), such as the Middle-Late Devonian crises, the
Permian-Triassic extinction—the largest mass extinction of the past half
billion years, and repeated oceanic anoxic events throughout the mid to
late Cretaceous. These ancient examples provide an invaluable archive of
triggers, thresholds, rates of onset and recovery, and the spatial distribu-
tion of oxygen deficiency in the oceans.
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Inferred widespread oxygen depletion in latest Permian to earliest
Triassic oceans (Wignall, 2007) provides an example of oceanic hypoxia
that developed in multiple ocean basins. Oxygen deficiency in these
paleo-oceans developed to a degree sufficient for free hydrogen sulfide
to accumulate in the upper mixed layer of the surface ocean (Kump et al.,
2005; Meyer et al., 2008). Although the intensity of oxygen depletion varied
regionally, evidence for hydrogen sulfide, a compound that is toxic to most
marine organisms at even relatively low concentrations (~100 pmol), has
been found in all contemporary Permo-Triassic oceans (the Tethys and
Panthalassa; Isozaki, 1997; Grice et al., 2005; Algeo et al., 2008). Although
the exact cause of this nearly global anoxic episode remains under debate,
there is little doubt that greenhouse gas-induced global warming played
an important role (Box 2.4; Korte et al., 2005; Kearsey et al., 2008). Warm-
ing of deep-water source regions (Hotinski et al., 2001) potentially reduced
the vigor of oceanic circulation (Isozaki, 1997; Kiehl and Shields, 2005) and
elevated the nutrient flux to the oceans in response to increasing mean
temperatures. In turn, this may have provided the trigger for an oceanic
anoxic event of this enormity (Winguth and Maier-Reimer, 2005; Meyer et
al., 2008; Algeo et al., 2010).

Mid-to-late Mesozoic marine successions document repeated expan-
sions of anoxia, with the majority occurring during protracted periods of
“supergreenhouse” conditions (Jenkyns, 1988; Sageman et al., 2006; Hesselbo
et al., 2007). These events were associated with the turnover of oceanic
biota, including major evolutionary bursts in planktonic foraminifera and
the extinction of several nannoplankton groups (Leckie et al., 2002). These
geological-scale “anoxic events” (Box 2.5)—with their attendant changes in
surface temperatures and continental weathering (i.e., phosphorus fluxes to
the ocean)—have been linked to increased levels of atmospheric greenhouse
gases brought on relatively slowly through volcanism or by more rapid
release following magmatic intrusion into organic-rich sediments (Tejada
et al., 2002; Svensen et al., 2004; Turgeon and Creaser, 2008; Barclay et al.,
2010). The increased weathering led to substantially increased nutrient
fluxes to the oceans (Hochuli et al., 1999; Weissert and Erba, 2004; Tsandev
and Slomp, 2009; Adams et al., 2010), analogous to the present-day flux of
agricultural fertilizers to the oceans (Rabalais et al., 2009).

The dynamics of ancient anoxic intervals are particularly well studied
in the Mediterranean basin. There, the hypoxic sediment record began
about 14 million years ago (Mourik et al., 2010) and became more pro-
nounced in the Plio-Pleistocene (Figure 2.11), particularly during the
past 2 million years (Emeis and Weissert, 2009). Hypoxia is associated
with organic-rich sediments (up to 30 weight percent organic carbon) as
well as evidence for surface ocean warming, freshwater inputs that shut
down basin overturning, and the regeneration of nutrients into the surface
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BOX 2.4
A Literal Smoking Gun for the End-Permian Extinction

In the minds of most scientists, the case of what killed the dinosaurs
is closed. The culprit was an impact by a 10-km-wide asteroid, with the
consequent heat and chemical modifications of the atmosphere causing
environmental disturbance that affected both land and marine flora and
fauna and in some cases resulted in extinctions. In contrast, what caused
the largest of all mass extinctions—at the end of the Permian at 252 Ma—is
a “cold case” that has only recently received new information that might
ultimately lead to the “killer.” A key piece of evidence is the remarkable
correspondence in ages (Figure 2.9) between this event and vast eruptions
of the Siberian Traps volcanoes, one of the largest volcanic eruptions in
Earth history (Reichow et al., 2009). Volatiles released from the magma may
themselves have created a sizable environmental disturbance, but the key
to the deadliness of the Siberian Traps eruptions seems to be magma pen-
etration through thick sequences of limestone, evaporite, and coal (Svensen
et al., 2009), baking these materials and releasing immense quantities of
sulfur dioxide and gaseous halides that cooled the climate and disrupted
the ozone layer on short timescales (Beerling et al., 2007), yet warmed it
on longer (multimillennial) timescales by the release of large amounts of
CO, that boosted atmospheric CO, levels.

The abrupt and prolonged global warming would have been stressful to
biota by itself, but for marine organisms the resulting reduction in oxygen
solubility and reduced oxygen delivery to the deep ocean led to wide-
spread seafloor anoxia and permitted the accumulation of toxic substances,
including hydrogen sulfide, in the deep ocean (Meyer et al., 2008). Upwell-
ing of hydrogen sulfide into surface waters poisoned oxygen-dependent
organisms and encouraged sulfur-metabolizing organisms to thrive. Envi-
ronmental recovery apparently was quite slow—carbonate rocks with
anomalous marine cements and microbial reefs (Woods et al., 2007) that
are similar to those of the Proterozoic (Grotzinger and Knoll, 1995) char-
acterize the first few million years of the Triassic, as do depauperate faunas
of small bivalves. Full recovery did not occur for several million years,
with the composition of subsequent Mesozoic communities reflecting the
complex dynamics of recovery and diversification and large perturbations
in global biogeochemical cycling (Payne et al., 2004). The nature of the
biotic recovery, however, remains poorly understood and will require inter-
disciplinary studies of physicochemical and biological processes integrated
with quantitative models of diversification dynamics and global climate
and biogeochemistry.

continued
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BOX 2.5
Triggering of Oceanic Anoxic Events

Widespread, recurrent intervals of oxygen-deficient conditions in the
water column (referred to as oceanic anoxic events, or OAEs) were a
common phenomenon during the Mesozoic (Arthur et al., 1990; Hochuli
et al., 1999; Hesselbo et al., 2007). Positive 8'3C isotope excursions persist-
ing over tens to hundreds of thousands of years are characteristic of most
of these organic-rich OAEs, interpreted as resulting from increased burial of
12C-enriched sediments (Scholle and Arthur, 1980; Weissert, 1989; Menegatti
et al., 1998). Some of these anoxic events (notably OAE 1b and 1d) appear
to be ancient analogues of the well-studied Mediterranean sapropels that
were produced by the hydrological suppression of ocean overturning in a
marginal silled basin (Erbacher et al., 2001; Wilson and Norris, 2001). Other
events (e.g., OAE Ta and 2) were global events whose origin is not clearly
tied to tectonic preconditions. Still other brief periods of widespread anoxia
may have an origin in greenhouse gas-driven warming. Indeed, the more
recent discovery of large-magnitude but much shorter-lived (103 to 10* years)
negative isotope excursions at the onset of several of these Mesozoic OAEs
is compelling evidence for greenhouse gas forcing of these abrupt climate
events, possibly by methane release from seafloor gas hydrates (Menegatti
et al., 1998; Hesselbo et al., 2000; Jahren et al., 2001), methane release
by magmatic intrusion into organic-rich sediments (e.g., coals; Svensen et
al., 2004; McElwain et al., 2005), or other greenhouse gas sources such as
volcanism (Svensen et al., 2007; Hermoso et al., 2009).

Nested within the longer-term positive carbon isotope excursion, some
Cretaceous black shales show a striking cyclicity over submeter thicknesses,
which is interpreted to record oceanic hypoxia responding to minor climate
effects caused by orbitally driven changes in atmospheric circulation. For
example, mid-Cretaceous black shales from paleotropical West Africa at ODP
Site 959 provide evidence in their total organic carbon content (2-12 percent),
clay mineralogy, biomarkers indicative of euxinia, and elemental ratios for
coupled, centennial timescale changes in atmospheric circulation and marine
circulation coincident with strengthening of the African monsoon (Wagner
et al., 2004; Beckmann et al., 2005) (Figure 2.10). The rapid response and
strong variability recorded by these Cretaceous OAE intervals demonstrates
the sensitivity of oceanic conditions to perturbation of atmospheric circula-
tion and continental weathering brought on by global warming.

Can the deep-time record tell us more about an inherent instability of
climate over short timescales (decadal to centennial) if it is analyzed at
appropriate resolution? These examples would suggest so and emphasize
the enormous potential for unlocking the lessons about warm-Earth climate
states that are recorded solely in the deep-time geological archive.

continued
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FIGURE 2.10 High-resolution plots showing multiple precessional cy-
cles during Cretaceous OAE 3 (~85 Ma) from Ocean Drilling Program Site
959 in the eastern equatorial Atlantic. There is abrupt and high-frequency
variation in total organic carbon, with higher values indicating anoxia.
These cycles have been interpreted as resulting from changes in the
Cretaceous intertropical convergence zone that caused variations in river
discharge from tropical western Africa.

SOURCE: Beckmann et al. (2005).
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waters that trigger massive blooms of bacteria and diatoms (Bianchi et al.,
2006; Capozzi et al., 2006; Rohling et al., 2006; Gallego-Torres et al., 2007;
Emeis and Weissert, 2009). The Mediterranean record appears to have
parallels with some Cretaceous events, particularly those developed in
the narrow proto-North Atlantic (Erbacher et al., 2001).

BIOTIC RESPONSE TO A WARMER WORLD

Although Earth’s biota contributes to, and is affected by, a variety of
important climatic feedbacks that are incompletely understood in terms
of process and magnitude, there is little doubt within the scientific com-
munity that anthropogenic climate change is having a large and sustained
impact on Earth’s ecosystems (Parmesan and Yohe, 2003; Rosenzweig et al.,
2008). Changes in the distribution and ecological composition of vegetative
land cover (e.g., replacement of evergreen forests by deciduous forests)
can lead to changes in mean global and regional albedos, altering both the
total amount of incoming solar radiation absorbed at the Earth’s surface
and its spatial distribution (Baldocchi et al., 2000; Marland et al., 2003).
Ecosystem changes have already accompanied the rapid loss of snowfields
and sea ice, with consequent decrease in surface albedo in high-latitude
regions, as a result of the global warming of the past century (ACIA, 2004;
Chapin et al., 2005). Changes in terrestrial vegetation also lead to changes
in evapotranspiration and soil moisture content and, in turn, cloud cover
and water vapor mass in the atmosphere (Hennessy et al., 1997; Alpert et
al., 2006). In the marine environment, changes in upwelling and nutrient
availability have the potential to influence the rate of dimethyl sulfide
production by phytoplankton, thereby altering the concentration of cloud
condensation nuclei and changing the albedo and other optical properties
of stratus clouds over oceans (Boucher and Lohmann, 1995; Schult et al.,
1997; Kump and Pollard, 2008). Vegetation-climate feedbacks, however,
involve complex, nonlinear interactions with competing effects, resulting
in an uncertain net response to climatic forcing. Nevertheless, general
circulation models incorporating vegetation-climate feedbacks generally
yield higher climate sensitivities (up to 5.5°C per CO, doubling; Cox et al.,
2000) relative to models lacking such feedbacks, reflecting the direct influ-
ence that vegetation has on radiation fluxes, water cycling, and latent heat
transport on Earth’s surface.

The Pleistocene paleoclimate record provides well-documented exam-
ples of the impact on, and influence of, vegetation on climate shifts asso-
ciated with the gentle glacial-interglacial oscillations in atmospheric CO,
over the past few hundred thousand years (Peteet and Mann, 1994; Kneller
and Peteet, 1999; Gillespie et al., 2004). The relative importance of such
feedbacks, however, is likely to change as atmospheric CO, concentrations
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continue to increase well above the levels of the Pleistocene interglacials
and as the geographic distributions of climate zones change. For example,
higher CO, levels are expected to saturate the CO, fertilization effect,
resulting in a shift of the terrestrial biosphere from a net sink to a net
source of carbon sometime within this century (Cao and Woodward, 1998;
Cox etal., 2000). Furthermore, as the surface oceans warm and become less
alkaline with increasing atmospheric CO,, carbonate-bearing animals will
be strongly impacted (e.g., see Box 2.6), further perturbing biota-climate
feedbacks compared with those reconstructed from the recent past.

The deep-time geological record, in particular the record of warm
periods of higher atmospheric pCO, and including the transitions into
and out of these periods, has the potential to yield unique insights into the
nature and rate of biotic response to climate perturbation as well as into
the biota-climate feedbacks accompanying global warming. For example,
the mid-Paleozoic “greening” of continents, marked by the evolution and
spread of vascular land plants (Gensel and Andrews, 1987; Beerbower et
al., 1992), records a large-scale natural experiment in the climatic effects
of vegetation—reflecting the contrast between a largely unvegetated pre-
Devonian world compared with one that was heavily vegetated—that
has been linked to major changes in atmospheric CO, and a vastly dif-
ferent hydrological regime (Algeo et al., 1995, 2001). Another example of
the potential of the deep-time record is provided by the repeated major
restructuring and turnover within terrestrial floral communities that
occurred in step with recurrent shifts in surface temperature, precipita-
tion levels, seasonality, and soil moisture during the demise of the Late
Paleozoic Ice Age at ~295-260 Ma, the vegetated Earth’s only analogue of
a CO,-forced icehouse-to-greenhouse transition (see Box 2.7).

More recently, the gradual but extreme warming (perhaps up to >30
to 42°C in the tropics) of the early Eocene greenhouse (Box 2.8) may have
triggered a major tropical vegetation die-off, with substantial changes in
evapotranspiration fluxes, precipitation, albedo, surface temperature, and
carbon feedbacks (Huber, 2008). During the transient global warming and
short-term aridity of the Paleocene-Eocene Thermal Maximum (PETM)
major restructuring among terrestrial biomes resulted in expansion in the
latitudinal range of subtropical and tropical rainforests (Wing et al., 2005).
Oxidation of the terrestrial biosphere at the Paleocene-Eocene boundary
may have released several gigatons of carbon into the atmosphere, sub-
stantially amplifying the existing greenhouse warming and its climate
effects (Kurtz et al., 2003).

The potential vulnerability of modern biotic communities to cata-
strophic disruption (Jackson et al., 2001; Chase and Leibold, 2003) is an
issue designated as one of the “grand challenges” in the environmental
sciences (NRC, 2001). Globally, current extinction rates are estimated to
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BOX 2.6
Impact of Past and Future Climate Change on Coral Reefs

Healthy coral reef ecosystems develop under a relatively narrow range
of ocean temperatures and chemistry (Kleypas et al., 1999) and are there-
fore sensitive indicators of environmental conditions. Global change
models predict that reef systems, with their abundant biodiversity, will
be exposed to higher ocean temperatures and increasingly more acidic
waters in the next century (Hoegh-Guldberg et al., 2007; see Figure 2.12).
Indeed, research suggests that global climate change has already caused
steep declines in coral growth on reef systems around the world (Hoegh-
Guldberg, 1999). Culturing experiments with corals in acidified waters
show that skeleton growth drops as acidity increases and, in extreme cases,
coral colonies can lose their skeletons completely and grow as soft-bodied
anemone-like animals (Fine and Tchenov, 2007). In fact, ocean acidification
may vie with global warming as the most severe threat to marine ecosystems
(Hoegh-Guldberg et al., 2007; De’ath et al., 2009). Reef systems, however,
are intrinsically complex structurally and ecologically, making it difficult to
evaluate the likely impact of future global change on modern reefs based
solely on studies of present-day systems. The geologic record of fossil reef
evolution provides opportunities to study the response of reef ecosystems
to past episodes of increased global temperatures and ocean acidification.

The coral reef crisis occurring in modern oceans may be the sixth such
major reef crisis recorded in the past 500 million years of marine metazoan
evolution. Four of the previous five metazoan reef crises appear to have
been driven by greenhouse gas-forced global warming that was probably
associated with ocean acidification (Veron, 2008; Kiessling and Simpson,
2010). At least three of these reef crises were associated with massive re-
lease of greenhouse gases into the oceans and atmosphere, leading to pCO,
increases analogous to—or perhaps even greater than—those anticipated
for Earth’s future. For example, major reef crises during the Early Jurassic
and during the Cretaceous were associated with massive releases of vol-
canic CO, to the atmosphere that led to global warming, oceanic anoxia,
and quite likely ocean acidification (Knoll etal., 1996; Svensen etal., 2007;
Hermoso et al., 2009). One of the major reef crises occurred at the same
time as the best-documented case of greenhouse gas-induced ocean acidi-
fication in the geological record, the Paleocene-Eocene Thermal Maximum
(PETM) of 56 Ma (described in more detail in the next chapter). Although
coral-algal reefs began to decline throughout the Tethyan region in the
early Eocene due to the development of very warm (~30-35°C) tropical
sea surface temperatures (Scheibner and Speijer, 2008) (Figure 2.13), PETM
extinction rates indicate that ocean acidification must have been a major

continued
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causative factor along with global warming (Kiessling and Simpson, 2010).
Notably, the deep-time record of this major reef crisis uniquely captures the
consequences on larger-scale marine ecosystems that might be anticipated
with the future loss of reefs.
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Area it | Selandian | (55.2-66.3Ma) [Clim. Optimum
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FIGURE 2.13 Paleogene reef history from the Mediterranean area and
southern Asia. Coral-algal reefs that are widespread in the early Paleo-
gene largely disappeared during the peak of greenhouse warming in
the Early Eocene Climatic Optimum, and were replaced by carbonate
mounds formed by larger benthic foraminifera (nummulite banks).
SOURCE: Modified from Scheibner and Speijer (2008).
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BOX 2.7
Climate-Driven Restructuring of Late Paleozoic Tropical Forests

Integration of climate proxy records with tropical paleobotanical
archives from the Late Paleozoic shows repeated climate-driven ecosystem
restructuring of paleotropical flora in step with climate and pCO, shifts,
illustrating the biotic impact associated with past CO,-forced turnover
to a permanent ice-free world (Montanez et al., 2007; DiMichele et al.,
2009). Wetland flora—consisting of ferns and pteridosperms, sphenopsids,
and lycopsids—was rapidly replaced in the earliest Permian by dryland
flora that diversified in the now seasonally dry habitats created by an
abrupt shift from ever-wet to semiarid conditions. Tree and fern-rich floras
reappeared during wetter, cooler conditions of the subsequent glaciation
at ~285 Ma characterized by lowered pCO, (Figure 2.14). Such dramatic
floristic changes occurred with each climate transition during the final stage
of the Late Paleozoic Ice Age.

The fact that these temporally successive floras tracked climatic condi-
tions and contained progressively more evolutionarily advanced lineages
suggests that evolutionary innovation occurred in extrabasinal areas and
was revealed by climate-driven floral migration into lowland basins. One
such scenario occurred during the return to cold conditions at the close of
the Early Permian when unique seed-plant assemblages, not observed again
until the Late Permian (conifers) and Mesozoic (cycads), migrated into low-
land basins. Climate transitions drove macroevolution in the oceans as well,
including significant changes in marine invertebrate biodiversity coincident
with the appearance of a diverse array of early terrestrial vertebrate lineages
and major restructuring of floral biomes (Clapham and James, 2007).

continued
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FIGURE 2.14 Floral abundance patterns (A and B) in the paleotropics
during the latest Pennsylvanian through Middle Permian, plotted against
(C) estimated pCO, (blue line) and paleo-sea surface temperatures (red
band). Periods of glaciation or widespread cooling in the high southern
latitudes are shown by blue bars. Top panel (A) shows the temporal
distribution of typical latest Carboniferous wetland floras (ferns and
pteridosperms, sphenopsids, and lycopsids). The middle panel (B) illus-
trates the temporal distribution of dryland floras (conifers, callipterids
and other seed plants) that diversified in seasonally dry habitats. The
short-term intercalation of the two floras—at the likely millennial scale—
occurred with the return of wetland floras in the mid Early Permian
transient glaciation under cooler and wetter conditions brought on by
significantly lowered pCO, and renewed glaciation.

SOURCE: Modified after Montafiez et al. (2007).
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BOX 2.8
Biome Distributions in the Cretaceous-Early Eocene Hothouse

The discovery more than a century ago of coal seams, fossil forests, and
fossil leaves of warm temperate trees above the Arctic Circle on the west
coast of Greenland, more than 1,000 km north of the modern tree line,
was an early indicator of anomalous warmth at high latitudes in the past.
That arctic regions more than 50 Ma had been forested as far north as there
was land, despite a continental configuration similar to that of the present
day, became increasingly more apparent with the discovery of hundreds
of similar sites on arctic islands and across arctic Asia and North America
(Spicer et al., 2008). Northern hemisphere Cretaceous-early Eocene polar
forests were fundamentally different from present-day boreal forests, which
do not grow north of the Arctic Circle, as they are dominated by deciduous
conifers related to the bald cypress and dawn redwood and by a variety of
deciduous broadleaf trees. Leaf margin analysis of Paleocene-Eocene floras
from arctic Canada on Axel Heiberg Island (at 78°N) yield mean annual
temperatures of 10° + 2°C (Basinger et al., 1994), in striking contrast to the
modern mean annual temperatures of minus 30°C. The fossil floral record
indicates that in this warmer world, both subtropical and tropical rainforests
had greatly expanded latitudinal ranges (Figure 2.15).

Subtropical conditions in the polar Arctic are further indicated by the
occurrence of early Eocene crocodiles, turtles, and snakes on Ellesmere
Island at 80°N at this time (Dawson et al., 1976; Markwick, 2007). Sub-
sequent discovery of fossil mammals and plants, related to contemporary
biotas in France and Wyoming, confirmed the hypothesis that Arctic Canada
at this time was part of a warm temperate land connection between Europe
and North America (Hickey et al., 1983). The recent and surprising dis-
covery of the aquatic fern Azolla in 47 Ma Eocene sediments in an ACEX
Integrated Ocean Drilling Program (IODP) core in the middle of the Arctic
Ocean (Brinkhuis et al., 2006) adds an almost surreal element to this
vignette of crocodile-infested subtropical swamp forests on the shores of a
warm, fresh arctic ocean covered with floating aquatic plants. Studies of
such ice-free, high-latitude, deep-time analogues are important scientific
windows into how the Arctic ecosystem might operate in the absence of
permanent sea ice or in fully deglaciated conditions.

In a world with forested poles and tropical midlatitudes, the nature of the
equatorial realm is a serious question. Recent estimates of sea surface tem-
peratures for the Late Cretaceous to Eocene tropics, based on well-preserved
marine microfossils, suggest that temperatures may have exceeded 35-40°C
(Huber, 2002; Norris et al., 2002; Pearson et al., 2007)—the absence of
equatorial coral reefs may have been because seawater was too hot. Ample
evidence from equator to pole shows that the last greenhouse was a very dif-
ferent place from today, and that the composition and distribution of biomes
were wholly different from the present—it was not just a warmer world, but
rather a completely different world from the present day.
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be at least two orders of magnitude higher than the long-term average
(Hassan et al., 2005), a rate potentially commensurate with the largest
mass extinctions of the geological past (Sepkoski, 1996; Bambach, 2006).
Modeling future biodiversity losses and their effects on the Earth’s eco-
systems and climate, however, is inherently difficult (Botkin et al., 2007),
making it imperative to assess the outcome of equivalent “natural experi-
ments” in the geological record (NRC, 1995; Myers and Knoll, 2001). The
five major, and dozens of minor, mass extinctions of the past half-billion
years (Sepkoski, 1996, Bambach, 2006) offer unique insights regarding eco-
system susceptibility and response to environmental stress, the potential
for ecological collapse, and the mechanisms of ecosystem recovery (Benton
and Twitchett, 2003; Bottjer et al., 2008). Furthermore, the integration of
paleontologic, stratigraphic, and geochemical records for many intervals
of the past half-billion years have revealed the variable character of past
biotic turnovers and mass extinction events (e.g., Boxes 2.4, 2.6, 2.7, 2.8),
which differ in regard not only to severity but also to duration, selectivity,
and the nature of environmental stresses (e.g., the transition out of super-
greenhouse conditions into Ordovician glaciation [Trotter et al., 2008]; the
Early to Middle Triassic radiations [Payne et al., 2004]; the nannoplankton
crisis and foraminiferal turnovers of the Cretaceous ocean anoxic events
[Leckie et al., 2002]; Eocene-Oligocene faunal extinction and immigration
[Kobashi et al., 2001; Ivany et al., 2004]). Most importantly, the geologi-
cal record uniquely captures past climate-ecological interactions that are
fully played out and thereby archive the impact, response, interaction, and
recovery from past global warming and major climate transitions.
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Climate Transitions, Tipping Points, and
the Point of No Return

Because of the extended timescale—several centuries—necessary for
climate to adjust to an increase in atmospheric CO,, the current icehouse
climate is out of equilibrium with long-term CO, forcing (Hansen et al.,
2008). As the planet continues to warm, it may be approaching a critical
climate threshold beyond which rapid (decadal-scale) and potentially
catastrophic changes may occur that are not anticipated—because of
complex feedback dynamics and existing computational limitations—by
climate models that are tuned to modern conditions. This chapter focuses
on the insights that can be gleaned from the deep-time geological archive
of climate change concerning such thresholds, with particular focus on
the major societal questions noted in Chapter 1: How soon, abrupt, and
dramatic will climate change be, and how long will the new climate states
persist?

Climate modeling efforts and the geological record provide plenty
of evidence for climate system thresholds, or “tipping points” (Box 3.1),
beyond which rapid changes can occur without any additional forcing
(Hansen et al., 2008; Lenton et al., 2008). Components of the climate system
that are particularly vulnerable to being forced by increasing atmospheric
CO, across a threshold into a new state include the loss of Arctic summer
sea ice, the stability of the Greenland and West Antarctic ice sheets, the
vigor of the meridional overturning circulation in the North Atlantic and
around Antarctica, the extent of Amazon and boreal forests, and the vari-
ability of the El Nifio-Southern Oscillation (ENSO) (Lenton et al., 2008).
The changes in state across such “tipping points” are typically accelerated
relative to the apparent rate of forcing, are accompanied by large-scale
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BOX 3.1
Tipping Points and the Point of No Return

There are sound theoretical reasons to think that tipping points across
climatic thresholds exist (Gladwell, 2000; NRC, 2002). Examples of
threshold behaviors include thermohaline circulation modifications, ice
sheet instabilities, sea ice instabilities, soil-moisture feedbacks, and the
onset of high-latitude convection and associated high-level cloud forcing.
Hansen et al. (2008) introduced the term “tipping element” to describe
subcontinental-scale subsystems of the Earth system that are susceptible
to being forced into a new state by small perturbations. Tipping level—the
magnitude of climate forcing beyond which, if sustained, abrupt climate
change will eventually occur—is differentiated from “point of no return.”
If the tipping level is exceeded for only a brief period of time, the original
state of the system can be restored. More persistent forcing can push the
system to the “point of no return,” where a reduction of the forcing below
the tipping level is ineffective in halting the climate shift (Figure 3.1). This
irreversibility of the system response is referred to as hysteresis (NRC, 2002).

FIGURE 3.1 Equilibrium states of a “system” (valleys) in response to
gradual anthropogenic CO, forcing (progressing from dark to light blue).
The curvature of the valley is inversely proportional to the system’s
response time (1) to small perturbations. A threshold is reached when
the valley becomes shallower and finally vanishes causing the ball to
abruptly roll to a new state (to the left).

SOURCE: Lenton et al. (2008), ©National Academy of Sciences, U.S.A.
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impacts on ecological systems, and typically involve hysteresis (Lenton
et al., 2008).

ICEHOUSE-GREENHOUSE TRANSITIONS

The following sections describe four periods of past climate change—
icehouse-to-greenhouse or greenhouse-to-icehouse transitions—that were
driven by slow (long-term) climate forcing across a critical threshold that
led to abrupt and highly variable climate responses, as examples of what
can be gleaned from the deep-time geological record of climate change
and the scientific challenges that persist.

Initiation of the Cenozoic Icehouse

The early Cenozoic greenhouse Earth was plunged from a pro-
tracted state of warmth into its current glacial state 33.7 million years
ago (Ma), at the Eocene-Oligocene boundary. The transition from a
relatively deglaciated climate state to one in which the Antarctic ice
sheet grew to between 40 and 160 percent of its modern size occurred
within ~200,000 to 300,000 years (Coxall et al., 2005; Liu et al., 2009b). A
long-term decrease in CO,, commencing after the Early Eocene Climate
Optimum at 52 Ma, has been proposed as the main cause of this cool-
ing trend (Box 3.2) (Edmond and Huh, 2003; Kent and Muttoni, 2008).
A CO, decrease through yet another apparent threshold (from as high
as 415 ppmv [parts per million by volume] in the early Pliocene to
~280 ppmv; Pagani et al., 2010; Seki et al., 2010) most probably accounted
for the initiation and growth of northern hemisphere ice sheets at around
3 Ma (DeConto et al., 2008; Lunt et al., 2008).

All of the elements of a tipping point climate transition are recorded
by this greenhouse-to-icehouse turnover (Kump, 2009). As the climate sys-
tem reorganized itself, it experienced an overshoot (the Oi-1 climate event)
into a deep glacial, which was colder and with larger ice sheets than would
be sustained during the less extreme conditions of the glaciated Oligocene
(Zachos et al., 1996). The calcium carbonate compensation depth in the
oceans deepened substantially in two 40-thousand-year (ky) long steps
(separated by 200 ky) that occurred synchronously with the stepwise
onset of major permanent ice sheets in Antarctica (Coxall et al., 2005). This
instability in the climate system persisted for ~200 to 300 ky (Zachos et
al., 2001b) and caused major changes in ocean and atmosphericic circula-
tion with widespread effects on most marine and terrestrial ecosystems
(Pearson et al., 2008). Such a characteristic response of a homeostatic feed-
back system implies an underlying dynamic that still remains to be fully
understood but could result from changes in, and the interplay between,
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BOX 3.2
Separating the Influence of Ice Volume and Temperature

The gradual cooling from the hothouse of the Early Eocene Climate Opti-
mum (52 Ma) to the onset of Oligocene glaciation in Antarctica (~34 Ma)
was first inferred from a long-term global trend of increasing benthic
foraminiferal 8'80 values (Figure 3.2). The temperature of the deepest water
in the oceans—an indication of global climate—was at least 10°C higher in
the early Eocene than it is today. The cooling trend was disrupted several
times by transient warming events in the Eocene and also by an abrupt shift
toward heavier isotopic values (~1 to 1.5%o [parts per thousand] increase in
8'80 in all records) at the Eocene-Oligocene boundary (referred to as the
“Oi-1 overshoot”; Zachos et al., 2001b), with this transient cooling a result
of some combination of rapid East Antarctic ice sheet growth and global
cooling (Zachos et al., 2001a; Coxall et al., 2005). Marine carbon isotope
compositions and CaCO, accumulation rates also exhibit the distinctive
“overshoot,” suggesting teleconnections between the southern hemisphere
high latitudes and the tropical ocean (Coxall et al., 2005).

A number of additional proxies have been used to separate, or decon-
volve, the effects of ice sheet growth from cooling—sequence stratigraphy
to assess sea level change (e.g., Kominz and Pekar, 2001); marine geo-
chemical proxies of temperature, including Mg/Ca ratios of foraminiferal
calcite (e.g., Lear et al., 2000; Katz et al., 2008) and biomarkers (spores
and pollen) in marine sediments (e.g., Liu et al., 2010); as well as terres-
trial climate reconstructions based on oxygen isotopes in teeth and bones
(e.g., Zanazzi and Kohn, 2008). The latest assessments indicate that the
greenhouse-to-icehouse transition occurred in a series of steps with increas-
ing influence of ice volume (Lear et al., 2008) and that cooling preceded
ice sheet expansion, with maximum ice sheet size perhaps as much as 15
percent greater than today’s Antarctic ice sheet (Palike et al., 2006a; Liu
et al., 2009b). A threshold was likely reached through a combination of
orbitally driven changes in summer insolation and declining atmospheric
CO, levels (DeConto and Pollard, 2003), although oceanic gateway open-
ing and the thermal isolation of Antarctica may have played a role (Barker
et al., 2007; Jovane et al., 2007).
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FIGURE 3.2 Relationship between atmospheric CO, (A) and climate (B)
through the Cenozoic. The upper panel shows reconstructed pCO, from
marine and lacustrine proxy records; the dashed line is maximum pCO,
for the Neogene estimated by equilibrium calculations using lacustrine
mineral phases (Lowenstein and Demicco, 2006). The climate curve in
the lower panel is a composite of deep-sea benthic foraminiferal oxygen-
isotope records, smoothed using a five-point running mean (Zachos et
al., 2001a, 2008). The temperature scale on the right axis was calculated
for an “ice-free ocean,” and is thus applicable solely to the pre-Oligocene
portion of record.

SOURCE: Zachos et al. (2008), reprinted by permission of Macmillan
Publishers Ltd.
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global silicate weathering rates, the global burial rates of marine CaCO,
and siliceous plankton, atmospheric CO, levels, and ice sheet growth and
ablation paced by changes in Earth’s orbit (Coxall et al., 2005; Zachos
and Kump, 2005; Pilike et al., 2006a).

The CO, threshold behavior exhibited by the Eocene-Oligocene onset
of Antarctic glaciation and the Neogene initiation of the Greenland ice sheet
suggests that multiple equilibrium states exist in the climate system. To the
extent that the ice sheet climate system exhibits hysteresis, the CO, threshold
identified for the cooling path may be substantially lower than that for the
reverse warming path. Simulations of the modern climate system (DeConto
and Pollard, 2003) and empirical proxy records (Pearson et al., 2009) have
suggested a substantial delay (up to several millennia) in ice sheet response
to increased atmospheric CO, due to hysteresis. Such studies indicate that
polar ice sheet decay may require CO, levels well above those that existed
during the initiation of Cenozoic glaciation (Pollard and DeConto, 2005).
Recent evidence, however, indicates the potential for subdecadal response
times of ice sheets and much more rapid melting (Das et al., 2008; van de Wal
etal., 2008). The response of the Neogene polar ice sheets to the atmospheric
CQO, levels during the Middle Miocene climatic optimum (~500 ppmv at
16 Ma; Kiierschner et al., 2008) and the early Pliocene (up to 415 ppmv
at 4.5 Ma; Pagani et al., 2010)—values not too different from modern (2010)
concentrations—warrants further exploration to resolve the uncertainties
in ice sheet response times to global warming. If CO, forcing is sustained
at levels through the point of no return, then rapid meltdown of glaciers
can be anticipated in the future even if carbon emissions to the atmosphere
ultimately decrease (Hansen et al., 2008).

If hysteresis is characteristic of ice sheet melting dynamics, then such a
delay in ice sheet response to elevated CO, guarantees a future transition
into a warm world that is abrupt, extreme, and with possibly irreversible
catastrophic effects (Hansen et al., 2008; Kump, 2009). Presumably, the
long-term processes that drove the climate system into the glacial state
during the Cenozoic (enhanced silicate weathering and mountain build-
ing, reduced subduction of carbonates and volcanism, and thus low atmo-
spheric CO, levels) will persist through the anthropogenic perturbation,
so it is reasonable to anticipate that the climate—following the current
transient warming—will cool over the subsequent few tens of millennia.
Eventually, conditions for the reinitiation of the Antarctic and Greenland
ice sheets will be achieved, but these may require atmospheric pCO, levels
similar to preindustrial values and a favorable orbital state (Berger et al.,
2003; Pollard and DeConto, 2005). Thus, the trip “forward to the past” may
be quite prolonged, perhaps approaching the evolutionary timescales of
species, including Homo sapiens.
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Paleocene-Eocene Thermal Maximum (PETM)

One of the best-known examples of an ancient global warming event,
with potential parallels to the near future, is the Paleocene-Eocene Thermal
Maximum (PETM). This abrupt climate change occurred at ~56 Ma with
repeated, rapid (millennial-scale), massive releases of “fossil” carbon
and major disruption of the carbon cycle (Kennett and Stott, 1991, 1995;
Dickens et al., 1995; Zachos et al., 2003). The oxygen isotopic compositions
of planktonic and benthic foraminifera record rapid warming of ~5°C in
tropical surface and deep oceans, and as much as 9°C warming at the poles,
that persisted for ~170 ky (Sluijs et al., 2006; Zachos et al., 2006; Rohl et
al., 2007) (Figure 3.3). Greenhouse gas-forced global warming was accom-
panied by extreme changes in hydroclimate and accelerated weathering
(Bowen et al., 2004; Pagani et al., 2006; Schmitz and Pujalte, 2007), deep-
ocean acidification (Zachos et al., 2005), and possible widespread oceanic
hypoxia (Thomas, 2007; Zachos et al., 2008). Whereas regional climates
in the mid- to high latitudes became wetter and were characterized by
increased extreme precipitation events, other regions, such as the western
interior of North America, became more arid (Schmitz and Pujalte, 2007).
With this intense climate change came ecological disruption, including
the immigration of modern mammalian orders (including primates) into
North America, large-scale floral and faunal ecosystem migration (e.g., see
Box 2.8), and widespread extinctions of benthic foraminifera in the deep
ocean (Thomas and Shackleton, 1996; Bains et al., 1999; Wing et al., 2003,
2005). Carbon isotope records indicate that although the onset occurred
within a few millennia, the recovery was much slower, taking well over
100 ky (Figure 3.3).

Dissociation (melting) of methane hydrates as their stability field
crossed a threshold, triggered by a warming trend in the early Eocene
(Dickens et al., 1995), is the most widely cited source of fossil carbon for
the PETM. However, methane’s isotopically light carbon requires that
less carbon (~2000 petagram [Pg]) be added to account for the observed
isotopic excursion than required by some models to account for the degree
of inferred seafloor carbonate dissolution (Zachos et al., 2005; Panchuk et
al., 2008). Some other suggested hypotheses to account for the abundant
fossil carbon include sustained burning of accumulated Paleocene ter-
restrial organic peats and coals (Kurtz et al., 2003; Huber, 2008), although
conclusive evidence in support of this hypothesis is lacking (Moore and
Kurtz, 2008); increased terrestrial methane cycling (Pancost et al., 2007),
although this may not generate a whole-system isotopic shift; desiccation
and oxidation of organic matter in large epicontinental seaways (Higgins
and Schrag, 2006), although the paleogeographic changes and their timing
remain poorly resolved; and more speculatively, the impact of a volatile-
rich comet (Cramer and Kent, 2005), although others have argued that the
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FIGURE 3.3 Marine stable isotope and seafloor sediment CaCO, records compiled
using several ocean drilling sites for the PETM, a hyperthermal with some parallels
to modern greenhouse gas-driven global change. (A) 8'3C time series developed
from benthic foraminifera illustrating ~2.5 part per thousand (%.) excursion at
~55 Ma. (B) 8'80 time series and inferred temperatures record the prolonged
period of ocean warming (~70-80 ky) and its large magnitude. There may have
been several events of greenhouse gas release during the PETM that produced
the large, abrupt changes in ocean temperatures. (C) Record of seafloor calcium
carbonate content from the South Atlantic documents the significant reduction
due to dissolution and deep-ocean acidification during the PETM. The apparent
onset of CaCO, dissolution prior to the onset of the carbon isotope excursion
reflects the extensive dissolution of uppermost Paleocene sediments by acidic
waters during the PETM.

SOURCE: Zachos et al. (2008), reprinted by permission of Macmillan Publishers
Ltd.
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putative cometary particles were actually produced by bacteria (Kopp et
al., 2007; Lippert and Zachos, 2007; Schumann et al., 2008). Clearly, there is
no single fully satisfactory source to account for the carbon, and multiple
carbon releases may have occurred in response to an initial warming. A
likely trigger for the initial warming during the PETM is igneous intru-
sion into organic-rich sediments of the North Atlantic, which generated
thermogenic methane and CO, (Svensen et al., 2004; Storey et al., 2007).
Notably, the sudden release of carbon into the atmosphere-ocean system
occurred at rates that vastly exceeded typical rates in Earth history, activat-
ing components of the climate system that can be triggered by accelerated
warming. The PETM serves as an important base level showing the effect
on the biosphere of a rapid rate of addition of fossil carbon to the atmo-
sphere (~3,000 to 4,500 Pg—on the order of that anticipated if we burn
through all fossil fuels)—yet dwarfed by the present rate of ~1 percent per
year CO, increase in Earth’s atmosphere (Zeebe et al., 2009).

Transient warming episodes, such as the PETM, were a recurring
phenomenon of the early Eocene warm world. Many of the short-lived
hyperthermals were associated with abrupt and extreme climate change,
an accelerated hydrological cycle, and ocean acidification (Nicolo et al.,
2007; Stap et al., 2009) (Box 3.3). Short-term positive feedbacks active dur-
ing the hyperthermals magnified the climatic effects of the initial carbon
influx. Climate amelioration with each transient warming event would
have been substantially delayed as the rates of short-term feedbacks far
outpaced the negative feedbacks (e.g., weathering) capable of restoring the
global carbon cycle to a steady state (Zachos et al., 2008; Zeebe et al., 2009).

The PETM, and other hyperthermals of the early Cenozoic, occurred
when the Earth was virtually ice-free. This is certainly significantly dif-
ferent from modern and near-future conditions, which are expected to
maintain unipolar glaciation at a minimum. The ice sheets of the Neo-
proterozoic Snowball Earth and the Late Paleozoic Ice Age were far more
extensive than those of the Cenozoic icehouse, recording repeated major
glacial-interglacial transitions and including terminal epic deglaciation.
Despite substantially different land mass-height distributions, ocean circu-
lation patterns, and marine and terrestrial ecosystems from those of today,
the geological record of these deglaciations—specifically the repeated
major transitions between glaciations and glacial minima including their
terminal epic deglaciations—provide the only “icehouse” perspective of
the response of the climate system and ecosystems to perturbation beyond
the range archived in the more recent glacial records.

The Late Paleozoic Deglaciation

Much of the scientific understanding of feedbacks and thresholds in
the current glacial climate system, and their influence on the biosphere,
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BOX 3.3
Deep-Time Insights into Ocean Acidification

The early Cenozoic hyperthermals, and in particular the PETM, provide
a natural laboratory to study climate sensitivity to pCO,, the interplay of
short- and long-term feedbacks in the climate system, and ocean acidifica-
tion under magnitudes of atmospheric pCO, increases that are comparable
to present and projected future increases. Clear evidence of deep-ocean
acidification exists for the PETM (Zachos et al., 2005; Zeebe and Zachos,
2007), with corrosive waters completely dissolving calcium carbonate on
the Atlantic seafloor at water depths below 2.5 km; today, this calcium car-
bonate compensation depth (CCD) occurs below 4 km in most ocean basins.

Whether surface waters became undersaturated is less clear since car-
bonate producers such as planktonic foraminifera and coccolithophorids
persisted during the event. However, whereas shallow water reefs composed
of corals, calcareous red and green algae, and larger benthic foraminifera
were abundant prior to the PETM, metazoan reefs nearly vanished between
56 million and 55 million years ago (Scheibner and Speijer, 2008; Kiessling
and Simpson, 2010). Widespread coral reefs did not reappear until the
middle Eocene, at ~49 Ma. It appears that a combination of persistent
warming from the late Paleocene to early Eocene, punctuated by deep-
ocean acidification at the PETM, defined a threshold for coral-algal reefs
that led to rapid loss and only gradual recovery. Notably, the lack of
evidence for surface water acidification probably indicates that the rate
of carbon addition was slower—perhaps by an order of magnitude—than
projected fossil fuel emission rates under the least optimistic scenarios for
the future (e.g., the A1 family of scenarios considered by IPCC [2007])
which, in box models, generates surface and deep-water acidification
(Zeebe et al., 2008, 2009).

Over the past two centuries, the ocean has absorbed 40 percent of
anthropogenic CO, emissions (Zeebe et al., 2008). If fossil fuel emissions
continue unabated and minimal development is put into carbon seques-
tration technologies, by the time humans burn through estimated fossil
fuel reserves (at ~A.D. 2300 to A.D. 2400), ~5,000 gigatonnes of carbon
will have been released to the atmosphere (Zachos et al., 2008). Because
the rate of anthropogenic carbon input to the atmosphere greatly exceeds
the mixing time of the oceans (1,000-1,500 years), CO, will build up in
the atmosphere (perhaps to ~2,000 ppmv) and the surface ocean (Kump,
2002; Zachos et al., 2008). What could be in store for this millennium? As
the ocean continues to absorb CO,, carbonate ion (COSZ‘) concentration
will fall leading to decreases in surface water pH and saturation states, a
condition that is already apparent and will continue over the next century
(Figure 3.4). Acidic surface waters are expected to massively affect ocean
ecosystems, including the widespread loss of coral reefs. With time, acidic
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FIGURE 3.4 Initial carbon pulse for the PETM (red curves), estimated to
be 3,000 Pg carbon using published carbon isotope and observed deep-
sea carbonate dissolution records, and a carbon cycle model (LOSCAR;
Zeebe et al., 2008, 2009). The magnitude of the input carbon mass was
inferred from carbonate dissolution records, with the §!3C of the carbon
pulse (£ -50%0) constrained by requiring the model outcome to match
observed deep-sea 8'°C records. The model assumes a large initial input
of carbon over 5 ky, followed by further smaller pulses and a low continu-
ous carbon release (an additional 1,500 Pg) throughout the PETM main
event. Changes in calcite saturation in the surface ocean (lower diagram)
are estimated for the PETM (red curve) and for the future (black curve),
based on the inferred magnitude of the carbon pulse to atmosphere.
SOURCE: Courtesy of R.E. Zeebe, personal communication (2010).

continued
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BOX 3.3 Continued

water will penetrate to the deep ocean where it will dissolve carbonate
sediments and begin to be neutralized. In response, the saturation horizon
of the deep ocean will shoal on a decadally observable timescale. Calci-
fication rates of corals will slow noticeably and may become negligible in
the next 100-150 years. At first, the rise in the saturation horizon will be
slow, but as the area of seafloor above the saturation horizon declines (fol-
lowing the seafloor hypsometric curve), the shoaling rate will accelerate,
bringing it to as shallow as the depth of the shelf-slope break (~130 m) in
the next several centuries. At this point, barrier reefs, having long since lost
their reef-building biota, will erode through dissolution and disintegrate.
This history of carbonate dissolution will result in a carbonate-poor layer
in the deep ocean, much like sediments associated with past hyperthermals
such as the early Cenozoic PETM.

has been elucidated by studies of climate transitions of the past few mil-
lion years—in particular the moderate-scale glacial-interglacial fluctua-
tions of the Pleistocene. The demise of the Late Paleozoic Ice Age (LPIA;
between 290 and 260 Ma) provides an opportunity to evaluate climate
stability and climate-biota interactions during a major climate transition
coupled to changing CO, contents. For example, climate models indicate
that climate-driven biome changes at high latitudes may have factored
strongly in controlling LPIA glacial-interglacial changes (e.g., Horton et
al., 2010). For the final stages of this protracted ice age, covariance between
shifts in pCO, and continental and marine surface temperatures inferred
from isotopic proxies of soil-formed minerals and marine fossil brachio-
pods, and ice sheet extent reconstructed from southern Gondwanan
glacigenic deposits, indicates a strong linkage of pCO,-climate-ice-mass
dynamics that is consistent with greenhouse gas forcing (Montafiez et
al., 2007). A pattern of progressively more extensive and long-lived ice
sheets through the Late Carboniferous (340 to 310 Ma; Fielding et al.,
2008) was reversed in the Early Permian—under rising atmospheric CO,
levels—as climate ameliorated and conditions shifted toward a protracted
greenhouse climate state (Montafiez et al., 2007). The trend of gradually
increasing surface temperatures and increasing atmospheric pCO, is
punctuated by larger but shorter-term fluctuations associated with each
discrete glaciation. Surface temperatures and CO, levels never returned to
the earliest Permian minima associated with the apex of Gondwanan con-
tinental ice sheets. Intermittent warmings—characterized by CO, levels
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above the simulated threshold for glaciation (Horton et al., 2007; Horton
and Poulsen, 2009)—heralded the more permanent change to an ice-free
world to come. This pattern of episodic changes in atmospheric CO, and
surface temperatures in step with transient glaciations, superimposed
on a longer-term warming trend during the demise of the Late Paleozoic
Ice Age, shares characteristics in common with the Eocene-Oligocene
greenhouse-to-icehouse transition (Coxall et al., 2005; Liu et al., 2009a,b).
The similarity in behavior of these very different transitions suggests that
turnovers in climate states are most probably characterized by large-scale
episodic change. Future study of the deep-time record of the Earth’s last
epic deglaciation should shed light on how the cryosphere, hydrosphere,
chemosphere, and biosphere responded to such episodic change under
rising CO, levels.

Deglaciation During the Neoproterozoic

A phase of rapid global warming is recorded in the late Neoprotero-
zoic (~635 Ma), abruptly terminating what was probably the longest-lived
(~135 Ma; Macdonald et al., 2010) and coldest icehouse period of Earth
history, where at times ice sheets extended to sea level in equatorial
latitudes—a climate state popularly referred to as the “Snowball Earth”
(Hoffman et al., 1998). Carbon isotope trends provide evidence for sub-
stantial, but poorly understood, disruption of the carbon cycle during the
ice age itself, including the possibility that the high albedo of a global-scale
ice sheet dominated climate (Hoffman et al., 1998). The terminal deglacia-
tion in the Neoproterozoic offers an intriguing deep-time archive of how
major changes in long-term processes that regulate climate, such as silicate
weathering and carbon burial and productivity, have been triggered when
a threshold in the climate system has been reached through CO, forcing.
Abrupt and rapid increase in CO, at the end of the Neoproterozoic gla-
ciations is recorded by the presence of thin calcium carbonate deposits,
interpreted to have been deposited on a millennial timescale, immediately
overlying Neoproterozoic glacial sediments across the globe (Kennedy et
al., 1998; Hoffman and Schrag, 2002). These carbonate deposits are a physi-
cal record of rapid release of CO, to the atmosphere calculated at a rate
of ~1 percent CO, increase per year (Kennedy et al., 2001), similar to the
current rate of CO, increase of 0.8 to 1 percent per year (IPCC, 2007). While
the analogy is imperfect because of the very different biosphere and conti-
nental configuration in the Neoproterozoic, deglaciation under this strong
greenhouse gas forcing imparted a record unique from that of subsequent
deglaciations. Most notably, the abrupt transition to greenhouse condi-
tions associated with this complete deglaciation appears to have involved
a dominating rapid-warming feedback (Fairchild and Kennedy, 2007) that
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involved the massive release of CO, (Hoffman and Schrag, 2002) and/or
the destabilization of methane clathrates and the release of methane gas
from permafrost and marine reservoirs (Kennedy et al., 2001, 2009). It
appears that the dominance by warming feedbacks during the termina-
tion of this ice age precluded the damping effects of other feedbacks that
governed climate oscillations during Phanerozoic ice ages. Consequently,
the late Neoproterozoic deglaciation provides an excellent example of the
long-term feedbacks that can be triggered—and likely accelerated—when
a threshold in a strongly forced climate system is reached.

HOW LONG WILL THE GREENHOUSE LAST?

The potential for climatic consequences with severe impact on humans
resulting from the buildup of fossil fuel CO, has inevitably resulted in
questions not only of “How bad will it get and how fast?” but also “How
long will it last?” The answers to these questions depend heavily on the
global warming potential of the greenhouse gas release, which accounts
not only for its immediate impact on the planetary radiative energy bal-
ance but also on the longevity of the greenhouse gas in the atmosphere
(Archer et al., 2009).

Economic forecasts suggest that conventional fossil fuel resources
will largely be used up in the next 200-400 years, leading to atmospheric
CQO, levels that could reach ~2,000 ppmv by A.D. 2300 to 2400 (Marland
et al., 2002; Caldeira and Wickett, 2003). However, models of the global
carbon cycle and the geologic record both show that CO, produced from
fossil fuels and other reservoirs will continue to impact global climate
and atmospheric chemistry for tens to hundreds of thousands of years.
Although CO, produced by fossil fuel burning is taken out of the atmo-
sphere within decades of its production, the oceans, soils, and vegetation
continue to exchange greenhouse gases back into the atmosphere for far
longer. Greenhouse gases continue to affect climate and ocean acidity
until they are buried as organic matter or converted to mineral forms of
inorganic carbon through rock weathering (Box 3.4).

Simple box models (Figure 3.6) have been used to make long-term
projections of future climate to capture the “recovery” from the fossil
fuel-induced greenhouse state (Walker and Kasting, 1992; Archer, 2005).
Although box model calculations should not be considered definitive,
they do suggest that the fossil fuel perturbation may interfere with the
natural glacial-interglacial oscillation driven by predictable changes in
Earth’s orbit (Berger et al., 2003), perhaps forestalling the onset of the
next northern hemisphere “ice age” by tens of thousands of years. A more
convincing exposition of the central question of “how long” requires more
comprehensive models. Scientific confidence in those models will be high
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BOX 3.4
CO, Sweepers and Sinks in the Earth System

The carbon fluxes in and out of the surface and sedimentary reservoirs
over geological timescales are finely balanced, providing a planetary ther-
mostat that regulates Earth’s surface temperature. Initially, newly released
CO, (e.g., from the combustion of hydrocarbons) interacts and equilibrates
with Earth’s surface reservoirs of carbon on human timescales (decades to
centuries). However, natural “sinks” for anthropogenic CO, exist only on
much longer timescales, and it is therefore possible to perturb climate for
tens to hundreds of thousands of years (Figure 3.5). Transient (annual to
century-scale) uptake by the terrestrial biosphere (including soils) is easily
saturated within decades of the CO, increase, and therefore this compo-
nent can switch from a sink to a source of atmospheric CO, (Friedlingstein
et al., 2006). Most (60 to 80 percent) CO, is ultimately absorbed by the
surface ocean, because of its efficiency as a sweeper of atmospheric CO,,
and is neutralized by reactions with calcium carbonate in the deep sea at
timescales of oceanic mixing (1,000 to 1,500 years). The ocean’s ability
to sequester CO, decreases as it is acidified and the oceanic carbon buffer
is depleted. The remaining CO, in the atmosphere is sufficient to impact
climate for thousands of years longer while awaiting sweeping by the
“ultimate” CO, sink of the rock weathering cycle at timescales of tens to
hundreds of thousands of years (Zeebe and Caldeira, 2008; Archer et al.,
2009). Lessons from past hyperthermals suggest that the removal of green-
house gases by weathering may be intensified in a warmer world but will
still take more than 100,000 years to return to background values for an
event the size of the Paleocene-Eocene Thermal Maximum.

In the context of the timescales of interaction with these carbon sinks,
the mean lifetime of fossil fuel CO, in the atmosphere is calculated to be
12,000 to 14,000 years (Archer et al., 1997, 2009), which is in marked
contrast to the two to three orders of magnitude shorter lifetimes commonly
cited by other studies (e.g., IPCC, 1995, 2001). In addition, the equilibra-
tion timescale for a pulse of CO, emission to the atmosphere, such as the
current release by fossil fuel burning, scales up with the magnitude of the
CO, release. “The result has been an erroneous conclusion, throughout
much of the popular treatment of the issue of climate change, that global
warming will be a century-timescale phenomenon” (Archer et al., 2009,
p. 121).

continued
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BOX 3.4 Continued
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FIGURE 3.6 Schematic showing the predicted long-term response over 100,000
years of atmospheric CO,, including ocean temperature feedbacks, to a range of
possible fossil fuel emissions totals. The 100,000-year simulations include silicate
weathering (solid lines) and the 35,000-year simulations include seafloor CaCO,
dissolution (dashed lines). These models highlight how the timescale of carbon
uptake becomes extended as the event unfolds. Fast processes such as ocean
uptake and biomass growth, with high transfer rates but limited capacity, lose
their potency, while slower processes, such as seafloor carbonate dissolution and
rock weathering, come to dominate.

SOURCE: Modified from Archer (2005).

only if they can be evaluated against observation. The historical record,
and even the expanse of the Quaternary climate record, contains nothing
comparable.

Observations and modeling of the past carbon cycle perturbations
provide a basis for projecting future conditions under the full range of
fossil fuel burning scenarios, including the most pessimistic “business-
as-usual” eventuality. Along this trajectory, atmospheric CO, levels will
rise as long as fossil fuel burning continues (with ultimate input of ~5,000
GtC), rising to levels perhaps as high as 1,600-2,000 parts per million (i.e.,
five to seven times the preindustrial level) (Figure 3.6). The geological
record of past hyperthermal events, including the PETM, suggests that
severe global warming under such magnitudes of carbon emissions will
persist for 20,000 to 40,000 years. Carbon cycle models indicate that even
after 100,000 years, the anthropogenic perturbation to the carbon cycle
will still be important, especially if the total amount of carbon emitted is
large. Consequently, Milankovitch forcings that have so dominated the
pacing and extent of climate variations, and especially ice sheets, over the
last 2 million years will—as they were prior to the onset of the current
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glacial state in the Oligocene—serve as only a minor modulator of high-
latitude climate variability because climate change will be muted under
such elevated atmospheric pCO, levels. The Greenland ice cap could dis-
appear in the first few coming millennia, and if CO, levels rise more than
two to four times present levels, the West Antarctic ice cap could collapse
(Naish et al., 2009), although this conclusion is highly sensitive to orbital
configuration and model parameterizations (Pollard and DeConto, 2005).
By any measure, exploitation of much of the fossil fuel reservoir over only
300 years will clearly leave a far longer lasting legacy.
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Deciphering Past Climates—
Reconciling Models and Observations

Forecasts of climate change for the next century are based on general
circulation models (GCMs) that have been developed and tuned primar-
ily using twentieth century records, but also with some input based on
the understanding of the climate system from the more recent geologi-
cal past (e.g., the Last Glacial Maximum and the Holocene). In part, this
reflects the high levels of radiometric calibration and temporal resolution
(subannual to submillennial) offered by near-time paleoclimate archives,
which are capable of identifying the typically nonlinear components of
the climate system—characterized by rapid response times—that are
relevant to human society. A critical prerequisite for accurate forecasts of
future regional and global climate changes based on GCMs, however, is
the requirement that these models use parameters that are relevant to the
future we seek to better understand. In this context, the recent climate
archive captures only a small part of the known range of climate phe-
nomena, since it has been derived from a time dominated by ice dynamics
at both poles. Furthermore, the magnitude of forcing that the planet is
now experiencing exceeds any that has occurred during the past ~30 mil-
lion years. As GCMs are transformed into Earth System Models for the
Intergovernmental Panel on Climate Change (IPCC) Fourth Assessment
Report, they will encompass vastly more system physics, and deep-time
climate studies will offer modelers the only real-world scenarios for test-
ing the full climate response to the large increases in greenhouse gas levels
that are projected.

As the climate system departs from the conditions captured by these
well-studied near-time climate analogues, it is necessary for the scientific

81
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community’s efforts to expand to capture the full range of variability and
climate-forcing feedbacks of the global climate system, in particular for the
past “extreme climate events” and warmer Earth intervals that may serve
as analogues for future climate. Full testing of climate models for these
time periods will require evaluation of feedback processes within models,
enhanced spatial resolution, and longer simulations to better characterize
climate model variability. All of these requirements, especially those for
resolution and variability, will require significant computational resources.

For deep-time climate systems, the representation of paleogeographic
boundary conditions can be a much greater source of uncertainty than it is
for simulations based on modern geography. Furthermore, discrepancies
between model outputs and paleoclimate observations may indicate the
existence of additional processes, feedbacks, and/or sensitivities that
are not present in the model or expressed in the modern climate sys-
tem. For example, the exceptionally warm high latitudes during all past
warm periods—whether transient or long term—cannot be reproduced by
models without invoking unreasonable CO, levels, revealing the inability
of current models to fully capture the processes and feedbacks governing
heat transport and retention or the processes that might generate heat in
the polar regions under elevated atmospheric greenhouse gas levels (Covey
and Barron, 1988; Rind and Chandler, 1991; Covey, 1991; Sloan and Pollard,
1998; Bice et al., 2006; Huber, 2008; Kump and Pollard, 2008; Spicer et al.,
2008; Zachos et al., 2008). Thus, model development, which is based on
improving specific processes and climate feedbacks and, in turn, evalu-
ating the impact of these improvements on model simulations, depends
on the availability of spatially resolved, robust, deep-time paleoclimate
reconstructions of appropriate geochronological resolution and constraint.
In addition, the utility of paleoclimate proxies for climate reconstruction
and data-model comparisons relies on the proxies being sufficiently well
preserved and the existence of an adequate understanding of the under-
lying processes, sensitivities, and uncertainties captured by these proxies.

Recent paleoclimate studies of deep-time successions have docu-
mented the potential of the older part of the geological record to reveal
long-duration archives of forcings, responses, and long-term (centuries to
tens of millennia) feedbacks that are of magnitudes and/or durations not
captured by Pleistocene and Holocene paleoclimate records. Constraining
the nature (e.g., rates, phasing between proxies) and origin (forcings) of
climatic shifts, particularly rapid and/or transient events across climate
thresholds from the deep-time record, will be greatly enhanced where
orbital-scale cycles can be identified and resolved in the rock record
(Box 4.1, Figures 4.1 and 4.2). Indeed, millennial to seasonal signals—at
times calibrated to the orbital timescale—have been extracted from the
sedimentary record spanning hundreds of millions of years (e.g., Feldman
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BOX 4.1
Determining Time in the Geological Record

One of the biggest challenges in using the deep-time record for under-
standing Earth systems is determining the rates of processes and dating
when specific events occurred. Determining rates requires very precise time
control, particularly if the processes being studied occur at an ecological
timescale (1 year to several centuries). One method for such precise time
control is by using annually layered sediments in ancient anoxic or hyper-
saline basins, as long as a few age control points are present. Examples
include laminated sediments from the Pleistocene Santa Barbara Basin
(Figure 4.1a), Eocene sediments of the North Sea (Figure 4.1b) (Schigler
et al., 2007), black shale sequences in the Cretaceous North Atlantic
(Figure 4.1¢), and the Permian Castile Formation of West Texas (Anderson,
1982). Quite highly resolved relative timescales can also be achieved
using cyclic sequences, with resolutions of a few centuries to several tens
of millennia, based on the identification of distinct orbital periods (Figure
4.1d; Figure 4.2). Both annual layers and orbitally tuned records can reveal
ecological dynamics, snapshots of natural variability at different parts of
Earth history, and the duration of threshold shifts in ecosystems.

Orbital cycles can sometimes be tied to astronomically tuned time-
scales during the past 40 million years to provide excellent absolute
timescales. One example is the tuning of orbital cycles in glacial events
during the Oligocene using combined geochemical and sediment prop-
erty cycles tied to an astronomically calibrated timescale (Palike et al.,
2006a,b; see Figure 4.2). Orbital cycles have been recognized far back
in the Phanerozoic sedimentary record and, together with high-resolution
U-Pb dating, offer the potential to reconstruct Earth system dynamics in
great detail (Erwin 2006; Davydov et al., 2010).

et al., 1993; Olsen and Kent, 1996; Eriksson and Simpson, 2000; Loope et
al., 2001, 2004; Ivany et al., 2004; Wagner et al., 2004; Elrick and Hinnov,
2007; Jahren and Sternberg, 2008; Kennedy et al., 2009). The ability to
precisely and accurately quantify geological time has improved dra-
matically with recent advances in radiometric dating and interlaboratory
cross-calibration (e.g., the EARTHTIME initiative) permitting unprec-
edented temporal resolution (e.g., ID-TIMS [isotope dilution-thermal
ionization mass spectrometry] uranium-lead [U-Pb] ages with analytical
uncertainties of <0.01 percent; Ramezani et al., 2007). Some recent radio-
metric calibrations of the sedimentary record integrate astrochronology,
providing Milankovitch-scale resolution through long intervals of time
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FIGURE 4.1 Sediment cores can be detailed recorders of time: (a) Core sample
(Core MV1012-TC-3) from the Holocene of Santa Barbara Basin, California, dis-
playing well-developed millimeter-scale laminations related to annual cycles in
biological productivity and sediment runoff. (b) Eocene laminated sediments from
the North Sea (Nini-3 well), potentially offering very high resolution records of
climate and ecosystem variability. (c) Similar laminations in a drill core through
Cretaceous black shales from the tropical North Atlantic (from ODP Site 1259).
(d) Orbital cycles in sediment color paced by the precession cycle (~21 kyr) from
a drill core in the Paleocene of the western North Atlantic (from ODP Site 1051;
Norris and Rohl, 1999).

SOURCE: ODP core images courtesy Integrated Ocean Drilling Program Science
Services.

(e.g., Kuiper et al., 2008; Davydov et al., 2010). Furthermore, integration
of orbital-stratigraphic approaches with bio-, magneto-, cyclo-, and/or
chemostratigraphy has successfully placed high-resolution temporal con-
straints on past events (e.g., Olsen and Kent, 1996; Sageman et al., 2006;
Westerhold et al., 2008; Adams et al., 2010; Galeotti et al., 2010). Several
epochs and stages of the Phanerozoic have been fully orbitally tuned,
presenting the possibility of geochronological resolution at 10- to 10°-year
scales (e.g., Hinnov and Ogg, 2007). Many of these records, however, await
radiometric calibration to the absolute timescale.
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FIGURE 4.2 Astronomically tuned climate record from the Oligocene of the Cen-
tral Pacific. Top two panels show the astronomical calculation of the 41,000-year
cycle in the tilt of Earth’s spin axis (known as obliquity), and the 405,000-year
cycle in eccentricity (thin black line). In the middle panel is the carbon isotope
record of the deep Pacific which displays a well developed ~400,000-year cycle
that closely matches the calculated astronomical cycle (dashed green line). ETP is
the calculated cycle expected if the sediment record integrated the combined ec-
centricity, tilt and precession cycles. The geomagnetic polarity timescale is shown
on the bottom, here calibrated to the astronomical cycles.

SOURCE: Modified from Pélike et al. (2006b).

The potential of the deep-time paleoclimate record to provide unique
insight into scientific understanding of the climate system’s response to
greenhouse gas forcing, however, is underdeveloped. To maximize this
potential, the community is presented with three primary challenges:

e To determine precise chronologies for existing and new geo-
logical archives of paleoclimate interest—where feasible at the temporal
resolutions that are possible in the Pleistocene and Holocene—through
continued improvements in the precision and accuracy of geochronologi-
cal techniques applicable to the sedimentary record (Ar-Ar [argon-argon]
and U-Pb), and the development of novel radiometric approaches such as
U-Pb dating of carbonates (Rasbury and Cole, 2009) and rhenium-osmium
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(Re-Os) dating of black shales (Ravizza and Turekian, 1989; Selby and
Creaser, 2005; McArthur et al., 2008a).

e To develop within such geochronological and/or orbitally tuned
frameworks, marine and terrestrial—ultimately linked—time series of
high temporal resolution and spatial density and distribution. For terres-
trial records that are notoriously geographically fragmented and poorly
resolved, this will rely in large part on systematically acquired, targeted
continental drilling of continuous and highly resolved records.

e To obtain proxies of a broad range of surface and atmospheric
conditions (paleotemperatures, pCO,, pO,, contents of other greenhouse
gases, paleoprecipitation, seasonality, relative humidity)—of higher preci-
sion and accuracy than currently available—through some combination of
proxy refinement, proxy development, and multiproxy studies.

CLIMATE MODEL CAPABILITIES AND LIMITATIONS

Current paleoclimate model capabilities (Box 4.2) include the appli-
cation of fully coupled three-dimensional models to past climates. These
are the same models that are used to study the present climate state and
future changes to Earth’s climate, and they are the models that provide
the modeling foundation for the IPCC periodic assessments. For many
years, these models included only the physical aspects of the atmosphere,
dynamic ocean, land, and sea ice components of the climate system. More
recently, however, these models have begun to include coupling to a
dynamic ice sheet model and prognostic components for biogeochemistry,
atmospheric chemistry, dynamic vegetation, and ecology. Many models
can even provide calculations of the isotopic composition of precipita-
tion, making direct comparisons with §'¥0 marine and terrestrial proxies
possible (Roche et al., 2006; Poulsen et al., 2007a, 2010; Zhou et al., 2008).
Thus, global climate models have evolved from physical climate system
models to more comprehensive Earth system models that permit more
realistic coupling between the physical climate system and the biosphere
(e.g., Slingo et al., 2009; Cadule et al., 2010).

In terms of the mean state, climate system models are able to realisti-
cally capture many characteristics of the current climate, such as observed
equator-to-pole thermal gradients, large-scale spatial distribution of pre-
cipitation patterns, and various aspects of regional climate variability
(e.g., El Nifio-Southern Oscillation, Pacific Decadal Oscillation). Although
the more comprehensive Earth system models offer many advantages,
many aspects of regional-scale climates are still not captured accurately
(although see Sewall and Sloan [2006], Thrasher and Sloan [2009], for
exceptions). Simulating regional-scale phenomena requires the existence
of high-resolution paleoclimate boundary data, which may not exist for
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BOX 4.2
Climate Models

Climate models are numerical representations of the climate system that
provide a means to study the processes that determine Earth’s climate state.
Over the past 50 years, climate models have evolved to include a hierarchy
of approaches to representing the climate system (Figure 4.3).

Geochemical box models are used to study the temporal evolution of
quantities such as atmospheric CO, and oxygen, ocean stable isotopes,
and other geochemical variables. These models are based on theoretical
expressions of the sources and sinks of a range of geochemical properties,
providing global mean information on timescales of tens of thousands to
millions of years.

Earth system models of intermediate complexity (EMICs) extend the box
model concept to include spatial resolution and are useful tools to study
Earth processes for timescales exceeding 10,000 years. Typically, these
models include a detailed two- or three-dimensional ocean model coupled
to simplified one- or two-dimensional atmospheric models. The energy
balance atmospheric model predicts the geographic distribution of surface
temperature and other energetic atmospheric quantities. The ocean model
includes a marine biogeochemical component that simulates the chemi-
cal state of the ocean. The horizontal spatial resolution of these models
is ~500 km. These models include detailed physical and biogeochemical
processes that are often missing in the more complex models. However,
their major limitation is that the atmospheric components are highly tuned
to the present-day world, and they cannot incorporate realistic mechani-
cal and thermodynamic forcing of the atmosphere on the ocean. Overall,
these models are of value to look at transient climate change, such as the
long-term fate of pCO, over a few hundred thousand years.

Global climate models (GCMs) are the most comprehensive models for
studying the climate system (IPCC, Fourth Assessment Report, Chapter 8,
2007). These models are usually composed of three-dimensional represen-
tations of the atmosphere, ocean, sea ice, and land systems. These systems
are dynamically coupled and allow for feedbacks among the various com-
ponents. Recently, these fully coupled Earth System Models have begun
to include other processes such as atmospheric chemistry, terrestrial and
marine biogeochemistry, and ecological models. With recent increases in
computational power, atmospheric GCMs are now simulating the climate
system on spatial scales of 50 to 75 km (Kim et al., 2008). Lower resolution
versions of fully coupled GCMs (spatial resolutions of ~100 to 400 km)
can be run for thousands of years (Liu et al., 2010), and this is especially
important for deep-time climate research since the equilibrium time for
the oceans is ~3,000 years (e.g., Kiehl and Shields, 2005). With continued

continued
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BOX 4.2 Continued

advances in computing as well as increases in the availability of massively
parallel supercomputers, it is likely that multimillennial simulations using
coarser-resolution GCMs (~400-km grid spacing) will soon be possible.

Such a hierarchy of climate models is essential for studying climate
change on a wide range of timescales from decades to millions of years.
Information from the more computationally expensive GCMs can be used
as input for the EMICs, which can then be run for hundreds of thousands
of years. Information from the GCMs or EMICs can also be used to better
represent climate feedbacks in geochemical box models.
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FIGURE 4.3 Graphical representation of the ranges of spatial resolution
and simulation run times for the major categories of climate model.

such spatial resolutions (e.g., ~50 km). Additional challenges exist for the
modeling of ancient climates, which are characterized by different paleo-
geography, paleotopography, atmospheric pCO,, solar luminosity levels,
and other boundary conditions. Yet, the community’s confidence in the
ability of GCMs to forecast future regional and global climate changes
may be unfounded if these models cannot simulate past climates that dif-
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fer as much from the present as the future is likely to differ from current
conditions.

At this time, climate models of past periods use certain parameter-
izations defined for the present-day global climate system, necessar-
ily requiring questionable assumptions about the relevance of present-
day conditions to the older parts of the geological record. For example,
assumptions concerning plant physiology, biome composition, and sur-
face distribution based on present-day vegetation are not likely to have
been applicable to times prior to the evolution of angiosperms (~130
million years ago [Ma]) and the expansion of grasses (~34 Ma). Similarly,
the emission of precursor gases that form atmospheric aerosols is linked
to current understanding of atmospheric chemistry because proxies for
paleoemissions of gases that could create aerosols, in particular for those
that can affect cloud properties such as biologically mediated dimethyl
sulfide (Henriksson et al., 2000; Kump and Pollard, 2008), do not exist at
this time. Thus, the definition of boundary conditions inferred from the
geological proxy record and the parameterization of physical processes
in warmer world models intrinsically come with significant uncertainty.

Key boundary conditions that must be prescribed for deep-time or
warm world models include the paleogeography of land areas, past veg-
etation distributions, paleotopography, and ice sheet extent. Coupling to
ocean models additionally requires knowledge of paleoeustasy in order
to specify the distribution of shallow seas and the paleobathymetry for
the deep oceans:

e Global paleogeography is an important boundary condition for
constraining elevation models of continental topography and oceanic
bathymetry, the geography of oceanic gateways and shallow continental
(epeiric) seas that influence oceanic circulation, ocean heat transport, and
climatic conditions (e.g., Crowley and Burke, 1998). The relative posi-
tions of the continents are well known back to ~200 to 180 Ma, when the
oldest extant ocean floor was formed, but the uncertainty of deeper time
paleogeographic reconstructions increases dramatically going farther back
in time because of the absence of a seafloor record (Ziegler et al., 1983;
Scotese, 2004; Blakey, 2008). Paleolatitudes can often be resolved to within
about +5°, which is somewhat coarser than the geographic resolution of
the global climate models used for recent IPCC simulations of future cli-
mate. However, a greater concern is that the lack of geological record of
intervening ocean basins, particularly prior to the Cretaceous, means that
longitudinal control is not possible.

e Paleotopography is an important boundary condition for pre-
dicting stationary wave patterns in the atmosphere, convective effects
associated with uplifted regions, and their impact on the distribution of
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precipitation. Promising new approaches to reconstructing paleoaltimetry
have been developed in recent years. The application of the fossil leaf
stomata index to paleoaltimetry is based on the established relationship
between leaf stomata frequency and ambient pCO, and the predictable,
globally conserved decrease in pCO, with altitude (McElwain, 2004). The
uncertainty, which can reach levels as large as the potential height of the
surface (Peppe et al., 2010), is determined by the uncertainty in the CO,
concentration in air as a function of time. The oxygen isotope compositions
of pedogenic minerals (Rowley and Currie, 2006; Forest, 2007; Sahagian
and Proussevitch, 2007) and the hydrogen isotope composition of n-alkanes
from epicuticular plant waxes preserved in lacustrine deposits (Polissar et
al., 2009) may be sensitive proxies of surface water and precipitation compo-
sitions and, in turn, paleoelevation through isotope-altitude relationships.
As this proxy is based on systematic trends in the distribution and isotopic
composition of modern precipitation with climate and topography, the
uncertainty in estimates is dependent on the degree to which the isotopic
composition of paleoprecipitation is faithfully recorded by the authigenic
(formed in situ) minerals (Blisniuk and Stern, 2005). The recently developed
“clumped-isotope” carbonate paleothermometer (see discussion below)
shows good potential for paleoelevation reconstruction, using assumed
temperature lapse rates with elevation (Ghosh et al., 2006; Quade et al.,
2007). Recent studies have demonstrated that surface uplift influences the
regional climate and isotope distribution and thereby severely complicates
paleoaltimetry interpretations (e.g., Ehlers and Poulsen, 2009; Poulsen et al.,
2010). Therefore, ultimately, the accurate reconstruction of paleotopography
requires some degree of iteration between modeling and proxy methods
since topographic relief strongly affects regional climate patterns, influenc-
ing all of the proxy-based estimates (Ehlers and Poulsen, 2009).

e Paleobathymetry has been reconstructed back to the late Jurassic
through well-known age-depth relationships for oceanic crust (Parsons
and Sclater, 1977; Stein and Stein, 1992), but paleobathymetry for older
parts of the record is far more challenging to constrain because of the loss
of seafloor through subduction. The development of oceanic plateaus and
oceanic swells, and uncertainty in how the rate of ocean floor production
has varied over time (Rowley, 2002; Stein and Stein, 1997), further chal-
lenges reconstructions of paleobathymetry and hence sea level change
(Kominz, 1984). Besides eustasy, uncertainties in estimating changes in the
rate of ocean floor production also impact estimates of mantle outgassing
that have been used to drive carbon cycle models and delineate the evolu-
tion of atmospheric pCO,, pO,, and CH, through the Phanerozoic (Berner,
2006, 2009; Beerling et al., 2009). This uncertainty is significant considering
that for the time intervals for which seafloor is preserved (<180 Ma), the rate
of change of seafloor production remains a debated issue (Rowley, 2002).
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e The Earth’s vegetation contributes to, and is affected by, a variety
of important climatic feedbacks and is thus an important boundary condi-
tion for paleoclimate modeling. Changes in vegetative land cover directly
influence albedo and Earth surface radiation (Betts, 2000; Chase et al.,
2000; Pielke et al., 2002; Marland et al., 2003; Horton et al., 2010). Changes
in terrestrial vegetation also lead to changes in evapotranspiration and the
hydrological cycle (Shukla and Mintz, 1982; Rind et al., 1990; Baldocchi
et al., 2000; Alpert et al., 2006), with attendant indirect effects on radia-
tive fluxes and atmospheric chemistry as a function of changes in cloud
cover and water vapor mass in the atmosphere (Elliott and Angell, 1997;
Hennessy et al., 1997). In addition, vegetative land cover both influences
and is influenced by soil moisture content, and changes in soil moisture
content can have significant climatic effects through shifts in the relative
influences of latent heat flux versus sensible heating (Alpert et al., 2006;
Niyogi and Xue, 2006). Vegetation-climate feedbacks have not yet been
fully incorporated into GCMs because of the difficulty of parameterizing
the complex, nonlinear interactions that range from cellular scale in
physiological approaches to regional or global scale in biome and physical
approaches to plant definition (Alpert et al., 2006). GCMs incorporating
vegetation-climate feedbacks, however, generally yield amplified climate
responses such as higher climate sensitivities (up to 5.5°C per CO, dou-
bling; Cox et al., 2000), larger amplitudes of paleoglacioeustasy (Horton
etal., 2010), and greater high-latitude amplification of warming (DeConto
et al., 1999) relative to models lacking such feedbacks. The deep-time geo-
logical record offers several large-scale “natural experiments” (see Chap-
ter 2) from which insights regarding the operation and scaling of these
vegetation-climate feedbacks can be gleaned (Peteet, 2000; Parmesan and
Yohe, 2003; Horton et al., 2010). The knowledge of the composition and
spatial distribution of vegetation on a global scale, prior to the evolution
of angiosperms (Early Cretaceous) and grasslands (Cenozoic), however,
must be further developed. A far more coordinated effort is needed to
expand scientific understanding of fossil plant physiological mechanisms
and to synthesize disparate paleobotanical data into more comprehen-
sive and temporally constrained compilations that can be used to refine
dynamic vegetation models for climate modeling.

Further improvements in scientific knowledge of these physical and
ecological boundary conditions will require more detailed analysis of paleo-
magnetic, paleoclimatic, paleotectonic, and paleontologic data (Van der
Voo, 1993; Parrish, 1998; Kiessling et al., 1999), as well as development of
more sophisticated geodynamic models. For example, there is growing evi-
dence for a systematic shallow bias (5-10°) in paleomagnetic data from the
sedimentary record (Tauxe and Kent, 2004), increasing the paleolatitudinal
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uncertainty of reconstructions developed using these data. Recent mantle
flow simulations suggest that estimates of long-term (10 to 100 million
years) eustatic sea level changes and the extent of continental flooding based
on seismic and backstripping stratigraphic analysis of continental margin
successions may reveal substantial mantle flow-induced dynamic topogra-
phy on passive margins (Moucha et al., 2008). Furthermore, high-precision
geochronological data from depositional and igneous systems worldwide
are critical to constrain the ages of key paleogeographic events.

In addition to the need to better constrain the physical boundary
conditions for global climate models applied to deep-time climates, the
concentration of greenhouse gases (in particular CO,) in ancient atmo-
spheres and the solar and spectral irradiance must be determined given
their fundamental contribution to radiative forcing of the climate sys-
tem. The current range of uncertainty in atmospheric CO, and the near-
complete lack of knowledge of other greenhouse gases (e.g., atmospheric
methane) for many geological time periods lead to significant uncertainty
in the radiative forcing of the climate system for these time periods.
Improved proxies for atmospheric greenhouse gases are needed to narrow
the uncertainty in the radiative forcing of the climate system.

The evolution of the solar irradiance is well constrained by solar
theory over timescales of millions of years. However, variations of total
solar irradiance are uncertain on timescales ranging from multidecades to
multimillennia. The evolution of spectral irradiance, however, is not well
constrained over geological time. Changes in spectral radiance affect the
vertical deposition of shortwave energy in the atmosphere and the chemi-
cal composition of the atmosphere through photolysis processes (e.g., the
formation and destruction of ozone). At present, there is no method to
determine how the spectral distribution of solar irradiance has changed
in the past. Finally, the latitudinal distribution of solar radiation is deter-
mined by sun-Earth geometry, and detailed celestial mechanical calcula-
tions for the temporal change of obliquity, eccentricity, and precession
are limited. Clear signatures of Milankovitch cycles appear in deep-time
records, but the chaotic behavior of the solar system means that Earth’s
orbital variations can be computed with precision for only about the past
40 million years (Laskar et al., 2004; Palike et al., 2004).

INDICATORS OF CLIMATE SENSITIVITY THROUGH TIME—
PROXIES FOR CO, AND MARINE TEMPERATURES

Atmospheric CO, Proxies

Although the physical radiative forcings from greenhouse gases are
well known, anticipating the consequential rise in temperature is a much
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more difficult challenge because of the temporal hierarchy and complexity
of feedbacks (Figure 4.4) that are triggered by CO, perturbation (Hansen
et al., 2008). Although climate sensitivities incorporate a number of major
feedbacks, reconstructions of global warming during past periods of CO,
release indicate that there are additional short- and long-term feedbacks
influencing temperature increases during CO,-forced climate change (e.g.,
Zeebe et al., 2009). Significant uncertainty accompanies future climate
sensitivities (~1.5 to 6°C per doubling of CO,), with the possibility that
current projections underestimate future temperatures. Calibration of cli-
mate sensitivity at “deep-time” temporal scales, which account for climate
conditions that ultimately are anticipated to result from anthropogenic
CO, release and for longer-term feedbacks that apply in warmer worlds,
will be highly applicable for improved climate projections for the latter
half of the twenty-first century and beyond.

Climate sensitivities on deep timescales have been estimated based
on paired data for sea surface temperatures (SSTs) as well as model and
proxy-based CO, reconstructions (e.g., Pagani et al., 2006; Royer et al.,
2007; Zachos et al., 2008). For example, climate sensitivity for the transient
Paleocene-Eocene Thermal Maximum (PETM) warming has been con-
strained using paleo-CO, and paleotemperature estimates inferred from
stable isotopic values of marine carbonates and biomarkers—these place
the climate sensitivity during the greenhouse gas-forced event between a
lower bound of 2.4-3.0°C and as high as ~4°C (Pagani et al., 2006; Panchuk
et al., 2008).

Estimates of paleoatmospheric pCO, beyond the range of ice cores are
based on geochemical carbon models and an evolving toolbox of fossil
organic and mineral matter proxies. Each of these methods is character-
ized by unique strengths, yet is limited by uncertainties and sensitivities
reflecting the assumptions underlying their approach (summarized in

Multi-timescale Feedbacks in the Earth’s Climate System
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FIGURE 4.4 Schematic representation of the range of feedback scales that act on
Earth’s climate system.
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Royer et al., 2001a; also see Box 4.3 and Table 4.1). Geochemical mass
balance models (e.g., GEOCARB and GEOCARBSULF; see Berner and
Kothavala, 2001; Berner, 2006) that quantify carbon transfer rates within
the long-term carbon cycle have long provided a first-order assessment
of how paleo-pCO, (and O,) evolved throughout the Phanerozoic; many
intervals have been tested and refined by comparison to proxy-based CO,
estimates of higher temporal resolution (e.g., Ekart et al., 1999; Pagani et
al., 2005; Montafez et al., 2007; Barclay et al., 2010).

The highest-precision paleoatmospheric pCO, estimates, in particular
for the Cenozoic and Cretaceous, are based on proxy methods that utilize
fossil marine and terrestrial photosynthetic flora:

¢ The alkenone paleobarometer, which uses the 8'3C of lipid bio-
markers derived from haptophyte algae in marine sediments (Freeman
and Hayes, 1992; Pagani et al., 1999), and

e The stomatal-index method to estimate paleo-pCO, from fossil
leaf stomata (Woodward, 1987; McElwain and Chaloner, 1995).

Both of these proxy methods yield pCO, estimates with low uncertain-
ties (tens to <100 ppmv), although marine proxy-based estimates tend to
be toward the lower end of the range, while estimates inferred using ter-
restrial plants are generally higher (see Box 4.3). The sensitivity of these
proxy methods, however, decreases dramatically above ~1,000 ppmv
(+200 ppmv) due to CO, saturation (Bidigare et al., 1997; McElwain and
Howarth, 2009).

These fossil proxy approaches, however, are based on calibrations
using extant taxa or their nearest living relatives, and require the assump-
tion that modern organisms can be used to represent biological responses
of extinct organisms to ancient environments—an assumption that has
been challenged. For the alkenone paleobarometer, interpretation of the
photosynthetic carbon isotope effect assumes constancy in the size of
phytoplankton haptophyte cells, which may have varied on millennial
timescales (Henderiks and Pagani, 2007). In the case of fossil vascular
plants in greenhouse periods, it is unclear how taxonomic differences and
greater stomatal conductance induced by elevated temperatures (Helliker
and Richter, 2008) would impact their regulation of gas exchange (Franks
and Beerling, 2009). Most recently, it has been suggested that bryophytes,
which lack a carbon-concentrating mechanism, may be a more reliable
pCO, proxy (Fletcher et al., 2005, 2008), with applications to the Pleistocene
(White et al., 1994) and much deeper time (Fletcher et al., 2008), yielding
CO, estimates that are in accord with other proxy estimates of pCO,.

Independent, mineral-based pCO, values, to which organic proxy
and geochemical model estimates can be compared (Box 4.3), have been
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BOX 4.3
Miocene Climate Change—CO, or Ocean Trigger?

The Miocene was a pivotal time in the current icehouse, marking the
transition between fluctuating glacial conditions and rapid expansion of the
Antarctic ice sheet under a cooler climate (Zachos et al., 2001a; Shevenell
et al., 2004). Variations in oceanic heat transport and atmospheric vapor
transport, governed by changes in deep-ocean circulation and oceanic
gateways as well as decreasing pCO,, have been implicated as drivers
of this late Cenozoic global cooling (Raymo, 1994; Flower and Kennett,
1995; Holbourn et al., 2007). Recent coupled ice sheet-climate model
simulations suggest that the Miocene climate transition was largely CO,-
induced, involving the crossing of a threshold pCO, of 400 parts per million
by volume (ppmv) (Langebroek et al., 2008). Overall, estimates of pCO,
during the Miocene range from 140 to more than 700 ppmv (Table 4.1),
illustrating the critical need for improved CO, proxy methods (Tong et al.,
2009). Moreover, contrasting estimates of atmospheric CO, exist for the
transient period of mid-Miocene warmth (~17 Ma; compare marine-based
estimates of Pagani et al. [2005], and vascular plant-based estimates of
Kirschner et al. [2008]) confound the precise relationship between tem-
perature and CO,.

TABLE 4.1 Estimates of Atmospheric CO, Levels for the Middle

Miocene
CO,

Reference (ppmv)  Method Uncertainties
Pearson and 140 to Marine 8B ~20% at low CO,, very
Palmer (2000) 300 high at >500 ppmv
Pagani et al. 180 to Marine §'°C ~20% near modern
(1999) 290 (alkenone carbonate);  ocean conditions,

marine 380 infinite at CO, > 2,000

ppmv

Royer et al. 300 to Leaf stomatal indices ~ ~20% at low CO,, very
(2001b) 450 high at >500 ppmv
Kiirschner etal. 300 to Stomatal frequency ~20% at low CO,, very
(2008) 600 data from tree species  high at >500 ppmv
Cerling (1991) <700 Paleosol carbonate 50-100%

313C

SOURCE: Modified from Tong et al. (2009); uncertainty estimates based on Hansen
et al. (2008); Pagani et al. (2005); Royer et al. (2001b); and Cerling (1991).
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calculated for much of the past 400 million years. For the Cenozoic, boron
isotopes of foraminiferal calcite (assumed to mirror that of 3!'B of borate
in seawater) have been used as a proxy for seawater pH and pCO, (e.g.,
Sanyal et al., 1997; Spivack and You, 1997; Foster, 2008; Pearson et al.,
2009). Where the 8!'B proxy has been tested against alkenone-based pCO,,
there is a good agreement (e.g., Seki et al., 2010). In contrast, estimates
of Mesozoic and Paleozoic pCO, are based largely on soil carbonate and
goethite paleo-CO, proxies. The carbonate-based paleo-pCO, barometer
(Cerling, 1991, 1992), however, is particularly sensitive to soil CO,, a
parameter that is challenging to constrain in fossil soils (Ekart et al., 1999;
Breecker et al., 2009) and varies with soil moisture and productivity. Soil-
formed iron oxides (goethite, gibbsite) provide a complementary min-
eral paleobarometer, because they form in soils that do not accumulate
carbonate and the carbon isotope composition and content in their ferric
carbonate component (Fe(CO,)OH) are typically diagenetically robust
(Yapp and Poths, 1992; Schroeder and Melear, 1999;Yapp, 2004; Tabor and
Yapp, 2005). Despite the large uncertainties associated with mineral-based
pCO, estimates, comparison of mineral- and plant-based estimates are
important because of their complementary differences in sensitivity—
plant-based proxies lose sensitivity above 800 to 1,000 ppmv, whereas
mineral-based proxies are more sensitive above 1,000 ppmv (Royer et al.,
2001a)—and the lack of extant plant calibrations for stomatal index-based
estimates in pre-Cretaceous intervals.

Marine Temperatures

A major challenge in determining ancient climate sensitivity is the
need for robust estimates of ocean temperatures and latitudinal ocean
temperature gradients. This need is particularly great for climate recon-
structions of the pre-Cretaceous, for which we presently have only binary
“icehouse or greenhouse” reconstructions (Figure 1.2) and highly inter-
pretive and largely unpublished climate syntheses (e.g., PALEOMAP
Project!). Several proxies have been employed to reconstruct ancient
sea surface and deep-water temperatures, each with its strengths and
limitations. Measuring multiple proxies not only provides refined SST
reconstructions but also offers constraints on taxonomic (vital), environ-
mental, and diagenetic influences that might affect each proxy. For several
decades, the gold standard for reconstructing sea surface and bottom tem-
peratures for the post-Jurassic has been from 880 values of foraminifera
(e.g., Shackleton, 1987; Zachos et al., 2001a), whereas for older geological
intervals, it has been the 880 values of metazoan skeletal calcites (Veizer

1 See http:/ /www.scotese.com/climate.htm.
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etal., 1999; Grossman et al., 2008) and conodont apatites (Joachimski et al.,
2006; Buggisch et al., 2008). There is, however, growing appreciation for
the susceptibility of fossil carbonate to diagenesis and thus overprinting
of the precipitation (seawater) temperature signal in its 8'80 values (Box
4.4) (Schrag et al., 1995; Pearson et al., 2001, 2007; Came et al., 2007; Gross-
man et al., 2008; Kozdon et al., 2009; Cochran et al., 2010). Furthermore,
carbonate 8'80 values are influenced by both temperature and seawater
8'80, which in turn has varied through time due to varying ice sheet $'%0
composition, their effects of waxing and waning ice sheets on seawater
8'80, and surface net evaporation balance, in particular in the broad, shal-
low epicontinental seas of the pre-Cenozoic (Holmden et al., 1998; Veizer
et al.,, 1999; Panchuk et al., 2006). The compound influence of changing
seawater 3'%0 and temperature on carbonate §'0 values for periods that
were not ice-free and the possible effects of seawater alkalinity on carbon-
ate 3'%0 (Spero et al., 1997; Zeebe, 1999) have led to increased focus on
independent temperature proxy methods.

The Mg/Ca ratios of planktonic foraminiferal calcite have been shown
to be sensitive to temperature, increasing exponentially with increasing
SSTs, providing an SST paleothermometer (e.g., Elderfield and Ganssen,
2000; Lear et al., 2000). Application of the Mg/Ca temperature proxy to
deep-sea sediments has challenged climate change paradigms by docu-
menting dynamic glacial-interglacial temperature variation in Pleistocene
tropical oceans and linkages to extratropical climates, and refining phasing
between changes in atmospheric CO,, surface and deep-ocean tempera-
ture changes, and Antarctic glaciation (Lea et al., 2000; Zachos et al., 2008).
Mg/Ca paleothermometry, however, requires species-specific calibra-
tion to account for environmental and vital (taxonomic) effects and may
be limited by salinity, pH, and/or carbonate ion effects on magnesium
partitioning in foraminiferal calcite (Dekens et al., 2002, 2008; Lear et al.,
2002, 2008; Russell et al., 2004; Coxall et al., 2005; Ferguson et al., 2008;
Hoogakker et al., 2009). Importantly, recent multiproxy reconstructions of
deep-sea sediments document good agreement between alkenone-based
and Mg/Ca temperature estimates (Bard, 2001; Dekens et al., 2008). In
addition to deconvolving the temperature and ice volume signals in the
isotopic record, integrating foraminiferal 8§80 values and Mg/Ca ratios
has permitted the reconstruction of oceanic surface salinity distributions
and their effect on oceanic heat transport (e.g., Schmidt et al., 2004). Efforts
to apply the Mg/Ca temperature proxy to pre-Cenozoic biotic calcites
(e.g., mollusks) have been limited by the influence of vital effects in these
calcifying organisms (Immenhauser et al., 2005), variation in seawater
alkalinity and [CO,*7], and the need to account for likely secular variation
in seawater Mg/Ca and ocean saturation state.
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BOX 4.4
Proxies and the “Tropical Climate Paradox”

Proxy evidence for mid- to high-latitude warmth in both the marine
(Crowley and Zachos, 2000; Zachos et al., 2001a) and the continental
(Greenwood and Wing, 1995; Wolfe, 1995; Markwick, 1998) realms of
the Early Eocene (57-50 Ma) are consistent with global warmth and a
high-CO, atmosphere (Pearson and Palmer, 2000; Pagani et al., 2005).
However, marine isotope data from low paleolatitudes initially indicated
little or no ocean surface warming, and perhaps even cooling, in the Eocene
tropics (Shackleton and Boersma, 1981; Barron, 1987), leading to what was
termed the “cool tropics paradox” (Barron, 1987). Subsequently, scientists
have revisited the low-latitude planktonic foraminiferal record (Pearson
et al., 2001, 2007; Norris et al., 2002; Kozdon et al., 2009), arguing that
diagenesis on the cold deep seafloor has imparted a cool overprint signal
to the oxygen isotopic composition of warm-water planktonic foraminifera,
biasing the record in the tropics toward cold temperatures.

The tropical climate paradox may be fully resolved with new estimates
of tropical SST for the Eocene derived from pristine foraminifera and a new
organic molecule proxy, TEX,,? that indicate temperatures 5-10°C warmer
than previous reconstructions (Pearson et al., 2007) (Figure 4.5). Such
paleotemperature reconstructions further challenge the tropical thermo-
static regulation hypothesis presented in Chapter 2 and imply that the
cooling trend of the Eocene was primarily a high-latitude phenomenon
with little effect on the tropics, where climate remained warm and stable
(Pearson et al., 2007).

2 Tetraether index of 86 carbon atoms; paleothermometer based on the composi-
tion of membrane lipids of marine picoplankton.

Several additional proxy methods show promise for paleothermometry
but are still in the development and testing phases:

¢ The calcium isotope (8**Ca) composition of well-preserved fora-
minifera may provide an independent paleotemperature proxy and a test
of the reliability of the Mg/Ca proxy (e.g., Nagler et al., 2000), although
the complex calcium isotope fractionation behavior, ancient seawater
d*Ca, and possible vital effects during biocalcification are not yet fully
understood (Gussone et al., 2009). Limited §**Ca data for Cretaceous rudist
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FIGURE 4.5 Tropical paleotemperature estimates based on 880 data
from unaltered benthic and planktonic foraminifera (red circles and
squares, respectively) and from TEX,, data (yellow circles) from onshore
drill core samples from Tanzania. These are plotted for comparison with
benthic (open circles) and planktonic (green circles) foraminifera §'80
data from ODP cores collected from the tropical Pacific Ocean, inferred
to have been diagenetically altered and thereby indicating anomalously
low paleotemperature estimates.

SOURCE: Pearson et al. (2007).

calcite demonstrate the potential for extending this temperature proxy to
pre-Cenozoic calcitic macrofauna (Immenhauser et al., 2005). Similarly,
the magnesium isotope (8°°Mg) composition of aragonite corals shows
promise as a seawater paleothermometer (Wang et al., 2008).

e Recent studies have documented that the clumping (ordering) of
carbon and oxygen isotopes into bonds in biogenic and abiotic carbon-
ates is temperature dependent and an independent record of the fluid
8'80 in which the carbonate precipitated or stabilized during diagenesis
(“clumped isotope method”; Came et al., 2007; Eiler, 2007; Tripati et al.,
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2010). The carbonate clumped isotope proxy holds considerable promise
for constraining marine and continental (e.g., speleothems, vertebrate
bioapatite) paleotemperatures, although kinetic and diagenetic effects
must be better understood (Affek et al., 2008; Came et al., 2008; Eagle et
al., 2010).

e Biomarker proxies permit reconstruction of paleo-SSTs that are
independent of mineral-based proxy estimates, and include UX,,, (Brassell
et al., 1986), which is based on the relative abundances of C,, alkenones
photosynthesized by marine green algae, and the more novel biomarker,
TEX,,, which is based on the relative abundances of Cg, tetraether lipids
that form in the water column by archaeal microbiota (Schouten et al., 2002;
Eglinton and Eglinton, 2008). The low diagenetic susceptibility of these
biomarkers and the preservation of tetraether lipids in sediments as old as
the Cretaceous have provided new insight into the climate dynamics of the
recent icehouse (Haug et al., 2004; Kienast et al., 2006; Martrat et al., 2007;
Dekens et al., 2008) through Cretaceous and Eocene greenhouse periods,
including contributing to the resolution of the Cretaceous cool tropics
paradox (see Box 4.4) (Pearson et al., 2007; Schouten et al., 2007). Integra-
tion of multiple proxies greatly increases the range of paleotemperature
sensitivity and probably also increases the precision of estimates because
of the variable sensitivity of different proxies. For example, the Mg/Ca
proxy is least sensitive at low temperatures, whereas the UX,,, method is
least sensitive at high temperatures.

INDICATORS OF REGIONAL CLIMATES

Climate models and paleoclimate archives indicate that one of the
larger impacts of global warming is likely to be regional changes in
continental temperatures and precipitation. It is thus imperative to con-
strain past temporal and geographic variability in continental climate—in
particular for periods of abrupt and/or major climate transitions and
for climates that were warmer than the present day—in order to better
understand how regional climates may change in the future. For continen-
tal settings, deep-time paleoclimate reconstructions require a multiproxy
approach involving comparable proxies.

Estimating Continental Temperatures

There are numerous and reasonably well-developed proxies for esti-
mating continental paleotemperatures from lacustrine, coastal, and ter-
restrial deposits. Fossil plant leaves and pollen have been the major
source of continental paleotemperature estimates, because the composi-
tion and physiological properties of plant communities change rapidly
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with temperature (and relative humidity) changes. For flowering plants
(angiosperms), the shapes (style of leaf margin) and sizes (physiognomy)
of fossil leaves have been shown to vary with mean annual temperature
(MAT) (Wolfe, 1993; Wilf, 1997; Kowalski and Dilcher, 2003; Royer et al.,
2005) and have been applied throughout the Cenozoic, including for the
PETM (Wing et al., 2005). Plant-based continental temperature estimates
for periods that predate the evolution of angiosperms (pre-Cretaceous),
however, are missing. Estimates of paleocontinental temperatures also
have been interpreted from pollen distributions in lake sediments, through
comparison with the temperature sensitivity of modern plant communi-
ties (Overpeck et al., 1985). The pollen distribution approach, however,
becomes significantly less certain on longer timescales due to increased
differences among ancient and modern plant species and communities.
Mineral-based isotopic paleothermometry offers an independent set
of proxies that are not restricted stratigraphically to the post-Jurassic, and
for which interpretations are not limited by lack of calibration to extant
plants. For example, the 8'%0 values of pedogenic carbonates and §'80
and 6D values of hydroxylated clay minerals (kaolinite and smectite)
and iron oxides (goethite and hematite) from fossil soils are being used
to estimate paleotemperatures in ancient soils hundreds of millions of
years old (Dworkin et al., 2005; Tabor and Montafez, 2005), although this
approach requires assumptions regarding the stable isotope composition
of meteoric water. This limitation can be overcome for soil carbonates by
application of the carbonate clumped isotope thermometer to paleosol
carbonates (Passey et al., 2010) and through oxygen isotope-mineral pair
thermometry between coexisting pedogenic clays and iron oxides (Tabor,
2007). Both methods allow for paleosoil temperature estimates that are
independent of the soil water §'%0 in which the minerals formed. Con-
ventional 880 and clumped isotope analysis of vertebrate bioapatites (and
8180 analysis of body scales of some freshwater fish) offer yet another
independent proxy of continental MAT and have been used to reconstruct
MAT geographic patterns for deep-time warm periods (e.g., Koch et al.,
2003; Fricke and Wing, 2004) and to constrain body temperatures of extant
and extinct vertebrates (e.g., Barrick and Kohn, 2001; Eagle et al., 2010).
In addition to isotopic paleothermometry, the major element composi-
tions of paleosols have been used for MAT reconstructions as far back as the
Paleozoic, based on transfer functions calibrated using modern soils and
associated mean annual temperatures (Sheldon et al., 2002; Retallack, 2005).
Applications of this proxy yield estimates of Cenozoic paleo-MAT that are
consistent with fossil leaf morphology-based paleotemperature estimates
(Sheldon, 2009). For all of these mineral-based proxies, the accuracy and
uncertainty of paleotemperature estimates are largely dependent on using
appropriate fossil material that has been minimally altered by diagenesis.
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Ultimately, reconstructions of regional variation in continental tem-
peratures will require further calibration studies of existing proxy methods
along with the development of new higher-resolution proxies and con-
tinued development of spatially highly resolved multiproxy datasets. One
promising new direction is the use of biomarkers preserved in lacustrine
and marginal marine sediments that appear to be diagenetically relatively
robust. The presence of picoplankton members of the Archaea in ancient
lake deposits opens up the possibility of using the relative abundances
of their membrane lipids (TEX,,) as a paleothermometer of surface water
(Eglinton and Eglinton, 2008). Microbial lipid patterns in modern soils also
show potential as a biomarker paleotemperature proxy, but the influence
of other soil parameters on their abundances (e.g., pH) requires further
calibration studies.

Estimating Regional Hydroclimates

The understanding of regional patterns for continental paleoclimate
changes in the younger part of the record comes primarily from a wealth
of paleolacustrine records and a rapidly increasing speleothem paleo-
climate database. Lacustrine records offer the continuity and temporal
resolution potential to provide key high-resolution sedimentological, geo-
chemical, and paleontologic time series for reconstructing paleocontinental
regional climate change. The paleo-water balance of some ancient lakes,
such as those in the western United States, also provides strong signals of
regional changes in effective moisture (e.g., Benson et al., 2003). Speleothem
physical and geochemical proxies are proving to be powerful recorders of
changes in regional air temperature and effective moisture (e.g., Oster et al.,
2009; Wagner et al., 2010). Notably, precisely dated (U-series) speleothem
records are revealing rapid—century to subdecadal—climate anomalies,
often involving inter- and intrahemispheric atmospheric teleconnections
(Wang et al., 2001, 2005; Yuan et al., 2004). However, the bulk of these con-
tinental records are from the late Cenozoic, and thus have not been used
to reconstruct regional hydroclimate patterns during warm Earth climates.

Reconstructing regional patterns in relative humidity and precipita-
tion is far more challenging in deep-time records because of the overall
lower levels of temporal and spatial resolution, stratigraphic continu-
ity, and geochemical susceptibility to diagenesis, although several new
approaches are being evaluated. For much of the pre-Neogene, scientific
understanding of climate regimes is based on low spatial and tempo-
ral resolution global syntheses of published databases (Ziegler et al.,
2003; Boucot et al., 2004). The morphological characteristics of ancient
soils and their bulk geochemical composition have climatic significance
because the intensity of pedogenesis is dominantly related to precipita-
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tion patterns and surface temperature. Quantitative proxies for esti-
mating mean annual precipitation have been developed that use the
iron content in pedogenic Fe-Mn nodules, the depth to the pedogenic
carbonate horizon, or the chemical composition of particular paleosol
horizons (known as the Chemical Index of Alteration, CIA), all of which
are based on empirical relationships derived from modern soils (Stiles et
al., 2001; Sheldon et al., 2002; Retallack, 2005; Sheldon and Tabor, 2009).
These approaches have been applied to a wide age range of Phanerozoic
paleosols (e.g., Driese et al., 2005; Prochnow et al., 2006), including to the
PETM where these soil proxy-based precipitation estimates indicate a tran-
sient drying in western North America associated with transient global
warming (Kraus and Riggins, 2007). Where multiproxy records permit,
CIA-based estimates of mean annual precipitation are consistent with
independent paleobotanical estimates. The measured §'®0 compositions
of ancient soil-formed minerals (phyllosilicates, carbonates, iron oxides,
and sphaerosiderites) have been shown to be reliable proxies of soil-water
8'%0 and, in turn, 8'80 precipitation at a given paleolatitude after consid-
eration of evaporative or nonequilibrium effects (Stern et al., 1997; Yapp,
2000; Vitali et al., 2002; Ufnar et al., 2004; Tabor and Montanez, 2005). The
fact that these minerals form in equilibrium with ambient hydrological
conditions means that they provide a sensitive record, where formed, of
shifts in seasonality and precipitation rates, allowing them to be used to
evaluate the hydrological cycle in past greenhouse worlds and periods of
icehouse-to-greenhouse transition.

In the same way that marine and lacustrine biomarkers have been
used as quantitative paleothermometers, the hydrogen isotope ratios (6D)
of individual lipids in fossil plant tissues show great potential for recon-
structing paleocontinental hydrological conditions. Leaf wax n-alkanes are
some of the most abundant lipid molecules biosynthesized by terrestrial
plants (Eglinton and Hamilton, 1967), containing C-bound hydrogen that
is geologically stable (Schimmelmann et al., 1999, 2006). Plant n-alkane
dD values have been shown to correlate with local meteoric water 8D
(Sternberg, 1988), further modified by isotope enrichment in leaf water via
transpiration and soil water evaporation (Sachse et al., 2006). Given the
control of relative humidity on these processes, fossil leaf wax n-alkanes
are being explored as a paleoaridity proxy (e.g., Liu and Huang, 2005;
Pagani et al., 2006; Smith and Freeman, 2006). Scientific understanding
of the role of climate and plant physiology on compound-specific 6D
systematics is still evolving (Chikaraishi and Naraoka, 2003; Pedentchouk
et al.,, 2008; Diefendorf et al., 2010), requiring further empirical study
of plant-water-deuterium systematics before this proxy can be applied
straightforwardly to ancient continental systems. Further development
and refinement of emerging proxies such as the aforementioned mineral
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stable isotope and biomarker approaches, along with improved spatial
and temporal resolution of terrestrial proxy records, are fundamental to
successful calibration and testing of climate models for a future warmer
Earth using deep-time analogues.

INDICATORS OF OCEANIC PH AND REDOX

Recent advances in instrumentation (e.g., multicollector inductively
coupled plasma mass spectrometry, nanoscale secondary ion mass spec-
trometry) coupled with development and modern calibration of geo-
chemical and isotopic proxies that span the periodic table have greatly
expanded the range of paleoceanographic proxies of oceanic redox, alka-
linity, and pH. Studies over the past decade have documented the linear
or exponential relationships between trace element ratios (Mg/Ca, Cd/
Ca, Zn/Ca, U/Ca) and stable (O, C, B) isotopic compositions of carbonate-
bearing fossil fauna and changes in seawater carbonate content [CO,*]
and pH (Lea et al., 1999; Marchitto et al., 2000; Russell et al., 2004). For
example, the U/Ca ratios of certain planktonic foraminifera genera have
been used to determine variations in seawater carbonate ion content over
the last glacial cycle that track atmospheric pCO, variations archived in
polar ice cores (Russell et al., 1996, 2004).

The timing and geographic extent of past events of oceanic hypoxia
and anoxia can be resolved through the integration of sulfur isotopes
of reduced (pyrite) and oxidized minerals (carbonate-associated sulfate
in carbonates) and fossil organic matter, and the abundance and stable
isotopic composition of heavy metals (e.g., Fe, U, and Mo isotopes). The
abundance of redox-sensitive transition elements (V, Mo, Fe, Cr) and their
partitioning between various mineral phases in organic-rich deposits
have provided much insight into the origin of O,-deficient waters in pre-
Cenozoic marine basins—in particular in past greenhouse worlds (e.g.,
Sageman et al., 2003; Meyers et al., 2005; McArthur et al., 2008b; Lyons
et al., 2009; Algeo et al., 2010). Carbonate-associated sulfate data coupled
with pyrite sulfur isotope data from Precambrian oceanic deposits have
refined scientific understanding of the oxygenation of Earth’s early atmo-
sphere (Kah et al., 2004). Recently, the utility of molybdenum (8°’Mo),
uranium (§?%U), and iron (8°°Fe) isotopes of various components in
organic-rich black shales has been demonstrated as a sensitive proxy of
oceanic O, levels, revealing the protracted oxygenation of Earth’s early
ocean in the Proterozoic (e.g., Anbar and Knoll, 2002; Arnold et al., 2004),
and elucidating the global expansion of oceanic anoxia during past warm
periods (e.g., Jenkyns et al., 2007; Gordon et al., 2009; Duan et al., 2010;
Montoya-Pino et al., 2010).
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Synergy of Observations and Models

A synergistic approach combining observations and modeling pro-
vides an optimal strategy for answering critical questions regarding how
Earth’s climate system has responded to varying levels of greenhouse
gases and other forcing factors. Model simulations provide a global picture
of the state of the climate system and also a window into how various pro-
cesses operate to maintain a given climate state. Disparities between simu-
lated climate variables (e.g., surface temperatures, precipitation, ocean
circulation) and proxy observations of these state variables pose questions
regarding how much of the disparity is due to model biases or deficien-
cies and how much is due to observational bias. An example of data bias
is related to simulated tropical and subtropical SSTs during warm Paleo-
gene climates, which for years were high compared to proxy data. Recent
recognition and correction of problems with the proxy data (see Box 4.4)
have not brought models and data into greater agreement. An example
of model bias is related to simulated high-latitude surface temperatures
in warm climate regimes, which have been too low compared to proxy
data. Here, continued improvement and development of new innovative
observational techniques have strengthened the conclusion that models
are challenged to simulate such high polar surface temperatures. This dis-
parity has led to active model exploration of feedback processes that may
operate in warm greenhouse climates but are not revealed by data-model
studies of Earth’s more recent glacial state. Thus, it is to the benefit of both
observational and modeling communities to work in close collaboration
through real-time data-model comparison studies. Disparities between
models and observations represent synergistic research opportunities.
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Implementing a Deep-Time
Climate Research Agenda

The present state of scientific knowledge regarding the deep-time
record of climate change, summarized in previous chapters, highlights
the insights that have been gleaned from studies of past warmings and
major climate transitions, including some that are analogues for antici-
pated future climates. This research status outline provides an indication
of the most important enduring issues that will require further research
and points to the potential for dramatic scientific discovery in the largely
untapped deep-time record. This chapter presents a scientific research
agenda designed both to answer the series of major questions posed in
Chapter 1 regarding the impact of the projected rise in atmospheric pCO,
and to provide a more refined understanding of the important processes—
uniquely present in the deep-time geological record—that will drive
the Earth system as it transitions to a warmer world. The chapter also
describes the research tools and community effort that will be required
to implement this research agenda and provides recommendations for
an education and outreach strategy designed to broaden scientific and
general community understanding of the contribution that can be derived
only from the deep-time record. Finally, the committee stresses the need
to bolster existing mechanisms, and design new mechanisms, for bringing
together interdisciplinary collaborative scientific teams from diverse fields
to focus on the insights that can be gleaned from the deep-time geological
record and to ensure the maximum integration and sharing of the diverse
databases that will result from this research.

106
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ELEMENTS OF A HIGH-PRIORITY DEEP-TIME CLIMATE
RESEARCH AGENDA

The workshop hosted by the committee provided a wealth of informa-
tion concerning the existing scientific status of deep-time climate research,
as well as a very broad range of topics that the community suggested as
research foci for an improved understanding of Earth system processes
during the transition to a warmer world. The committee assessed these
topics and their potential to transform scientific understanding, and iden-
tified the following six elements of a deep-time research agenda as having
the highest priority to address enduring scientific issues and produce
exciting and critically important results over the next decade or longer.

Improved Understanding of Climate Sensitivity and
CO,-Climate Coupling

Existing data indicate that climate forcing resulting from increased
CO, will, by the end of this century, rival that experienced during past
greenhouse periods prior to the onset of the current glacial state. The
paleoclimate record, which captures the climate response to a full range
of levels of radiative forcing, can uniquely contribute to a better under-
standing of how climate feedbacks—both long and short term—and the
amplification of climate change have varied with changes in atmospheric
CO, and other greenhouse gases. In the context of the large uncertainty
in estimates of climate sensitivity described in Chapters 1 and 2, a high
research priority for deep-time paleoclimatology is the determination of
equilibrium climate sensitivity on multiple timescales, particularly during
periods of greenhouse gas forcing comparable to that anticipated within
and beyond this century if emissions are not reduced. Existing records
of past warm periods already indicate climate sensitivity well above the
estimated short-term range and show that the future temperature increase
will most likely be amplified once the longer-term feedbacks that have not
operated on human timescales (decades to centuries) during Earth’s cur-
rent icehouse become relevant under warmer conditions.

Further mining of the deep-time geological archive will require
focused efforts to improve the accuracy and precision of existing proxies
for past atmospheric pCO, and surface air and ocean temperatures, and
to develop new proxies for other paleo-greenhouse and non-greenhouse
gases and aerosols. Data using new and existing proxies could then be syn-
thesized to develop an authoritative global temperature and atmospheric
pCO, history—at various resolutions—for the full span of Earth’s history.
Improved constraints on levels of radiative forcing and equilibrium climate
sensitivity are needed for past warm periods and major climate transitions.
In addition, further study of intervals of possible CO,-climate decoupling

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/13111

Understanding Earth's Deep Past: Lessons for Our Climate Future

108 UNDERSTANDING EARTH’S DEEP PAST

(e.g., mid-Miocene, Late Jurassic, Early Cretaceous) will require careful
integration of paleoatmospheric CO, and paleotemperature time series
with improved temporal resolution, precision, and accuracy, as well as
data-model comparisons to critically evaluate the veracity of these appar-
ent mismatches. With these improved data, a hierarchy of models can be
used to test various forcing mechanisms (e.g., non-CO, greenhouse gases,
solar, aerosols) to determine how well mechanisms other than CO, can
explain anomalously warm and cold periods and to critically evaluate the
climate processes and feedbacks that led to particular climate responses
characteristic of greenhouse gas-forced climate changes in the past.

Climate Dynamics of Hot Tropics and Warm Poles

Paleoclimate observations provide a conundrum that must be resolved
to understand the climate system—the evidence that past temperatures in
the tropics and polar regions were periodically much hotter than today.
How can the Earth maintain tropical temperatures approaching 40°C, or
how can polar temperatures remain above freezing year-round? Yet there
is very strong evidence for both conditions during past warm periods.
The deep-time paleoclimate evidence suggests that the mechanisms and
feedbacks in the modern icehouse climate system that have controlled
tropical temperatures and a high pole-to-equator thermal gradient may
not apply straightforwardly in warmer worlds. Moreover, the funda-
mental mismatch between climate model outputs, modern observations,
and paleoclimate proxy records discussed in Chapter 2 highlight the
degree to which science’s current understanding of how tropical and
higher-latitude temperatures respond to increased CO, forcing remains
limited. An improved understanding of these processes, which may drive
significant changes in surface temperatures in a future warmer world,
is imperative given the potential dire effects of higher temperatures on
tropical ecosystems and the domino effect of polar warming on ice sheet
stability, the stability of permafrost (which carries a large load of green-
house gases), and regional climates through atmospheric teleconnections
with the tropics and/or polar regions.

Accomplishing this goal requires that the range of deep-time obser-
vational data be expanded to include latitudinal transects that span the
tropics through mid- to high-latitude regions for targeted intervals of
Earth history. Improved constraints on the meridional thermal structure
of warm worlds will require increased chronological constraints and more
spatially resolved proxy time series than currently exist. New theoretical
and modeling approaches are also required to develop a comprehensive
understanding of the limits of tropical and polar climate stability, and an
understanding of how a weaker thermal gradient is established and main-
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tained in warmer climate regimes. Global climate models (GCMs) offer
an astounding array of diagnostics for assessing atmospheric dynamics
and teleconnections, but these diagnostics need to be employed far more
commonly in analyses of paleoclimate simulations, requiring deeper and
“real-time” collaborations between the “observationists” and the atmo-
spheric dynamicists. The documented ability to successfully model condi-
tions comparable to those anticipated in the future will provide a test of
the efficacy of climate model projections for continued global warming.

Sea Level and Ice Sheet Stability in a Warm World

Large uncertainties in the theoretical understanding of ice sheet
dynamics and associated feedbacks currently hamper the ability to predict
how the ice sheets currently in the Earth’s polar regions, and sea level, will
respond to continued climate forcing. For example, paleoclimate studies
of intervals within the current icehouse document variability in ice sheet
extent that cannot be reproduced by state-of-the-art coupled climate-ice
sheet models. Moreover, studies of past warm periods indicate that equilib-
rium sea level in response to current warming may be substantially higher
than model projections indicate due to the influence of dynamic processes
that have not been operative in the recent past. Efforts to address these
issues will have to focus on past periods of ice sheet collapse that accompa-
nied transitions from icehouse to greenhouse conditions, to provide context
and understanding of the “worst-case” forecasts for the future.

Future studies that probe deeper into Earth history should focus on
periods that have the potential to reveal critical threshold levels associ-
ated with ice sheet collapse and to elucidate the dynamic processes and
feedbacks that have led to deglaciation in the past but are not captured
by paleoclimate records of the past few million years. An integral com-
ponent of such studies should be a focus on improving science’s ability
to deconvolve the temperature and seawater signals recorded in biogenic
marine proxies, including refinement of existing paleotemperature proxies
and the development of new geochemical and biomarker proxies. Model-
ing the distribution of ice in warm worlds will need to expand beyond the
intermediate-complexity models that currently include this component in
order to involve the coupling of land ice component models to complex
GCMs and include full interaction with the atmospheric hydrological
cycle.

Understanding the Hydrology of a Hot World

Studies of past climates and climate models strongly suggest that
the greatest impact of continued CO, forcing will be regional climate

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/13111

Understanding Earth's Deep Past: Lessons for Our Climate Future

110 UNDERSTANDING EARTH’S DEEP PAST

changes, with ensuing modifications to the quantity and quality of water
resources—particularly in drought-prone regions—and impacts on eco-
system dynamics (Lunt et al., 2008; Haywood et al., 2009; Shukla et al.,
2009). Because of the sensitivity of climate to small changes in high-latitude
and tropical temperatures, an improved understanding of the hydro-
logical cycle during periods of increased radiative forcing—comparable to
those projected for the future—is imperative. Because of the potential for
large feedbacks to the climate system, this in turn requires an improved
understanding of the interaction between the global hydrological and
carbon cycles over a full spectrum of CO, levels and climate conditions.
The deep-time record uniquely archives the physical and geochemical
expressions of the carbon and water cycle dynamics that operated during
past warm periods, including the response of low-latitude precipitation
to high-latitude unipolar glaciation or ice-free conditions (e.g., Floegel
and Wagner, 2006; Poulsen et al., 2007a,b; Ufnar et al., 2008), the stabil-
ity of continental carbon reservoirs (soils, wetlands, tundra, permafrost)
to changing regional climates, and the impacts on—and response of—
ecosystems to such changes.

These research objectives require the development of marine-terrestrial
transects with spatially resolved proxy records at high temporal resolu-
tions and precisions. In particular, paleoterrestrial reconstructions have
long been plagued by sparse and discontinuous outcrop, stratigraphically
incomplete successions, and poor chronological constraints. The optimum
approach is thus to integrate chronostratigraphically well-constrained
marine records with contemporaneous terrestrial records through integra-
tion of radiometric, biostratigraphic, and/or magnetostratigraphic data.
The implementation of this objective will require transect-focused ocean
and continental drilling.

Efforts to improve existing proxies, to develop new proxies, and to
develop multiproxy time series in order to provide quantitative estimates
of paleoprecipitation, paleoseasonality, paleohumidity, and paleosoil
conditions (including paleoproductivity) are a critical component of this
research, in particular where the level of precision—and thus the degree of
uncertainty in inferred climate parameter estimates—can be significantly
reduced. Proxy improvement efforts should include strategies for better
constraining the paleogeographic setting of proxy records, including lati-
tude and altitude or bathymetry.

Understanding Tipping Points and Abrupt Transitions
to a Warmer World

Studies of past climates and climate models show that Earth’s cli-
mate system does not respond linearly to gradual CO, forcing, but rather
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responds by abrupt change as it is driven across climatic thresholds.
Modern climate is changing very rapidly, and there is a possibility that
Earth will soon pass thresholds that will lead to even more rapid changes
in Earth’s environments. It is possible that such thresholds could involve
transition into a new climate state that cannot return to pre-CO, forcing
conditions if the prior conditions are reestablished. Thus the proximity of
Earth to such a ‘tipping point’ is a critical question. The answer does not
reside in the more recent paleoclimate record, but rather is to be found in
the dynamics of past transient events where the climate system crossed
critical thresholds into climate states more representative of where Earth’s
climate may be heading. Because of their proven potential for capturing the
dynamics of past abrupt changes, intervals of rapid (millennia or less) cli-
mate transitions in the geological record—including past hyperthermals—
should be the focus of future fully integrated paleoclimate, paleoecologic,
and modeling collaborations. Key insights to be gleaned from such studies
include an improved understanding of how various components of the
climate system responded to such abrupt transitions, in particular during
times when the rates of change were sufficiently large to imperil biotic
diversity. There is also a need to understand where to expect thresholds
and feedbacks in the climate system—especially in warm worlds and past
icehouse-to-greenhouse transitions. Moreover, targeting such intervals for
more detailed investigation is a critical requirement for constraining how
long any such climate change might persist.

Key requirements for an improved understanding of abrupt climate
change are better dynamic models and datasets to resolve the behavior of
the environment in transition. On the data side, substantially improved
spatial (subkilometers to tens of kilometers over large geographic regions)
and temporal (subcentennial scale) resolution of datasets from Earth’s past
are required to illustrate the behavior of environmental systems in rapid
transition. These include both examples of transition into fundamentally
new climate states and examples of transient climate states that ultimately
returned to near preperturbation conditions (e.g., the Paleocene-Eocene
Thermal Maximum [PETM]). To be most effective, temporal resolution on
the level of centuries or less is needed to identify and understand climate
and ecosystem changes at rates relevant to human society.

Current predictions of the duration of future greenhouse conditions
are based on simplified models of the climate system and carbon cycle,
constrained by limited observations of their behavior during analogous
times in Earth history. A more convincing answer to the central question
of “how long” requires more sophisticated and comprehensive models,
and it will be possible to have confidence in the models only if they can be
evaluated against observations. Intermediate-complexity models that are
capable of running continuous simulations for the 10,000 to 100,000-year
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duration of these events are needed, and such models need to treat the
ocean and atmosphere as an open system as the basis for spatial and
temporal predictions that can be directly compared with observational
data of similar temporal resolution. Specifically, it is important that the
models calculate variables that are similar to those measured in the field
or calculated using proxy methods, so that direct comparisons between
paleoecosystem proxies and model results are possible—for example, the
inclusion of oxygen and carbon isotopes as tracers in both atmosphere
and ocean models or, in the case of models of intermediate complexity,
the inclusion of sediment transport modules. The historical record and
even the broad expanse of the Pleistocene climate record contain nothing
comparable to the anticipated outcomes following the burning of all fossil
fuel resources, and thus cannot be considered appropriate analogues from
which to refine an understanding of the climate and ecosystem changes
that continued warming will cause.

Understanding Ecosystem Thresholds and Resilience
in a Warming World

Both ecosystems and human society are highly sensitive to abrupt
shifts in climate because such shifts may exceed organism tolerances and
consequently have major effects on biotic diversity as well as human
investments and societal stability. Modeling future biodiversity losses
and biosphere-climate feedbacks, however, is inherently difficult because
of nonlinear interactions and the existence of both positive and negative
feedbacks that add complexity to the system and increase the uncertainty
of the net response to climatic forcing. How rapidly biological and physi-
cal systems can adjust to abrupt climate change is a fundamental question
accompanying present-day global warming. An important tool to address
this question is to describe and understand the outcome of equivalent
“natural experiments” in the deep-time geological record, in particular
where the magnitude and/or rates of change in the global climate system
were sufficiently large to threaten the viability and diversity of species,
leading at times to mass extinctions. The paleontological record of the past
few million years does not provide such an archive because it does not
record catastrophic-scale climate and ecological events.

The deep-time record of past biotic turnovers and mass extinction
events associated with warm periods (many associated with massive
outgassing of CO, or methane), transient warmings, and major transi-
tions between climate states offers an undertapped repository from
which unique insights can be obtained regarding patterns of ecosystem
stress, the potential for ecological collapse, and mechanisms of ecosys-
tem recovery. For example, integrated paleoclimate and paleoecology
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studies can uniquely address the fundamental question of how hot the
tropics will become, and how much ocean chemistry will be perturbed,
under additional CO, radiative forcing. This is a critical issue because
such changes may have dire effects on tropical ecosystems, with the
potential for severe declines in diversity over large areas. For example,
studies of past greenhouse gas-forced transient warmings provide the
only analogue of the future potential for ocean acidification and its effect
on calcifying organisms. The penultimate deglaciation of the Late Paleo-
zoic Ice Age is the only archive recording how tropical floral ecosystems
might respond to climate change associated with an epic deglaciation.
The issue of how Arctic ecosystems will respond if sea ice disappears
permanently and/or the Greenland ice sheet retreats significantly can
only be addressed through studies of past warm periods, such as the
mid to late Cretaceous and the early Cenozoic, when the Arctic was
ice-free and supported lush temperate rainforests and associated fauna.
As with the other elements of a deep-time research agenda, improved
dynamic models, more spatially and temporally resolved paleoclimate
and paleontological datasets with high precision and chronological
constraint, and data-model comparisons, are all critical components of
future research efforts to better understand ecosystem processes and the
dynamic interactions with changing climates.

STRATEGIES AND TOOLS TO IMPLEMENT
THE RESEARCH AGENDA

The deep-time paleoclimate research agenda described above will
require four key infrastructure and analytical elements, each of which is
described in greater detail below:

1. Development and evaluation of new mineral and organic proxies
and refinement of existing methods through calibration studies in modern
systems and laboratories. Such efforts must be coupled with the develop-
ment of multiproxy paleoclimate time series that are spatially resolved, of
high temporal resolution, and of improved precision and accuracy.

2. Substantially increased investment in scientific continental drill-
ing and continued support for scientific ocean drilling. Only recovery
of high-quality cores can provide the requisite sample resolution and
preservational quality to develop multiproxy archives for key paleocli-
mate targets across terrestrial-paralic-marine transects and latitudinal or
longitudinal transects. The International Continental Drilling Program
has a strong record of drilling a range of scientific objectives, including
paleoclimate targets, but in contrast to strong support for this program by
the European science community and other countries, U.S. support has
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been at relatively low levels. Also, although U.S. leadership in scientific
ocean drilling has been a major factor in the present understanding of
past climates and climate-ocean linkages, recent funding cutbacks have
jeopardized the potential for the oceanic component of the deep-time
paleoclimate agenda described here to be realized.

3. Development of a new generation of models for paleoclimate
studies, capable of focusing on past warm worlds and on extreme and/or
abrupt climate events. Such new models will require unprecedented spa-
tial resolution and additional capabilities to permit innovative data-model
and model-model intercomparisons that are more consistent with Inter-
governmental Program on Climate Change (IPCC) style assessments. This
will maximize the potential for paleoclimate modeling studies to inform
climate model development in general and for future climate simulations.

4. Substantially increased programmatic and financial support
for the cultural and technological infrastructure that is needed for a
“sea change” in the deep-time research culture—a shift away from
single principal investigator (PI) or small collaborative projects to fully
interdisciplinary synergistic research teams. Support for such research
efforts will require a serious and committed investment in human and
financial resources to establish large-scale, integrative programs for
analyzing and archiving stratigraphic, sedimentological, geochemi-
cal, and paleontological datasets. A key ingredient will be the forma-
tion of deep-time “observatories” to unify researchers of disparate but
complementary expertise to target specific processes or intervals of time,
dedicated software engineering support and computational resources for
model development and deep-time climate simulations, and professional
development workshops and summer institutes for student training and
early-career scientists.

5. An interdisciplinary collaboration “infrastructure” to foster
broad-based collaborations of observation-based scientists and modelers
for team-based studies of important paleoclimate time slices, incorporat-
ing climate and geochemical models; capabilities for the development,
calibration, and testing of highly precise and accurate paleoclimate
proxies; and the continued development of digital databases to store
proxy data and facilitate multiproxy and record comparisons across all
spatial and temporal scales. Making the transition from single researcher
or small-group research efforts to a much broader-based interdisciplinary
collaboration will be only possible through a modification of scientific
research culture and will require substantially increased programmatic
and financial support.
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Improved Proxies and Multiproxy Records

One of the most important areas of paleoclimatology research is the
need for improved constraints on past levels of radiative forcing and
better estimates of long-term equilibrium climate sensitivity for previous
warm periods and major climate transitions. Estimates of pCO, (through
“paleobarometer” proxies) beyond the ice core records of the past 800,000
years, however, are inherently constrained by sizable uncertainties and
the limits of sensitivity of marine or terrestrial proxies and/or of the
numerical models of the long-term carbon cycle on which they are based.
Furthermore, no proxies exist for greenhouse gases other than CO,, such
as methane. Similarly, the precision and accuracy of existing organic and
mineral paleotemperature proxies are compromised by their calibrations
solely to extant analogues and by incompletely understood biological
and environmental controls on stable isotope and trace metal incorpo-
ration into mineral proxies and/or their sensitivity to postdepositional
alteration. In addition, a broader ensemble of proxies for estimating past
terrestrial surface and soil temperatures and seasonality of precipitation
is much needed. Therefore, focused efforts to refine and develop prox-
ies for these parameters are a critical element of an enhanced deep-time
paleoclimatology initiative.

Improving existing and new proxies will require field and laboratory
calibration studies in modern marine and terrestrial systems in order to
increase their accuracy and further quantify and constrain uncertainties
associated with estimates. Expansion of organic fossil-based CO, (e.g., plant
stomatal indices, alkenones of marine haptophytes) and paleotemperature
(biomarker) proxies to extinct taxa that dominate the deep-time record will
require laboratory microcosm (growth chambers) studies that can evalu-
ate biotic responses and geochemical feedbacks associated with chang-
ing greenhouse gas levels or air-water temperature. For mineral-based
paleobarometers and continental paleotemperature proxies, calibration
studies are needed in modern soil systems over a spectrum of landscapes
and climate regimes in order (1) to better understand the influence of local
climate, regional and soil hydrology, and soil productivity on soil CO, con-
tents, temperature, and moisture—the input parameters for proxy transfer
functions and pCO, calculations, and (2) to assess the sensitivity of proxy
pCO, and temperature estimates to these soil parameters, including their
seasonal variability. The Critical Zone Observatories initiative funded by
the National Science Foundation (NSF) may offer opportunities to integrate
such calibration studies within existing observatories.

Ultimately, comparison studies of plant and mineral proxy estimates
that are characterized by differing sensitivities and uncertainties are
required to test the accuracy, precision, and sensitivity of each of the
proxies. In this broader context, however, several foci require continued
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and/or scaled-up research effort. First, studies of the taxonomic effects
on mineral and organic biotic proxies are needed, as are collaborations
between geochemists and paleobiologists for testing and applying biotic
proxies because of the importance of recognizing and evaluating vital
effects on proxy values. Second, continued development of biomarker
proxies should be a high priority given their high precision and sensitivity
and the fact that they appear to be diagenetically robust. Future efforts,
however, need to include (1) critical evaluation of the potential to extend
various biomarker approaches beyond the temporal range of the taxa
for which they were developed (e.g., the alkenone method using marine
haptophytes; Freeman and Pagani, 2005); and (2) more rigorous assess-
ment of the sources, distribution, and preservation potential of various
biomarkers through the deep-time geological record. Third, further evalu-
ation of the effects of post-depositional alteration on mineral isotopic and
geochemical compositions is needed, and this will require the use of emerg-
ing submicron imaging and analytical technology (e.g., scanning electron
microscopy, nanoscale secondary ion mass spectrometry [Nano-SIMS],
laser ablation inductively coupled plasma mass spectrometry coupled to
the Australia National University’s sample cell). Fourth, increased efforts
for development of emerging paleotemperature proxies that are inde-
pendent of biological effects and water composition are needed (e.g., Mg
isotopes, clumped isotope thermometry). Overall, because of the multi-
disciplinary nature of calibration and assessment studies and the diversity
of natural and man-made laboratories in which they would need to be
carried out, these efforts to improve the precision, accuracy, and array of
paleoclimate proxies will require broad-based collaboration and long-term
monetary and human resource investment.

Ultimately, reconstructions of regional variation in climate parameters
and ecosystem changes will require multiproxy, spatially highly resolved,
and temporally calibrated datasets that can be compared across marine-
paralic-terrestrial and latitudinal-longitudinal gradients as a function of
time. Only such databases will notably advance science’s understand-
ing of the marine-terrestrial dynamics of carbon and water cycling in a
warmer world and their role in regional hydroclimate and ecosystem
variability. Such studies should be undertaken in “real-time” collaboration
with deep-time climate modeling efforts using fully integrated terrestrial
and marine climate parameters. In turn, collaborative observation-climate
model studies are an essential mechanism for refining the interpretive
utility of proxies. Continued development of interactive analytical data-
bases that permit the integration of new proxy data about past climate
parameters and boundary conditions, within an existing rock-based spa-
tial and temporal framework, is critical to facilitate the integration and
comparison of multiple proxy time series along latitudinal-longitudinal
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transects or time-specific regional-to-global reconstructions, as well as to
provide the best quality and consistent boundary conditions for climate
model sensitivity tests and climate simulations.

Deep-Time Drilling Transects

A transect-based deep-time drilling program designed to identify,
prioritize, drill, and sample key paleoclimate targets—involving a sub-
stantially expanded continental drilling program and additional support
for the existing scientific ocean drilling program—constitutes the second
component of the recommended deep-time paleoclimate research strategy.
Establishment of such a drilling program would fulfill two basic require-
ments for a successful deep-time paleoclimate initiative. Firstly, such a pro-
gram would provide a venue for the U.S. scientific community to develop
broader synergistic interactions, both national and international, through
team-based cross-disciplinary research projects. This model has been par-
ticularly successful for scientific ocean drilling in its various iterations—the
Deep Sea Drilling Project (DSDP), the Ocean Drilling Program (ODP), and
currently the Integrated Ocean Drilling Program (IODP). This would repre-
sent a dramatic change in research approach for land-based researchers, as
a large component of terrestrial deep-time paleoclimatological studies until
now have been single-PI or small-group driven. This proposed deep-time
paleoclimate drilling would substantially expand the scope of the existing
International Continental Drilling Program and provide a complementary
perspective to the oceanic focus of IODP, targeting a much broader and
longer swath of Earth history, as well as providing an additional emphasis
on the critical—but understudied—paralic zone that holds considerable
potential for delineating marine-terrestrial linkages.

Secondly, the proposed deep-time continental drilling program would
provide a platform from which to develop multiproxy records with the
requisite spatial and temporal resolution and unprecedented continuity
and preservation. This program would also offer a chronostratigraphic
framework into which outcrop-based data could be integrated, thereby
broadening the dimensions of the paleoclimatic record.

Although scientific ocean drilling has provided much of the basis for
what is presently known about Neogene climate dynamics and ocean-
climate linkages, there is still a pressing need for high-resolution sections
that carry clear signals of orbital forcing in older parts of the record,
particularly the Paleogene and Cretaceous. Sections representing the
greenhouse intervals for climatically sensitive regions are still required,
specifically in the Arctic and proximal to Antarctica. Only one core has
been taken in deep time in the Arctic, and although recovery was relatively
poor it has provided the lone constraint on sea surface temperature for
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the basin during the PETM (see Sluijs et al., 2006). Funding support for
full IODP operations has recently declined, and many important scientific
objectives—including deep-time paleoclimate proposals—have conse-
quently not been able to be undertaken; additional funding sufficient for
the type of full operational schedule that applied in the 1990s—when so
much of the present knowledge of Neogene climates was obtained from
ocean cores—is essential.

Facilities for deep-time continental drilling would ideally consist of
two components—a smaller mobile drill for shallow (tens to hundreds
of meters) drilling (see Box 5.1) and a dedicated deeper-drilling platform
(see Box 5.2). Because of the costliness of deep drilling, it is essential
that continental drilling projects broadly integrate scientific expertise
and interests and create a research culture analogous to that which has
developed for scientific ocean drilling.

The proposed expanded continental and ocean drilling would provide
three fundamental elements of the scientific research agenda presented
earlier in this chapter:

e Temporal Continuity and Improved Temporal Resolution: The
continuity of drill cores—and the proxy time series developed from them—
provide superb records, particularly when compared with outcrop-based
studies where accessibility has traditionally been limited by erosion and
burial, as well as by exposure-related mineralogical and chemical altera-
tion. The continuity and preservational quality of drill cores would maxi-
mize the potential for deep-time climate proxy records that are chrono-
stratigraphically resolved at the orbital to seasonal range throughout the
geological record.

e Spatial Resolution: Drilling continental successions not only
permits sampling where surface outcrops are lacking, but also permits
paleoclimate reconstructions at the spatial resolution required by the
scientific questions being asked and hypotheses being tested. This would
substantially expand the latitudinal and geographic range over which
proxy records can be developed and would permit direct comparison of
the marine and terrestrial proxy records that record fundamentally dif-
ferent climate responses (e.g., localized orographic effects on continents
versus distant and homogenized signals from ocean currents). The lack of
such geographically linked proxy time series has perhaps been the most
limiting factor in documenting critical intervals that record extreme and/
or abrupt (nonlinear) climate changes. Furthermore, the resulting paleo-
climate reconstructions would vastly improve the quality of data-model
comparisons and sensitivity analysis of climate models.

e Isochrony of Records: The quality of observation-based paleo-
climate reconstructions is ultimately dependent on establishing contem-
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BOX 5.1
Orbital Forcing of Tropical Triassic Climate:
the Newark Basin Coring Project

From 1990 to 1994, the Newark Basin Coring Project (Figure 5.1) recov-
ered 6.7 km of continuous core of Late Triassic and Early Jurassic lacustrine
and fluvial sedimentary deposits and intercalated lava flows from seven
sites in the Newark Rift Basin in New Jersey (Kent et al., 1995; Olsen et
al., 1996). The sedimentary cycles of climatic origin documented in these
cores, when combined with magnetostratigraphic, biostratigraphic, and
chemostratigraphic records, now provide a standard reference section for
tropical continental climate during the Late Triassic and earliest Jurassic.
This reference section has served as the basis for the astronomically tuned
Late Triassic-Early Jurassic geomagnetic polarity timescale (Kent et al.,
1995; Kent and Olsen, 1999), which in turn has been correlated to the stan-
dard marine Tethyan stages and substages (Channell et al., 2003; Muttoni
etal., 2003; Ruhl et al., 2010). This unique framework permits the regional
and global correlation essential to the understanding of deep-time global
climate change and macroevolutionary patterns and the development of
models of continental rifting. Notably, coring was the only way to recover
a complete section of the basin because of the extremely discontinuous
outcrop in the often urbanized and heavily vegetated region.

Key to the success of the project was an offset drilling strategy consist-
ing of a transect of seven 1- to 1.5-km boreholes that took advantage of
the tilted strata within the half-graben Newark Basin, with each borehole
sampling a different part of the section and with about 25% stratigraphic
overlap between stratigraphically adjacent boreholes. This method of pro-
ducing a composite section significantly reduced costs compared with a
single hole and greatly reduced the possibility of encountering faults that
would have compromised the continuity of the record. It also avoided
penetration into the ~300-m Palisade diabase sill that underlies most of
the basin, taking advantage of the fact that the intrusion penetrates different
stratigraphic levels in different areas.

The lacustrine portion of the record spans 25 million years and displays
a full range of precession-related orbital cycles including ~20, ~100, and
405 thousand year cycles (Olsen and Kent, 1996, 1999) (Figure 5.2). In
addition to supplying a metronome for temporal calibration of the geo-
magnetic polarity timescale derived from the cores, the length of the record
allows quantitative calibration of cycles that differ in period from the pres-
ent due to chaotic diffusion of the gravitational system of the solar system
(Olsen and Kent, 1999). Paleomagnetic polarity correlation to other areas
with datable ashes strongly corroborates the astrochronology (Furin et al.,
2006; Olsen et al., 2010) and is allowing temporal correlations of tectonic
and macroevolutionary events, such as the eruption of the CAMP and the
end-Triassic extinction at the subprecessional level (Olsen et al., 2002,
2003; Deenen et al., 2010; Whiteside et al., 2010).

continued
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BOX 5.1 Continued

FIGURE 5.1 Drilling in the Newark Basin, New Jersey, using an offset
drilling method.

SOURCE: Photo and text courtesy of Paul Olsen, Lamont-Doherty Geo-
logical Observatory of Columbia University.
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FIGURE 5.2 Color wavelet power spectrums for Neogene and Trias-
sic lacustrine sediments of the Newark Basin showing a full range of
precession-related (~20, ~100, 405 kyr) orbital cycles (Olsen and Kent,
1996, 1999).

SOURCE: Courtesy of Paul Olsen, Lamont-Doherty Geological Observa-
tory of Columbia University.
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BOX 5.2
Paleo-Rainforest Reconstruction Through Continental Drilling

The Denver Basin project (1997-2008) was an endeavor by the Denver
Museum of Nature and Science to study the geology and paleontology of
Late Cretaceous and Paleogene strata along the eastern flank of the Colora-
do Front Range. In the early 1990s, construction excavations in Denver and
Colorado Springs uncovered diverse fossils that included dinosaurs, mam-
mals, crocodiles, palm forests, and a fully tropical rainforest—apparently,
the underpinnings of a major city contained the remains of a Paleogene
greenhouse world. Despite the importance of the fossils and their richness,
the rarity of natural surface outcrop and the extreme lateral variability of the
strata precluded the construction of a useful stratigraphic framework and
prevented a complete understanding of the paleoenvironment. To address
this problem, the museum proposed to drill and core a 650-m drillhole
in the center of the basin and to use magnetostratigraphy, radioisotope
dating, palynostratigraphy, and the K-T boundary to construct a geochro-
nological framework for basin interpretation. In 1999, with funding from
NSF and the Colorado Water Conservation, the museum drilled the hole
over a 7-week period (Figure 5.3), recovering more than 90 percent core
from the 660-m well (Raynolds and Johnson, 2002). The cores permitted
the precise dating of the fossil tropical rainforest, placing it at 1.4 Ma after
the K-T boundary (Johnson and Ellis, 2002). The discovery of additional
fossil rainforests revealed a mountain margin belt of high rainfall in which
rainforests developed in the warm temperatures of the Paleocene.

FIGURE 5.3 Drilling rig collecting the 660-m Kiowa core from the Den-
ver Basin project, which enabled the “Castle Rock Rainforest” to be dated
at 64 Ma based on recovery of 35 ash layers spanning a 4-million-year
section (Raynolds and Johnson, 2002).

SOURCE: Courtesy of Kirk Johnson, Denver Museum of Nature &
Science.
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poraneity in proxy records. Establishing isochrony of climate changes,
in particular for past tipping points and abrupt climate change, is a key
requirement for analysis of regional climate and ecosystem response to
mean climate forcing, including global warming and the delineation of
phasing between climate parameters. Additional drilling will greatly
expand the potential for radiometric (e.g., EARTHTIME high-resolution
istope dilution-thermal ionization mass spectrometry uranium-lead dat-
ing) and nonradiometric (e.g., orbital tuning) dating and correlation (e.g.,
magnetostratigraphy) of deep-time records by maximizing the preserva-
tion potential of volcanic ashes (see Box 5.2) and cyclic successions of
extended duration that commonly are covered or deeply weathered in
outcrop exposures.

To achieve these goals, the following elements will have to be part of
the proposed expansion of deep-time continental drilling activities:

e A sustainable program of disciplinary planning workshops that
would bring a range of different scientific communities together—includ-
ing those that might not otherwise be engaged—to develop and plan
drilling-based deep-time paleoclimatology projects.

e Creation and support of a database for archiving and sharing of
data collected from drill cores and associated outcrop studies.

e Coordination of drilling efforts with existing U.S. and interna-
tional drilling programs including the U.S. Geological Survey (USGS) and
industry partners, with particular focus on predrilling site surveys that
are costly but difficult to fund through traditional peer-reviewed proposal
solicitations.

Improved Paleoclimate Modules and Models

The community’s confidence in the ability of GCMs to forecast future
regional and global climate changes depends in large part on the degree
to which these models can simulate climates and feedbacks of deep-time
climate systems. Modeling of ancient climates characterized by boundary
conditions that may be substantially different from those of the present
day (e.g., paleogeography, paleotopography, atmospheric pCO,, solar
luminosity parameters), however, presents a substantial challenge to the
modeling community. An enhanced effort to model past warm intervals
and periods of abrupt climate change across thresholds and possible tip-
ping points is needed to produce models of future climate that can be
adjusted to scenarios that include forcings or feedbacks not revealed by
nearer-time paleoclimate reconstructions.
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High Spatial Resolution

Although existing, more comprehensive Earth system models (ESMs
or GCMs) offer many advantages, they are generally less capable at
regional to local scales as a result of the coarseness of model resolution and
the physical parameterizations, which are designed for larger geographic
domains. This limitation is actually magnified for paleoclimate models,
where following the lead of modern climate models can be hampered
by lack of geographically extensive datasets and/or uncertain boundary
conditions. In spite of these limitations, it is critical to run paleoclimate
simulations at higher spatial resolutions both to capture high-resolution
details required by sparser observational data and to maintain the ability
for paleoclimate modeling conclusions to inform and evaluate future cli-
mate change simulations. Furthermore, as proxy datasets become increas-
ingly more spatially resolved through additional drilling, an increase in
model spatial resolution will be required to capture smaller-scale features.
Downscaling techniques using either statistical approaches or nested fine-
scale regional models will be required to better compare simulated climate
variables to site-specific observational data.

Model Intercomparisons

Assessment of past climate changes also requires the regular com-
parison of results from a variety of independent climate models, as well
as comparisons with proxy data or data-derived interpretations of climate
change. The last four IPCC assessment reports have all incorporated mul-
timodel ensemble forecasting techniques—in part, as a means of summa-
rizing the large volume of results, but more importantly because different
models, developed independently, do not produce identical results. The
Fourth IPCC Assessment Report (IPCC, 2007) included a paleoclimate
chapter for the first time, but there was little discussion of multimodel-data
intercomparisons. Paleoclimate model intercomparison studies—which so
far have been limited to the Last Glacial Maximum and mid-Holocene—do
not produce identical results for any given past climate scenario. There is
therefore a need for an expanded capability among modeling groups to
compare simulations and create ensemble analyses in the same way that
future climate change scenarios are examined. Although the first deep-
time intercomparison project has recently begun—for the Pliocene—this
is a small component of the vast array of possible model-model-data com-
parisons that are needed to better understand Earth’s long-term climate
sensitivity to CO, and anticipated regional climate changes.
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Model-Data Tests

National and international model intercomparisons are particularly
important for paleoclimate research because, unlike future climate experi-
ments, there is an ability to evaluate model results using geological data.
Deep-time records uniquely offer geological data, characterized by high
climate signal-to-noise ratios and a broad spectrum of boundary condi-
tions, to test how the various community models compare in their per-
formance and sensitivities. Model-model-data comparisons, in particular
for past warm climates characterized by elevated COZ, provide a means
of assessing not only the range of possible climate changes but also the
credibility of climate model parameterizations in a way that future climate
experiments are incapable of doing.

Recent advances in the capability of models to predict the spatial and
temporal distribution of key environmental variables (temperature, pre-
cipitation and runoff, marine biological productivity, deep-water oxygen
status) and, importantly, their proxies (e.g., water isotopic compositions,
carbon isotopic compositions, organic carbon sedimentation rates) provide
a more rigorous basis for the evaluation of hypotheses and understand-
ing of drivers of environmental change in the geological past. New tools,
however, are required to facilitate model-data comparison:

e Implementation of prognostic modules for proxies (e.g., isotopes)
into comprehensive GCMs to facilitate direct comparisons between model
and observations.

e Geographic information system (GIS)-based tools to align geo-
logical observations (geographically referenced to modern locations) with
model simulations conducted with appropriate paleogeographies.

e Synthetic stratigraphic columns from the output of Earth system
models run over millennia to millions of years, taking into consideration
depositional, diagenetic, and erosional processes and thereby permit-
ting direct comparison to actual stratigraphies. Ideally, these should also
account for preservational biases.

e Refined dynamic vegetation models for climate modeling built
on more comprehensive compilations of disparate paleobotanical data
and improved knowledge of the composition and spatial distribution
of vegetation on a global scale, prior to the evolution of angiosperms
(Cretaceous) and grasslands (Cenozoic).

e Development of metadata techniques to ensure the utility and
access of both model and observational electronically archived data by
the larger scientific community involved in deep-time paleoclimatology
studies.
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Resource Requirements

Additional computational resources, however, will be needed because
of the increased complexity, resolution, and length of integration of model-
ing runs. In addition to increased model spatial resolution, some paleo-
climate simulations will have to be run for thousands of years to achieve
near steady-state deep-ocean conditions and to assess climate variability
at century timescales. This can be most effectively accomplished by the
provision of dedicated computational resource for deep-time climate
simulations. Such a resource could be created at one or more of the cur-
rent national supercomputing centers that are already dedicated to the
earth sciences (NSF, Department of Energy, National Aeronautics and
Space Administration [NASA], or the National Oceanic and Atmospheric
Administration [NOAA]), or at some new center. Three specific require-
ments for such a resource include:

e Dedicated technical support, in particular to incorporate chemi-
cal, biogeochemical, and ecological processes. Adaptation of Earth sys-
tem models to paleoclimate applications has become progressively more
challenging and requires sufficient technical support to enable a broader,
multidisciplinary group of scientists to access these sophisticated models
to address a diverse range of paleoclimate problems. Technical support is
also required to reconfigure low-resolution climate models to run more
efficiently on massively parallel computer architectures.

e Establishment of paleoclimate modeling archives that are better
integrated with paleoclimate data archives, or better populating the grow-
ing IPCC-related archives (e.g., the Paleoclimate Modeling Intercomparison
Project [PMIP]) with paleoclimate data repositories. This could include
establishment of additional PMIP repository sites.

e An increased focus on the development and application of
Earth system models of intermediate complexity (EMICs) that involve
lower-resolution ocean models and either energy-moisture balance or
coarse-resolution atmospheric models. Although the focus of EMIC appli-
cation has been on the longer-term consequences of fossil fuel burning and
the mechanisms of glacial-interglacial climate change (~10*-year timescales),
they have also been used to successfully simulate much longer events such
as the PETM (Panchuk et al., 2008) and the end-Permian extinction (Meyer
et al., 2008). Integration of intermediate-complexity models with three-
dimensional comprehensive high-resolution Earth system modeling will
ease the substantial demand on monetary and computational resources that
the more complex three-dimensional models—which are essential for simu-
lating the equilibrium states and short-term (decadal to century) variability
in the climate system—currently require. Such an integrated approach will
address the existing limitation of run times (less than several thousand
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years) that are well below the duration of important climate perturbations
in Earth history. To date, the U.S. contribution to the development of EMICs
has been through collaboration with European and Canadian colleagues,
and continued and expanded international collaboration—perhaps facili-
tated by the collaboration center proposed below—could yield an EMIC
adapted to evaluate the mechanisms of environmental change in deep time
(e.g., capable of simulating oceanic biogeochemical cycling under anoxic
and euxinic conditions, using relevant paleogeographies). Future model
development efforts could target the incorporation of subsystem models,
such as EMICs within Earth system models.

Strategies for Fostering Focused Deep-Time Scientific Interaction

While the paleoclimate characteristics of past warm worlds and times
of major climate transitions contained in the deep-time geological record
constitute a substantially underdeveloped archive offering considerable
potential for major scientific discoveries, such discoveries are unlikely
to be made through single-PI disciplinary research or small-scale col-
laborative projects. For the full potential of the deep-time paleoclimate
archive to be realized, it is critical to foster broad-based collaborations of
observation-based scientists and climate modelers. Making the transition
from single researcher or small-group research efforts to the broad-based
interdisciplinary collaboration envisioned here will be possible only
through a modification of the scientific research culture and will require
substantially increased programmatic and financial support. The infra-
structure needed to support scientific collaboration, cross-disciplinary
syntheses, widespread and open data exchange, and cross-training of
scientists and students will include, at a minimum, the following:

e The development of natural observatories—perhaps analogous
to the NSF Critical Zone Observatories program—for team-based studies
of important paleoclimate time slices or of landscapes that will permit
the testing, calibration, and development of highly precise and accurate
paleoclimate proxies (e.g., “Deep-Time” Critical Zone Observatory(ies)).
Such deep-time observatories would serve to unify researchers of dispa-
rate but highly complementary expertise by targeting specific processes or
intervals of time (e.g., the DETELON initiative by the paleobiology com-
munity). In order to develop the integrated sets of past-Earth boundary
conditions critical to the success of GCMs—and currently a major limita-
tion of climate modeling efforts—collaborative, cross-disciplinary teams
would have to include software engineers and climate modelers as well
as observational-based scientists with varying disciplinary expertise.

e Analytical support for interdisciplinary research through
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BOX 5.3
Data Sharing in a Digital Age

The rock record serves as the primary long-term archive for many
important physical, chemical, and biological processes, including the
tempo and mode of organic evolution, the causes and consequences of
global climate change, the rates and styles of crustal deformation and
plate tectonics, and the origin and spatial and temporal distribution of
mineral and energy resources. Although there exists a formidable body
of knowledge on the distribution and character of rocks and the proxy
data extracted from them, there is currently no framework for consolidat-
ing these data into a larger and interactive context or for analyzing them
quantitatively across a range of time and spatial scales. Importantly, no
such archive yet exists that can integrate with or accommodate paleo-
climate modeling archives—a fundamental necessity for the proposed
synergistic and interdisciplinary research approach to deep-time paleo-
climatology.

Macrostratigraphy is a novel web-based data-sharing program (Figure 5.4)
that uses gap-bound rock packages compiled separately at multiple geo-
graphic locations as a framework for integrating diverse geological and
paleontological datasets and for analyzing quantitatively disparate data.
Currently, this developing macrostratigraphic database consists minimally
of the ages, thicknesses, lithologies, and nomenclatural hierarchies of
21,252 rock units from 821 geographic locations in North America, 1,168
rock units from 329 locations in New Zealand, and 7,124 lithologic pack-
ages from 132 locations in the deep sea. Macrostrat is fully integrated
with the Paleobiology Database, thus serving as the scaffolding upon
which to build a large-scale, integrative analytical framework for uniting
stratigraphic, sedimentological, geochemical, and paleontological datasets
spanning much of geoscience. Macrostrat has been utilized successfully
to quantitatively analyze a wide range of geological questions, such as
how the relative magnitudes of inorganic and organic carbon burial have
fluctuated on a stage-to-stage basis throughout the Phanerozoic. The re-
sults of this example reveal the dominant influence of physically forced
changes in sedimentation on carbon cycling on relatively short timescales,
with implications for the relative cycling rates of terrestrial versus marine
systems, for understanding the biological evolution of marine and terrestrial
organisms, and for calibrating the link between carbon burial and global
climate change. Ultimately, Macrostrat will provide a user-oriented web
application that will enable participation of researchers widely throughout
the community to facilitate data sharing and integration as well as contin-
ued development of new tools.
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FIGURE 5.4 Logo for the macrostratigraphy database, Macrostrat. See
http:/ /macrostrat.geology.wisc.edu and http:/ /strata.geology.wisc.edu/
mibasin.

SOURCE: Courtesy of Shanan E. Peters, University of Wisconsin, Madison.
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expanded efforts to develop new facilities (e.g., EARTHTIME geochro-
nology laboratories) and enhanced linkages to existing structures (e.g.,
National Center for Nano-SIMS at the University of Wisconsin). Most
importantly, it is critical that such facilities are made available to all inter-
ested scientific parties—an effort that will require proactive and strategic
planning on the part of the funding agencies involved.

e Increased development efforts for large-scale, integrative analyti-
cal models for analyzing and archiving stratigraphic, sedimentological,
geochemical, and paleontological datasets (see Box 5.3). Any such effort
must incorporate plans to integrate with, or accommodate, paleoclimate
model archives that can be fully integrated with geological, proxy, and
paleontological data.

e To ensure that the collaborative opportunities offered are available
to both researchers and “scientists in training,” and to catalyze the cultural
change in established and developing scientists, a structured mechanism
for cross-disciplinary training of graduate students and early-career, and
established scientists is necessary. Financial resources for professional
development workshops and a summer institute(s) (perhaps on a rotat-
ing basis) in topics such as a modeling primer, overview and challenges
of paleoclimate proxies, chronological techniques—all offered within the
context of deep-time paradigms and unresolved problems—should be a
high priority. Such institutes could easily be designed to incorporate sec-
ondary school teachers, museum specialists, and science journalists (see
discussion in “Education and Outreach—Steps Toward a Broader Com-
munity Understanding of Climates in Deep Time” below).

e An emphasis on “virtual” collaborations would be cost-effective
by removing the need for colocation of researchers, would be more in
line with the comfort that younger researchers demonstrate with virtual
interactions, and—by encouraging the interaction of widely distributed
researchers—would help to emphasize that the issues being addressed
are international in scope. Face-to-face meetings involving participants
in a particular research endeavor would, of course, still be necessary on
occasion, but these could perhaps take the form of annual workshops.

Most importantly, establishment of such a cultural and technologi-
cal infrastructure will require acceptance and endorsement by both the
scientific community and the funding agencies that support deep-time
paleoclimatology and paleobiology-paleoecology studies. Without the
addition of targeted new resources—in addition to existing programmatic
resources—the scientific breakthroughs that can be made by this broad-
based research community will be unlikely to come to fruition.
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EDUCATION AND OUTREACH— STEPS TOWARD A BROADER
COMMUNITY UNDERSTANDING OF CLIMATES IN DEEP TIME

Earth’s deep-time climate history not only provides the context
for scientists seeking to understand the Earth system, it also provides
compelling opportunities for broad public outreach and education as it
addresses details of Earth’s natural long-term climate cycles. To capital-
ize on this opportunity, scientists and science communicators will have
to overcome the challenge that understanding deep-time climate requires
some appreciation of the subtleties of both climate science and geological
time and an appreciation that Earth’s preindustrial or even prehuman
climate sets the baseline from which to evaluate the human contribution
to climate change.

The public discussion regarding climate change and global warming
is complex and fractious, in part reflecting the lack of adequate scientific
literacy among the general public, an active campaign of antiscience dis-
information, and insufficient efforts on the part of the scientific community
to disseminate complex information in an effective manner. Similar things
could be said about the public understanding of geological time, the age
of the Earth, radioisotopic dating, and how scientists determine the age of
events in Earth history. Despite these challenges, Earth’s history is the source
of useful and powerful metaphors and examples that have the potential to
help people understand the significance of climate change in their time.

Challenges and Issues

The deep-time climate research community faces a number of chal-
lenges in bringing its insights to students, teachers, professors, scientific
and media partners, policy makers, and the general public, and the fol-
lowing concepts and approaches are suggested to assist with education
and outreach to convey the concepts and recommendations in this report.
These are presented for each of the target audiences, with the challenges
and issues associated with each audience and suggestions for audience-
specific implementation.

Insights gleaned about Earth’s climate system from the experiments
of past climate extremes contained in the geological record both comple-
ment and expand those derived from climate studies of the more recent
past. The study of deep-time paleoclimate integrates a large number of
scientific disciplines because of the span of geological time, and as such it
is not immediately intuitive to a nonspecialized audience. Although they
are central to the practice and understanding of the science of deep-time
climate, geological time, paleoclimate proxy analysis, and GCMs—with
their attendant disciplinary jargon—have minimal traction with the pub-
lic. Uncertainties in temporal resolution, patchwork spatial resolution, and
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incompletely calibrated climate proxies present challenges for conveying
complex messages to the general public with sufficient simplification but
without losing accuracy.

Finally, there are the difficulties inherent in any multidisciplinary
field—communication between scientists in different fields is imperfect,
leading to imperfect interpretations that can be propagated to conversa-
tions with policy makers and the public. Successful outreach and education
need to be based on better integration of the scientific disciplines involved
and improved transfer of data and knowledge between the different groups
of scientists. Specifically, the observation and modeling communities need
to improve their interdisciplinary communication, as well as broader
communications with other scientists, to build a better pan-discipline
understanding of what science knows about past climates—only then can
these insights be effectively conveyed to broader audiences. Irrespective of
these challenges, however, extinct animals and plants, ancient worlds, and
natural disasters do resonate with people, and these elements all present
good starting points for broader discussions about past climates

Audience-Specific Strategies and Examples

K-12

For elementary and secondary audiences, it is important to be aware of
age-specific learning styles and state educational standards. Children are
interested in dinosaurs and living animals, and these provide wonderful
opportunities to discuss extinction and ecosystems. Extinct animals provide
a pathway to discuss extinct landscapes and different biomes, and compari-
son of modern tropical, temperate, and polar biomes conveys the message
that different animals live in places that have different weather.

Concepts of time are often challenging, and geological time is par-
ticularly difficult. This is amplified for younger children who are just
beginning to understand the concept of time. The EARTHTIME Initiative!
has recently created middle school curricula to address this issue, but the
barriers to understanding are significant.

For young students, the excitement of exploring prehistoric worlds is
more compelling and less scary than confronting the fear of global climate
change. The recent Ice Age movies presented a climate change message
in concert with charismatic ice age megafauna, introducing the topic in a
fun, rather than threatening, manner. Children’s love of dinosaurs is, in
part, facilitated by the fact that they are scary but extinct. Climate change,
while more conceptual than dinosaurs, is less threatening when studied

1 See http:/ /www.EARTHTIME.org.
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as history than when presented as a looming threat. As always, creation of
tools for teachers that adhere to state standards will result in more usable
education assets.

For most states, geosciences are concentrated at the upper middle
school level, and there is considerable potential to enhance existing cur-
ricula with deep-time climate science. The enhanced communication
capabilities of the Joides Resolution drillship? have presented opportunities
for live broadcasts to museums and classrooms. Active scientists should
consider presenting simplified versions of their research and findings
in classrooms, at teacher professional training sessions, and at national
conventions such as the National Science Teachers Association meetings.

For high school audiences, awareness of global warming is high and
rapidly increasing. Despite this, most curricula tend to be focused on the
core sciences of biology, physics, and chemistry, with little opportunity to
integrate the more synthetic earth and atmospheric sciences. Science fairs
are arenas in which high school students can reach beyond the finite dis-
ciplines of their curricula, and students themselves can experience field-
work through programs such as the Jason Project,® which places students
in the field with the ability to broadcast back to their classrooms. In addi-
tion, a number of NSF-funded projects have generated web-based educa-
tion tools. One such program that deals specifically with GCMs is the
Educational Global Climate Modeling Program,* a collaboration between
Columbia University and NASA’s Goddard Institute for Space Studies,
which allows web visitors to download and run simple climate models.

High school teachers can accrue very practical knowledge by par-
ticipating in special training projects such as the IODP School of Rock
Workshops,® which sends teachers to sea on the Joides Resolution drillship
to learn about ocean science and seafloor coring. Museums offer teachers
professional development on a variety of topics, such as the Denver
Museum of Nature and Science Certification Program in Paleontology.®
Inherent in all of these courses is the premise that high school teachers
will be more effective if they have primary field experience.

Colleges and Universities

Colleges and universities provide a host of opportunities for students
to understand deep-time climate topics through courses, fieldtrips, intern-
ships, visiting lectures and talks, and campus action groups. Earth and

2 See http:/ /joidesresolution.org/.

3 See http:/ /www.jason.org.

4 See http:/ /edgem.columbia.edu.

5 See http:/ /www.iodp-usio.org/Education/SOR.html.
¢ See http:/ /www.dmns.org.
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planetary science departments can expand their ranks of potential majors
by offering courses that combine traditional environmental science with
paleontological and paleoclimatological content.

e Graduate students can expand their skills and knowledge by par-
ticipating in interdisciplinary summer schools such as the Urbino Summer
School of Paleoclimatology,” which bring together active scientists and
diverse graduate students interested in paleoclimatology and modeling.

e Professional organizations such as the American Association of
Petroleum Geologists and IODP support lecture tours by distinguished
lecturers, and these can focus on paleoclimate themes.

e University and college faculty can improve their ability to com-
municate with the media and general public by specific training (e.g., the
Aldo Leopold Leadership Program® at Stanford University).

General Public

The general public is barraged with global warming issues in the form
of op-eds, letters to the editor, blogs, popular books, television shows, talk
radio commentary, and newspaper and magazine ads from companies
promoting green products to oil and gas companies discussing pathways
to the future of energy. Despite this media blitz, very few people under-
stand that the Earth’s present climate is anomalously cold relative to the
ice-free world of the Cretaceous to Eocene greenhouse. Nor could the typi-
cal citizen begin to articulate how tree rings, ice cores, and seafloor drilling
relate to climate change. Efforts to explain “how scientists know what they
know” are more likely to be received favorably than are proclamations
about what will happen in the future.

The topic itself has become so polarized that some hosts consider
global warming conversations akin to discussing religion or politics at
the dinner table. To counter this, it makes sense to focus on relevant sci-
ence rather than policy or practice. Efforts that intend to educate rather
than advocate are more likely to be heard and understood by a diversity
of audiences.

The deep-time observation and modeling communities both need to
break into the popular science realm by emphasizing their more compel-
ling and understandable elements. Great opportunities exist for the popu-
larization of ice cap and ocean drilling, both of which occur in dramatic
settings that are unfamiliar and interesting to the general public. These
activities are great examples of science in action, and they show scientists

7 See http:/ /www.uniurb.it/ussp/.
8 See http:/ /www.leopoldleadership.org.

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/13111

Understanding Earth's Deep Past: Lessons for Our Climate Future

IMPLEMENTING A DEEP-TIME CLIMATE RESEARCH AGENDA 135

doing interesting activities in the pursuit of knowledge. Pathways to bring
these activities to the public eye include television shows and series (e.g.,
Discovery Channel, National Geographic Channel, The Daily Show, The
Colbert Report); enhanced presence on the radio (e.g., a paleoclimate feature
on National Public Radio’s (NPR’s) Science Friday, Terry Gross interviews
of proxy data analysts and modelers, Talk radio); Web and Web 2.0 tools
(e.g., www.Ted.com; www.khanacademy.org/, www.story of stuff.com);
Earth system and deep-time blogs using graduate students, scientists, and
science writers (e.g., Andrew Revkin’s New York Times Dot Earth blog?);
popular books and magazine articles; the development of audience-tested
museum exhibits; use of new media (e.g., Podcasts, Twitter, Facebook);
and advertisement and amplification of credible climate websites (e.g.,
NOAA’s climate website!?).

Potential Collaborators

Science is now so specialized and complex that most scientists do
not venture far from their particular research area. To obtain broader
understanding of the potential offered by paleoclimate data and modeling
within the larger climate discussion, it is important to create forums where
scientists from different disciplines exchange information and perspec-
tives. This is effectively done within disciplines by talks and symposia at
national meetings (e.g., those hosted by the American Geophysical Union
and the Geological Society of America) and between disciplines at meet-
ings like those hosted by the American Association for the Advancement
of Science. Opportunities to engage broader groups exist at venues such
as industry conferences (e.g., the American Association of Petroleum
Geologists) and environmental conferences (e.g., the Aspen Environment
Forum) with the potential to build a broader collective understanding of
the nature and reliability of proxy data and modeling.

Policy Makers

Ultimately, policy makers require scientifically credible and actionable
data on which to base their policies. Faced with a diversity of opinions,
they need credible sources of information. The IPCC made its findings
very accessible by creating a simple, but multilingual, website that not
only presented the report but also made its images and figures available
for download as PowerPoint files. The creation of simple, but clear, col-
lateral resources such as these should be a goal of deep-time research

9 See http:/ /dotearth.blogs.nytimes.com/.
10 See http:/ /globalchange.gov/; and http:/ /www.realclimate.org.
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projects. A good example is the Cenozoic climate curve of Zachos et al.
(2001a), showing climate change over the last 70 million years using the
proxy of 10 in marine microfossils.

Specific Recommendations

One of the most significant, yet least understood, aspects of the deep-
time climate record is the observation that Earth has moved between two
major climate states—greenhouse and icehouse. Since the last transition
between these two states occurred 34 million years ago at the end of the
Eocene epoch, and the last time the Earth saw a transition from icehouse
to greenhouse was nearly 300 million years ago, this is clearly a story told
only by the deep-time record. This paleoclimate record contains facts that
are startling to most people—there have been times when the poles were
forested rather than being icebound; there were times when the polar seas
were warm; there were times when tropical forests grew at midlatitudes;
more of Earth history has been greenhouse than icehouse. Such relatively
simple but relevant messages provide a straightforward mechanism for
an improved understanding in the broader community of the importance
of paleoclimate studies.

This message can be tailored to different audiences. For children, the
simple comparison that dinosaurs lived in greenhouse conditions and
mammoths lived in ice-house conditions can be an effective way to link a
subject in which they are already interested to a phenomenon that should
also interest them. With the first-order concept that the Earth’s climate
alternates between these two major climate states, it is then possible to
find ways to discuss and explain shorter-wavelength variations in climate,
such as the orbital parameters that drove the glacial and interglacial shifts
of the Pleistocene or the oceanic changes that drive the El Nifio cycles.
From the perspective of deep time, it is possible to start with the big
patterns and work toward the small ones, and this is exactly what does
not happen when the story starts from the perspective of daily weather.

The deep-time record also includes examples of extreme climate
events and transitions. These examples are very useful as tools to help
explain the range of possibilities in the Earth’s climate and to show how
certain types of climate events can be abrupt, even when viewed from a
human perspective. Examples such as the subdecadal warmings docu-
mented in the Greenland ice cores are useful to help people understand
that just because something happened a long time ago, does not mean it
took a long time to happen. With this realization, the deep-time record
becomes a storehouse of useful and relevant examples. Ultimately, the goal
of education and outreach from the deep-time perspective should be to
help various audiences understand that the Earth has archived its climate
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history and that this archive—while not fully understood—is perhaps
science’s best tool to understand Earth’s climate future.

Committing to Paleoclimate Education and Outreach

Given the poor state of the public’s understanding of Earth sciences,
and climate science in particular, it is time to commit to the ideal that
education and outreach (E&O) cannot merely be afterthoughts to sci-
entific research activities. By consigning E&O to a relatively minor role
within science institutions and proposals, scientists have inadvertently
but effectively cut off the public from understanding scientific research.
The result has been that a significant percentage of the U.S. public dis-
trusts or ignores scientific climate change information. Accordingly, rather
than promote specific E&O programs, the committee recommends that
there be a renewed commitment within every paleoclimate project to
the dissemination and communication of results to students, teachers,
and the public. The successful E&O activities associated with such pro-
grams as ANDRILL, IODP, and the Incorporated Research Institution for
Seismology (IRIS) show that with an appropriately funded focal point
for scientific interaction—a characteristic of each of these programs—it
is possible to effectively convey rather complex scientific issues and sci-
entific accomplishments to a broader audience. This reinforces the call
for programmatic and funding support for broad-based interdisciplinary
collaborations for deep-time paleoclimate science advanced in this report,
because these collaborative focal points could easily include the type of
dedicated E&O resources as the successful models noted above. Some
existing E&O efforts for deep-time paleoclimatology have been summa-
rized here, but these efforts have to be expanded and more such efforts
should be established. In a field that suffers from chronically low resource
allocations, education and outreach are suffering far more in the area of
paleoclimate than in general climate education. However, students and the
public have always had a particular affinity for Earth history and extreme
events of the past, and accordingly this is a key area for attracting student
and public attention to climate science in general.
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Conclusions and Recommendations

The current rate of atmospheric increase of CO,—~3 ppmv per year
(IPCC, 2007)—is an order of magnitude or more greater than the increase
in atmospheric CO, during the last deglaciation, when rapid retreat of
northern hemisphere ice sheets led to rates of sea level rise of up to 5 m
per century (Stanford et al., 2006). The last time the atmosphere contained
CO, levels comparable to today’s values, during the Pliocene, surface
temperatures were on average ~3°C warmer, the Greenland ice sheet col-
lapsed, and sea level rose by up to 30 m (Pagani et al., 2010; Seki et al.,
2010). With the combination of continued burning of fossil fuels and the
additional contribution of greenhouse gases to the atmosphere through
positive feedbacks in the climate system, future atmospheric CO, levels
could exceed 1,000 ppmv (Kump et al., 2009)—Ilevels well above the sta-
bility threshold values for continental ice on Earth (Hansen et al., 2008).
In fact, it is necessary to look back at least 34 million years—prior to the
current icehouse—to examine climate change under such CO, levels. In
this context, the magnitude and rate of the present greenhouse gas increase
place the climate system in what could be one of the most severe increases
in radiative forcing of the global climate system in Earth history.

To fully evaluate climate forcing feedbacks and tipping points that
may characterize Earth’s future, and to better understand climate change
impacts and recovery, it is necessary to examine the records from past
warm periods when there were similar magnitudes and rates of green-
house gas forcing. The deep-time paleoclimatology record contains a
rich archive of such warm worlds, and the associated transitions into
and out of “greenhouse” conditions. For example, climate reconstruc-

138

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/13111

Understanding Earth's Deep Past: Lessons for Our Climate Future

CONCLUSIONS AND RECOMMENDATIONS 139

tions of the end-Paleocene (~55 Ma), mid to late Cretaceous (~120 to 90
Ma), end-Triassic (~200 Ma), and Late Paleozoic (~300 to 251.2 Ma)—all
periods associated with the massive release of greenhouse gases to the
atmosphere—reveal dramatic changes in oceanic conditions and terrestrial
climates. These changes brought about extensive restructuring of marine
and terrestrial ecosystems that in many cases involved mass extinctions.
These deep-time records also reveal that some of the feedbacks in the cli-
mate system may be unique to warmer worlds—and thus are not archived
in more recent paleoclimate records—and accordingly might be expected
to become increasingly relevant with continued warming. In particular,
long-term feedbacks that are typically active on millennial scales are
likely to become important at the human timescale, leading to substantial
and abrupt (years to centuries) climate modifications. Reconstructions of
past climates show that civilization has evolved in an anomalously stable
period unrepresentative of the climate system’s natural variability. There-
fore, refining current understanding of climate dynamics (e.g., the range,
rates, and magnitudes of feedbacks and change) during past periods of
global warming, particularly times associated with epic deglaciations,
is critical for assessing future risks. Improved understanding of climate
dynamics will also aid efforts to mitigate the impact of continued warm-
ing on regional hydroclimates and water resources, ice sheet and sea level
stability, and the health of marine and terrestrial ecosystems. Exciting
research opportunities to help accomplish this task exist in the untapped
potential of the deep-time geological record.

This report identifies a six-element research agenda designed to
describe past climate variability and to better constrain how Earth’s
climate system has responded to episodes of changing greenhouse gas
levels. The knowledge gained by this scientific agenda will be important
for addressing questions regarding the projected rise in atmospheric CO,
and the societal implications of this rise. The report also describes the
research infrastructure necessary for successful implementation of the
deep-time paleoclimatology agenda, as well as an education and outreach
strategy designed to broaden our collective understanding of the unique
perspective that the full range of the geological record provides for future
climate change.

Improved Understanding of Climate Sensitivity and
CO,-Climate Coupling

Determining the sensitivity of Earth’s mean surface temperature to
increased greenhouse gas levels in the atmosphere is a key requirement
for estimating the likely magnitude and effects of future climate change.
The current understanding of climate sensitivity, defined on the basis of

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/13111

Understanding Earth's Deep Past: Lessons for Our Climate Future

140 UNDERSTANDING EARTH’S DEEP PAST

modern data and relatively recent paleoclimate records (<20,000 years), is
associated with large uncertainty (1.5 to 26°C). Positive feedbacks typically
considered to have been active on longer timescales, but that may become
increasingly relevant with continued warming, are not considered in
these estimates. An improved definition of long-term equilibrium climate
sensitivity—including more refined constraints on its lower boundary—
over the full range and timescales of past radiative forcing is a major
research priority. An associated focus is on gaining an improved under-
standing of how climate feedbacks and their role in amplifying climate
change have varied with changes in greenhouse gas forcing. Accomplish-
ing this objective will require the development of more accurate and pre-
cise paleo-CO, and paleotemperature proxies, as well as the development
of new proxies for the full range of greenhouse gases. A complementary
requirement is for high-resolution and high-precision time-series records,
based on integrating multiproxy techniques. Data-model comparisons are
needed to rigorously test non-CO, forcing mechanisms of global warming,
as well as to refine the understanding of how the Earth’s climate system
would respond to increasing levels of atmospheric CO,.

Climate Dynamics of Hot Tropics and Warm Poles

Recent climate modeling and deep-time paleoclimatology studies have
demonstrated that the long-standing paradigm that the temperatures of
tropical climates do not rise significantly during warm periods because of
some type of temperature buffering mechanism is probably incorrect. Con-
sequently, the mechanisms and feedbacks in the modern climate system
that have controlled tropical and polar surface temperatures—ultimately
leading to the existing relatively high pole-to-equator thermal gradient—
may not operate in warmer worlds. A decreased latitudinal gradient in the
future, which would almost certainly be associated with polar sea ice and
continental ice sheet losses, would change atmospheric wind patterns and,
in turn, ocean circulation—all having potential detrimental effects through
teleconnections (Hay, 2010). To refine knowledge of the processes and
climate feedbacks that may influence surface temperatures under higher
atmospheric pCQO,, it is important that high-temporal-resolution, higher-
precision proxy time series be developed across latitudinal transects, with
a focus on reconstructing terrestrial-marine linkages. This will require a
greatly increased effort in high-precision geochronological dating, cou-
pled with substantially more spatially resolved proxy records. A more
comprehensive understanding of the limits of tropical climate stability,
the origin of anomalous polar warmth, and an understanding of how a
weaker thermal gradient is established and maintained in warmer climate
regimes will require further climate model development and deep-time
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data-model comparisons. These comparisons would also provide a much
needed test of the efficacy of model projections of future climate.

Sea Level and Ice Sheet Stability in a Warm World

Study of the current icehouse climate state has provided better con-
straints on CO, and surface temperature threshold levels for ice sheet
stability (Pagani et al., 2005, 2010; Pearson et al., 2009; Seki et al., 2010).
Large gaps, however, remain in the understanding of ice sheet dynamics,
with resulting limitations on the applicability of current coupled climate-
ice sheet models. These issues highlight the uncertainties that still exist in
projections regarding the timescales at which ice sheets would respond to
continued warming and in understanding the influence of feedbacks not
revealed by recent paleoclimate records or considered by future climate
model projections (e.g., the projections used in IPPC, 2007). Consequently,
the magnitude of sea level rise, once climate equilibrium is reached,
remains elusive despite deep-time paleoclimate evidence that it could be
substantially higher than model projections (Rohling et al., 2009). To mark-
edly improve the understanding of climate—ice sheet—sea level dynamics
relevant to a warming Earth, it will be necessary to probe deeper into
Earth’s history to the periods of truly catastrophic ice sheet collapse that
accompanied past icehouse-to-greenhouse transitions. To fully exploit
such deep-time archives will require radiometrically constrained and
spatially resolved marine, paralic, and terrestrial records for both high and
low latitudes. In addition, improved methods for deconvolving tempera-
ture and seawater 3'%0 from proxy records are needed, as well as targeted
efforts to couple land-ice component models with complex global climate
models that are capable of integrating the atmospheric hydrological cycle.

Understanding the Hydrology of a Hot World

There is broad scientific consensus that one of the largest impacts of
continued CO, forcing would be major regional climate modifications, with
the likelihood of substantial societal impacts (e.g., water shortages, flood-
ing). The insights gained from reconstructing the processes and climate
feedbacks that influence surface temperatures under higher atmospheric
pCO, levels are an important element of this research agenda, particularly
because of the sensitivity of climate to small changes in high-latitude and
tropical surface temperatures as a consequence of teleconnections. The
deep-time geological record provides a critical and unique component of
research focused on this issue, because it is the only source of information
regarding how marine-terrestrial carbon and water cycle dynamics have
influenced the global climate system during periods of radiative forcing
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comparable to those projected for the future, including periods of unipo-
lar glacial or fully deglaciated greenhouse conditions. This will require a
greatly expanded effort to develop linked marine-terrestrial records that
are spatially resolved and of high temporal resolution, precision, and
accuracy. New and improved quantitative estimates of paleoprecipitation,
paleoseasonality, paleoaridity and humidity, and paleosoil conditions
(including paleoproductivity) are critical components of this effort.

Understanding Tipping Points and Abrupt Transitions
to a Warmer World

Studies of past climates and climate models show that Earth’s cli-
mate system does not respond linearly to gradual CO, forcing, but rather
responds by abrupt change as it is driven across climatic thresholds.
Modern climate is changing very rapidly, and there is a possibility that
Earth will soon pass thresholds that will lead to even more rapid changes
in Earth’s environments. Consequently, the question of how close Earth is
to a tipping point, and when it could transition into a new climate state, is
of critical importance. Because of their proven potential for capturing the
dynamics of past abrupt changes, intervals of tipping-point climate tran-
sitions in the geological record—including past hyperthermals—should
be the focus of future collaborative paleoclimate, paleoecological, and
modeling studies. Such studies should lead to an improved understand-
ing of how various components of the climate system responded to abrupt
transitions, in particular during times when the rates of change were suf-
ficiently large to imperil diversity. This research will also help determine
whether there exist thresholds and feedbacks in the climate system of
which we are currently unaware, especially in warm worlds and past
icehouse-to-greenhouse transitions. Moreover, targeting such intervals for
more detailed investigation is a critical requirement for constraining how
long any abrupt climate change might persist.

Understanding Ecosystem Thresholds and Resilience
in a Warming World

Both ecosystems and human society are highly sensitive to abrupt
shifts in climate, because such shifts may exceed the tolerance of organ-
isms and, consequently, have major effects on biotic diversity as well as
human investments and societal stability. Modeling future biodiversity
losses and biosphere-climate feedbacks, however, is inherently difficult
because of the complex, nonlinear interactions with competing effects
that result in an uncertain net response to climatic forcing. How rapidly
biological and physical systems can adjust to abrupt climate change is a
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fundamental question accompanying present-day global warming. An
important tool to address this question is to describe and understand the
outcome of equivalent “natural experiments” in the deep-time geological
record, particularly where the magnitude and/or rates of change in the
global climate system were sufficiently large to threaten the viability and
diversity of species, which at times led to mass extinctions. The paleon-
tological record of the past few million years does not provide such an
archive because it does not record catastrophic-scale climate and ecologi-
cal events. As with the other elements of a deep-time research agenda,
improved dynamic models, more spatially and temporally resolved data-
sets with high precision and chronological constraint, and data-model
comparisons are all critical components of future research efforts to better
understand ecosystem processes and dynamic interactions.

STRATEGIES AND TOOLS TO IMPLEMENT A DEEP-TIME
CLIMATE RESEARCH AGENDA

Four key infrastructure and analytical elements will be required to
implement this high-priority research agenda.

Improved Proxies and Multiproxy Records

Refinement of existing and development of new mineral and
organic proxies for environmental and ecological parameters,
coupled with an enhanced effort to chronologically calibrate tar-
geted intervals with high-precision radiometric ages, are critical
requirements for developing the spatially resolved, multiproxy
paleoclimate and paleoecological time series described in the
research agenda.

Despite exponential advances in the development of paleoclimate
proxies over the past two decades, the precision and accuracy of existing
organic and mineral paleotemperature and paleo-CO, proxies are compro-
mised by their calibrations to extant analogues, by incompletely under-
stood biological and environmental controls on geochemical signatures,
and/or by their sensitivity to postdepositional alteration. Moreover, paleo-
barometer proxies are limited to CO,, and there is a need for the existing
very limited complement of proxies for estimating past terrestrial climatic
conditions to be expanded and refined. A focused effort to improve exist-
ing proxies and develop new proxies is at the core of the proposed research
agenda, in particular where the level of precision and accuracy—and thus
the degree of uncertainty in inferred climate parameter estimates—can
be quantified and significantly reduced. Such an effort will need to be
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highly collaborative, requiring calibration studies in modern marine and
terrestrial environments as well as laboratory systems. The Critical Zone
Observatories initiative funded by the National Science Foundation may
offer opportunities to integrate such calibration studies into existing
observatories. Ultimately, comparison studies of plant-mineral proxy
estimates that are characterized by differing sensitivities and uncertain-
ties are necessary to test the veracity and sensitivity of each of the proxies.
Proxy development efforts must be complemented by studies that apply
emerging imaging and analytical technology to critically evaluate the
effects of postdepositional alteration on the compositions of isotopic and
geochemical proxies.

Deep-Time Drilling Transects

The recovery of high-quality cores to provide the sample resolu-
tion and preservational quality needed to develop multiproxy
archives for key paleoclimate targets across terrestrial-paralic-
marine transects and latitudinal or longitudinal transects will
require substantially increased investment in scientific conti-
nental drilling and continued support for scientific ocean drill-
ing. Continental drilling will permit direct comparison of the
marine and terrestrial proxy records that record fundamentally
different climate responses (local and regional effects on con-
tinents compared with homogenized oceanic signals) and will
provide the continuous records necessary for high-resolution
dating of critical climate transition intervals.

The requirement for well-preserved and chronologically well-
constrained proxy records with high spatial and temporal resolution and
precision to analyze environmental and ecological systems in climate
transition is a recurrent theme throughout the research agenda. A transect-
based deep-time drilling program designed to identify, prioritize, drill,
and sample key paleoclimate targets—involving a substantially expanded
continental drilling program and additional support for the existing sci-
entific ocean drilling program—is a high priority for implementing the
recommended research agenda. Although scientific ocean drilling has
provided much of the basis for what is presently known about Neogene
climate dynamics and ocean-climate linkages, there is still a pressing
need for high-resolution sections that carry clear signals of orbital forcing
in older parts of the record, particularly the Paleogene and Cretaceous.
Sections representing the greenhouse intervals for climatically sensitive
regions are still required, specifically in the Arctic and proximal to Ant-
arctica. Continental drilling of cyclic successions, of extended duration

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/13111

Understanding Earth's Deep Past: Lessons for Our Climate Future

CONCLUSIONS AND RECOMMENDATIONS 145

and with high potential for preservation of volcanic ashes, will greatly
expand the opportunity for radiometric and nonradiometric dating and
correlation, thereby facilitating comparison of paleoclimate records across
marine-paralic-terrestrial gradients as a function of time.

Improved Paleoclimate Modules and Models

An enhanced paleoclimate modeling effort, with a focus on
past warm worlds and extreme and/or abrupt climate events,
is critical for refining scientific understanding of the complex
dynamics of past climates and for producing models that can
be adjusted to include forcings or feedbacks not revealed by
shallower-time paleoclimate reconstructions.

As critical boundary conditions of the climate system—greenhouse
gas concentrations, polar ice mass, distribution of biomes—change in the
coming century, calibrations of climate models based on modern systems
and the recent past will become increasingly less relevant. The deep-time
geological record of past climates and major transitions provides the only
test of climate models and their predictions against the range of back-
ground conditions most likely to be relevant to Earth’s anticipated future
climate state if emissions are not reduced. Modeling of ancient climates
characterized by boundary conditions substantially different from those
of the present day, however, presents a substantial challenge to the model-
ing community. In turn, how well such models simulate past climates and
feedbacks inferred from deep time influences the community’s confidence
in the ability of global climate models to forecast future regional and global
climate changes.

To that end, a markedly enhanced effort in deep-time paleoclimate
modeling involving development of higher-resolution modules, improved
parameterization of conditions relevant to future climate, and an emphasis
on paleoclimate model intercomparisons and “next-generation” data-
model comparisons is a fundamental component of the proposed research
agenda. An increase in model spatial resolution will be required to capture
smaller-scale features and regional climate changes comparable in scale to
the spatially resolved geological data that can be obtained through con-
tinental drilling and proxy development. Deep-time data also uniquely
offer the opportunity to carry out model-model-data comparisons for
past warm climates characterized by elevated CO,. Such comparisons will
permit an assessment of the credibility of the performance and param-
eterizations of various community models in a way that future climate
experiments are presently incapable of doing. Achieving this component
of the deep-time initiative will require new tools to facilitate model-data
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comparisons (e.g., prognostic modules for proxies, geographic informa-
tion system-based tools, refined dynamic vegetation models, metadata
techniques), dedicated computational resources for deep-time climate
simulations, and the development and application of Earth system models
of intermediate complexity that can be integrated as subsystem models
within more complex three-dimensional Earth system models.

Strategies for Fostering Focused Deep-Time Scientific Interaction

Implementing the research agenda described in this report will
require a synergistic research culture among the broad range of
disciplines that can contribute to solving the numerous puzzles
of deep-time paleoclimatology, focusing on specific paleoclimate
time slices as natural laboratories for team-based analyses of
deep-time climates and their impact on Earth systems. Establish-
ment of a cultural and technological infrastructure to support
team-based projects offers the potential for discoveries unattain-
able by single-discipline research or even by more conventional
integrated efforts.

Establishing the scientific collaboration, cross-disciplinary syntheses,
widespread and open data exchange, cross-training of scientists and stu-
dents, and dedicated and focused outreach activities required to address
the research agenda described in this report will require the development
of natural observatories for team-based studies of important paleoclimate
time slices, incorporating climate and geochemical models; capabilities for
the development, calibration, and testing of highly precise and accurate
paleoclimate proxies; and the continued development of digital databases to
store proxy data and facilitate multiproxy and record comparisons across all
spatial and temporal scales. Such broad-based and interdisciplinary cultural
and technological infrastructure will require acceptance and endorsement
by both the scientific community and the funding agencies that support
deep-time paleoclimatology and paleobiology-paleoecology studies. With-
out the addition of targeted new resources—in addition to existing pro-
grammatic resources—the scientific breakthroughs that can be made by this
broad-based research community will be unlikely to ever come to fruition.

EDUCATION AND OUTREACH—STEPS TOWARD A BROADER
COMMUNITY UNDERSTANDING OF CLIMATES IN DEEP TIME

Despite the potential and importance of the deep-time geological
record, as articulated throughout this report, the public has minimal
appreciation of the relevance of deep-time climates for Earth’s future. This
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largely reflects the limited efforts by the scientific community to ensure
that the importance and relevance of scientific efforts and results are con-
veyed to students, teachers, scientific and media partners, policy makers,
and the general public. Barriers such as disciplinary jargon (geological
time, paleoclimate proxies, and numeric climate models), imperfect inter-
pretations and solutions created by uncertainties in temporal resolution,
patchwork spatial resolution, and incompletely calibrated climate proxies,
all present significant challenges for conveying complex messages to the
general public with sufficient simplification but without losing accuracy.
To resolve this issue, a strategy for education and outreach, to convey
the lessons contained within deep-time records, should be tailored to the
range of specific target audiences:

e K-12 elementary and secondary students. Museums are a key
resource for educating students. Involving teachers in scientific endeavors
can help demystify science and convey the excitement of scientific dis-
covery, as well as being a method of disseminating scientific information.

e For colleges and universities, distinguished lecture tours, topi-
cal summer schools, and the integration of deep-time paleoclimatology
into traditional and nontraditional earth science courses offer additional
opportunities to convey the relevance of the deep-time record.

e To involve and educate the general public, the deep-time obser-
vation and modeling communities have opportunities to break into the
popular science realm by emphasizing their more compelling and under-
standable elements. Immediate opportunities to illustrate “deep-time
paleoclimatology in action” to the general public abound, whether the
irreversible impact of past major climate changes on life, extreme glacia-
tions and catastrophic deglaciations, or the mysteries of the ocean. The
scientific community needs to proactively pursue pathways to the public
provided by various multimedia opportunities.

e Potential scientific collaborators from the broader climate science
community can obtain increased understanding of the potential offered
by paleoclimate data and modeling through the creation or use of forums
where scientists from different disciplines exchange information and
perspectives. This can be effectively done between disciplines at meetings
of broader groups (e.g., American Association for the Advancement of
Science) and industry, environmental, ecology, and physical anthropology
conferences.

e Policy makers require scientifically credible and actionable data
on which to base their policies. Faced with a diversity of opinions, they
need credible sources of information. This report and other National
Research Council reports attempt to play this role, but in a much broader
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sense the scientific community must strive to make the presentation of
deep-time paleoclimate information as understandable as possible.

The paleoclimate record contains facts that are surprising to most
people. For example, there have been times when the poles were forested
rather than being icebound; there were times when the polar seas were
warm; and there were times when tropical forests grew at midlatitudes.
For the majority of Earth’s history, the planet has been in a greenhouse
state rather than in the current icehouse state. Such concepts provide an
opportunity to help disparate audiences understand that the Earth has
archived its climate history and that this archive, while not fully under-
stood, provides crucial lessons to improving our understanding of Earth’s
climate future.

The possibility that our world is moving toward a “green-
house” future continues to increase as anthropogenic carbon
builds up in the atmosphere, providing a powerful motivation
for understanding the dynamics of Earth’s past “greenhouse”
climates that are recorded in the deep-time geological record.
It is the deep-time climate record that has revealed feedbacks
in the climate system that are unique to warmer worlds—and
thus are not archived in more recent paleoclimate records—
and that might be expected to become increasingly relevant
with continued warming. It is the deep-time record that has
revealed the thresholds and tipping points in the climate sys-
tem that have led to past abrupt climate change, including
amplified warming, substantial changes in continental hydro-
climate, catastrophic ice sheet collapse, and greatly accelerated
sea level rise. Further, it is uniquely the deep-time record that
has archived the full temporal range of climate change impacts
on marine and terrestrial ecosystems, including ecological tip-
ping points. An integrated research program—a deep-time cli-
mate research agenda—to provide a considerably improved
understanding of the processes and characteristics over the full
range of Earth’s potential climate states offers great promise for
informing individuals, communities, and public policy.
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Committee Biographical Sketches

Isabel P. Montafiez (Chair) is a professor in the Department of Geology at
the University of California, Davis. Dr. Montafiez is a field geologist and
geochemist whose research focuses on the sedimentary archive of paleo-
atmospheric composition and paleoclimatic conditions, in particular recon-
structing records of greenhouse gas-climate linkages during periods of
major climate transitions. Her past work has involved study of marine and
terrestrial successions of Cambrian through Pleistocene age. Dr. Montafiez
is a fellow of the Geological Society of America. She received her Ph.D. in
geology from Virginia Polytechnic Institute and State University.

Thomas J. Algeo is a professor in the Department of Geology at the Uni-
versity of Cincinnati. Prior to joining the faculty at Cincinnati, Dr. Algeo
worked as a petroleum geologist at both Exxon and Amoco explora-
tion companies. His research focuses on the processes driving long-term
development of Earth’s ocean-atmosphere-biosphere systems, using strati-
graphic and geochemical proxies from marine carbonates and black shales.
Dr. Algeo received his Ph.D. in geological sciences from the University of
Michigan.

Mark A. Chandler is an associate research scientist at the Center for Cli-
mate Systems Research at Columbia University. Dr. Chandler’s primary
research involves the use of global climate models to analyze Earth’s past
climates, from previous times of global warming to snowball Earth epi-
sodes. His other major research focus is on improving the usability and
accessibility of computer three-dimensional climate models. Dr. Chandler
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directs the Educational Global Climate Modeling Project, which develops,
distributes, and supports a fully functional version of the National Aero-
nautics and Space Administration/Goddard Institute for Space Studies
General Circulation Model Model II for use in precollege and university-
level science courses. He received his Ph.D. in geological sciences from
Columbia University.
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Dr. Johnson received his Ph.D. in geology and paleobotany from Yale
University, and he is a fellow of the Geological Society of America.
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was a professor in the Department of Earth Sciences at the University
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stand controls of the ancient carbon cycle and biogeochemical feedbacks
within the biosphere. Dr. Kennedy received his Ph.D. from the University
of Adelaide, Australia.

Dennis V. Kent (NAS) is a professor in the Department of Earth and
Planetary Sciences at Rutgers University and an adjunct senior research
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Jeffrey T. Kiehl is a senior scientist in the Climate Change Research Sec-
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to understand Earth’s warm greenhouse climates for deep-time periods
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ranging between 300 and 50 million years ago, and on understanding cli-
mate feedback processes in Earth’s climate system. Dr. Kiehl has served
on the National Research Council Committee on Global Change Research
and Climate Research Committee, and he was a contributing author for the
Intergovernmental Panel on Climate Change Third Assessment Report.
He received his Ph.D. in atmospheric science from the State University of
New York, Albany.

Lee R. Kump is a professor of geosciences at the Pennsylvania State
University and is also currently associate director of the Earth System
Evolution Program at the Canadian Institute for Advanced Research.
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chemical cycles. He is a fellow of the Geological Society of America and
the Geological Society of London. Dr. Kump received his Ph.D. in marine
sciences from the University of South Florida.

Richard D. Norris is professor of paleobiology at the Scripps Institution
of Oceanography of the University of California, San Diego. Dr. Norris’s
research interests focus on the use of biogeochemical and paleoceano-
graphic data to understand Earth-ocean-biosphere linkages, with particular
emphasis on Cretaceous and Paleogene warm climates and the Cretaceous
Thermal Maximum. Dr. Norris received his Ph.D. from Harvard University,
and he is a fellow of the Geological Society of America.

A. Christina Ravelo is a professor of ocean sciences in the Department of
Ocean Sciences at the University of California, Santa Cruz (UCSC). She is
also director of the Santa Cruz branch of the Institute of Geophysics and
Planetary Physics (IGPP) at UCSC. Previously, she was chair of the U.S. Sci-
ence Advisory Committee for Scientific Ocean Drilling and director of the
IGPP’s Center for the Dynamics and Evolution of the Land-Sea Interface.
Dr. Ravelo’s research interests are focused on understanding Cenozoic
paleoclimates and paleoceanography using stable isotope geochemistry.
She received her Ph.D. in geological sciences from Columbia University.

Karl K. Turekian (NAS) is the Sterling Professor of Geology and Geophysics
at Yale University. Dr. Turekian’s research focuses on the use of radioactive
and radiogenic nuclides for deciphering the environmental history of Earth.
He received his Ph.D. in geochemistry from Columbia University and has
served on the faculty at Yale since 1956. Dr. Turekian is a fellow of the Ameri-
can Academy of Arts and Sciences, the American Geophysical Union, the
American Association for the Advancement of Science, and the Geological
Society of America.
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David A. Feary is a senior program officer with the NRC’s Board on Earth
Sciences and Resources, and a Research Professor in the School of Earth
and Space Exploration and the School of Sustainability at Arizona State
University. He earned his Ph.D. at the Australian National University
before spending 15 years as a research scientist with the marine program
at Geoscience Australia. During this time he participated in numerous
research cruises—many as chief or co-chief scientist—and he was co-
chief scientist for Ocean Drilling Program Leg 182. His research activities
focused on the role of climate as a primary control on carbonate reef forma-
tion and on efforts to improve the understanding of cool-water carbonate
depositional processes.

Nicholas D. Rogers is a Financial and Research Associate with the NRC
Board on Earth Sciences and Resources. He received a B.A. in history,
with a focus on the history of science and early American history, from
Western Connecticut State University in 2004. He began working for the
National Academies in 2006 and has primarily supported the board on a
broad array of Earth resources, mapping, and geographical sciences issues.

Courtney R. Gibbs is a Program Associate with the NRC Board on Earth
Sciences and Resources. She received her degree in graphic design from
the Pittsburgh Technical Institute in 2000 and began working for the
National Academies in 2004. Prior to her work with the board, Ms. Gibbs
supported the Nuclear and Radiation Studies Board and the former Board
on Radiation Effects Research.

Eric J. Edkin is a Senior Program Assistant with the NRC Board on Earth
Sciences and Resources. He began working for the National Academies
in 2009 and has primarily supported the board on a broad array of Earth
resources, geographical sciences, and mapping sciences issues.
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Workshop Agenda and Participants

AGENDA

Monday, May 5, 2008
9:00 Welcome Statement Dick Norris
9:30 PLENARY ADDRESS:

Simulating Earth’s Climate: Past, Present, & Future Jeff Kiehl
10:30 PLENARY ADDRESS:

Rapid Environmental Change and Feedbacks: Jim Zachos

Lessons from Deep Time
11:00-12:30 BREAKOUTI

Events and Transitions, Tipping Points, and Thresholds

Question 1: What evidence can we use to identify thresholds and
tipping points in the geologic record?

Question 2: What are the best parts of the record to target—and
what are the proxies to use—to describe and categorize
thresholds and tipping points in the record? What are
the nonlinear processes that determine critical “tipping
points,” and are these processes well represented in
climate models and in biota-climate models?

185

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/13111

Understanding Earth's Deep Past: Lessons for Our Climate Future

186 APPENDIX B

1:30  PLENARY ADDRESS:
Carbon Cycling and Climate Sensitivity Across the Richard Zeebe
Paleocene-Eocene boundary
2:00-3:30 BREAKOUT II
Coupling and Decoupling Climate Sensitivity

Question 3: What physical and biogeochemical feedback processes
are most important in determining the climate sensi-
tivity to a large dynamic range of forcing?

Question 4: What can deep-time records and models tell us about
climate sensitivity?

4:00-5:30 BREAKOUT REPORTS—Questions 1-4

Tuesday, May 6, 2008
9:00  NSF Hopes and Expectations Rich Lane
9:30 PLENARY ADDRESS:
Dinosaur Forecast—Cloudy! A Convective-Cloud Eli Tziperman
Mechanism for Past Equable Climates and Its Role
in Future Greenhouse Scenarios.
10:30-12:00 BREAKOUT III
Alternative Worlds

Question 5: What are the most poorly understood dynamics of
past “alternative worlds,” and which “alternative
world” intervals offer the greatest potential for un-
derstanding future climates?

Question 6: What kinds of proxy evidence do we need to advance
understanding of the dominant processes that operate
in these “alternative world” intervals?

1:00-2:30 BREAKOUT IV
Implementation and Infrastructure

Question 7: Describe the infrastructure that will be required to
answer these questions?
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Question 8: How do we improve interactions between deep-time
data/model research?

Question 9: What are the best options for additional paleoenviron-
mental and geochronological proxies (e.g., biomarkers
and isotopes of biomarkers)?

3:00-4:30 BREAKOUT REPORTS—Questions 5-9
4:30  Wrap-up and Thanks Dick Norris

5:00  Adjourn

WORKSHOP PARTICIPANTS

Thomas Algeo
Department of Geology
University of Cincinnati

David Beerling
Department of Animal and Plant Sciences
University of Sheffield

Karen Bice
Department of Geology and Geophysics
Woods Hole Oceanographic Institution

Gabe Bowen
Department of Earth & Atmospheric Sciences
Purdue University

Mark A. Chandler

Center for Climate Systems Research
Columbia University

Goddard Institute for Space Studies

Robert DeConto
Department of Geosciences

University of Massachusetts

Harry Dowsett
U.S. Geological Survey
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Anthony R. de Souza
Board on Earth Sciences and Resources
National Research Council

David Feary
Board on Earth Sciences and Resources
National Research Council

Alexey Fedorov
Department of Geology and Geophysics
Yale University

Christopher Fielding
University of Nebraska-Lincoln

Margaret Frasier
Department of Geosciences
University of Wisconsin-Milwaukee

Katherine H. Freeman
Department of Geosciences
The Pennsylvania State University

Linda Gundersen
U.S. Geological Survey

Patricia Jellison
U.S. Geological Survey

Kirk R. Johnson
Denver Museum of Nature and Science

Martin J. Kennedy
Department of Earth Sciences
University of California, Riverside

Dennis V. Kent (NAS)
Department of Geological Sciences
Rutgers, The State University of New Jersey

Jeffrey T. Kiehl
National Center for Atmospheric Research
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H. Richard Lane
National Science Foundation

Timothy Lyons
Department of Earth Sciences
University of California, Riverside

Isabel P. Montafiez
Geology Department
University of California, Davis
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Appendix C

Presentations to Committee

Although most of the community input to the committee occurred at
the workshop hosted by the committee in May 2008 (Appendix B), there
were several additional presentations by scientists working in the field
and by the study sponsors at the first committee meeting in February 2008:

Gaps in Our Knowledge of Past Climates and Causes of Climate Change
Bill Hay
High Frequency Paleoclimate Analysis: Impact on Climate Research and
Exploration
Marty Perlmutter
The USGS Perspective on the Committee’s Task
Linda Gundersen
Additional USGS Comments
Pat Jellison
The NSF (GEO-EAR) Perspective on the Committee’s Task
Ray Bernor
The NSF (OPP) Perspective on the Committee’s Task
Scott Borg
Deep-Time Paleoclimate Geoinformatics—A Community Platform for
Research and Knowledge Transfer
Walt Snyder
Thoughts on Deep-Time Climate Research
Judy Parrish
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AAAS
ACEX

CCD
CIA
o,

DOE
DOSECC

DSDP

EMIC
ENSO
E&O
ESM

GCM
GIS

ICDP
ICP-MS
ID-TIMS
10DP
IPCC

Appendix D

Acronyms and Abbreviations

American Association for the Advancement of Science
Arctic Coring Expedition

carbonate compensation depth
Chemical Index of Alteration
carbon dioxide

Department of Energy

Drilling, Observation, and Sampling of the Earth’s
Continental Crust

Deep Sea Drilling Project

Earth system models of intermediate complexity
El Nino-Southern Oscillation

education and outreach

Earth system model

global climate model; also general circulation model
geographic information system

International Continental Scientific Drilling Program
inductively coupled plasma mass spectrometry
isotope dilution-thermal ionization mass spectrometry
Integrated Ocean Drilling Program

Intergovernmental Panel on Climate Change
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NAO
NASA
NCEAS
NOAA
NRC
NSF

OAE
OoDP

pCO,
PDO
PETM
PI
PMIP

Ppmv

SIMS
SST

TEX,,

TOC

USGS

APPENDIX D

Intertropical Convergence Zone

thousands of years ago
thousand years

Last Glacial Maximum
Late Paleozoic Ice Age

million of years ago
mean annual temperature
million years

micromole

North Atlantic Oscillation

National Aeronautics and Space Administration
National Center for Ecological Analysis and Synthesis
National Oceanic and Atmospheric Administration
National Research Council

National Science Foundation

oceanic anoxic event
Ocean Drilling Program

partial pressure of carbon dioxide

Pacific Decadal Oscillation

Paleocene-Eocene Thermal Maximum
principal investigator

Paleoclimate Modeling Intercomparison Project
parts per million by volume

secondary ion mass spectrometry
sea surface temperature

tetraether index of 86 carbon atoms; paleothermometer

based on the composition of membrane lipids of marine

picoplankton
total organic carbon

U.S. Geological Survey
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