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INTRODUCTION

This WRI Issue Brief highlights the latest major research in
climate change science and technology. It presents a synthe-
sis of current understanding of global warming at a critically
important time, as the world continues to negotiate a com-
prehensive international climate agreement and countries
begin to implement their national greenhouse gas emission
reduction targets and actions. Our summary of select peer-
reviewed science and technology publications from 2009 and
2010, including those from key general scientific and technical
journals, aims to inform policymakers, the non-governmental
organization (NGO) community, and the media, by:

e documenting the impacts of a changing climate that are
already occurring as a result of increased global tempera-
tures, altered precipitation patterns, sea level rise, and
other changes in the climate system;

e synthesizing the current state of knowledge on how the
climate is likely to change in the future; and

e identifying important advances related to technologies
that could help to mitigate climate change.

The latest science summarized below suggests that the im-
pacts of climate change in many areas of the world are not
advancing linearly: profound changes are already occurring
and models project even greater changes for the remainder
of the 21st Century. The findings support the need for rapid
and deep cuts in greenhouse gas emissions, and at the same
time confirm that climate adaptation measures are increas-
ingly required today—and will be ever more important in the
future—to enhance the resilience of both human communi-
ties and ecosystems. There is new and abundant literature on
four topics: climate feedbacks where the literature generally
suggests positive feedbacks from many different processes;
sea level rise where the evidence indicates that previous esti-

mates of sea level rise are likely to be revised upward; ocean
acidification where new science is confirming the potential
global implications of an ocean that is already 30 percent
more acidic than about 100 years ago; and on climate impacts
to ecological systems, where the literature base on climate
impacts is broadened to provide more evidence of changes to
a variety of species, including lizards, tigers and butterflies.

Similar to previous years, this review is divided into four
sections:

e Physical Climate

e Hydrological Cycle

e Ecosystems and Ecosystem Services

e Climate Change Mitigation Technologies and
Geoengineering

Table of Contents

Introduction ............coiiiniiiiineiiniinaaa 1
Physical Climate ................ ... ... ..o . 4
-Temperature .. ......... ... ... ... . 4
- Earth system feedbacks with significant
implications for future warming .. ..... ... ... .. ... 6
- Ocean behavior ................................. 11
Hydrological Cycle .............. ... ... . ....o.. 15
- Glacial/snowmelt . ....... ... ... ... ... ... ... 15
-Watersupply ... .. . 22
SSEOrMS L 23
Ecosystems and Ecosystem Services ................... 25
Climate Change Mitigation Technologies
and Geoengineering . . ............ ... ... 36
- Batteries, energy storage and electricity ............ 36
-Solarenergy ... o 37
-Biofuels . ... 38
-Carboncapture .......... ... ... ... ... ... ...... 40
- Geoengineering . .......... ... ... .. ... ... ........ 40

10 G Street, NE, Washington, DC 20002
Tel: 202.729.7600 Fax: 202.729.7610

WWW.WI1.0Tg

Printed on recycled paper

OCTOBER 2011

This version of the issue brief was updated on
15 October 2011 to reflect a correction in units.
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SAMPLE FINDINGS

Physical Climate:

2000-2009 was the warmest decade on record since 1880 (NASA, p. 4).

Models indicate that camulative total anthropogenic carbon emissions need to be limited to 1 trillion tons if global
average temperature increase is to remain below 2° C (roughly one half of the 1 trillion tons have already been
emitted) (Allen et al., p. 4).

The climate system has a number of different feedback mechanisms built into it, some of which are better known
than others. New evidence suggests that as temperature rises, there may be positive feedbacks (processes that re-
inforce processes) through less cloud cover and in changes in aerosols, soils, peatlands, and Arctic ice cover (pages
6-11), which can lead to accelerated climate change impacts.

Recent estimated projections of future global sea level rise (Horton et al., Vermeer and Rahmstorf, Grinsted et al.,
and Jevrejeva et al., p. 11) have generally been significantly higher than estimates from the 2007 IPCC Report. Ad-
ditionally, new estimates also suggest that global sea level could rise approximately 3.26 meters from the melting of
the West Antarctic Ice Sheet. If perturbations in Earth’s rotation and shoreline migration are taken into account, the
Pacific and Atlantic coasts of the United States, could be impacted by sea levels 25 percent higher than the global
mean at the end of the century (Mitrovica et al., p. 12).

Hydrological Cycle:

Observations show that multi-year (MY) winter sea ice area decreased by 42 percent between 2005 and 2008 and
that there was a thinning of ~0.6 m in MY ice thickness over the same 4 years (average thickness of the seasonal ice
in midwinter is ~2 m) (Kwok et al., p. 19).

As much as 12 percent of the volume of Swiss alpine glaciers was lost over the period from 1999 to 2008 (Farinotti
etal., p. 17).

As glaciers melt, persistent organic pollutants are finding their way into “pristine” alpine lakes, representing a toxic
“blast from the past” (Bogdal et al., p. 18).

The rate of mass loss in the East Antarctic Ice Sheet may be greater than previously estimated (Chen et al., p. 15).
Changing ice dynamics in the Arctic may be leading to an increase in observed “winter weather” including more

snow and colder temperatures in temperate regions of the Northern Hemisphere (Francis et al. and Petoukhov
etal., p. 21).

In preparing this review, WRI drew from a wide array of
influential journals as well as information from organizations
and from climate and energy websites (listed on page 46).
Articles were drawn only from 2009 and 2010 publications.
There were hundreds of publications we chose not to include
because in our judgment they did not add significantly to
what we already know. Where the literature suggests that
the finding is preliminary or contradictory, we have indicated
the need for more research. While we generally looked for

papers with global implications, we have included a number
of papers on topics that have heretofore not gotten a lot of
attention such as human physiological limits to elevated
temperatures. Each section contains short summaries of key
scientific findings and their policy and research implications.
This Issue Brief, in addition to WRI’s Climate Science 2007
and 2008 Reviews, outlines new developments since the
release of the Intergovernmental Panel on Climate Change’s
Fourth Assessment Report in 2007.
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SAMPLE FINDINGS (continued)

Ecosystems and Ecosystem Services:

New research suggests that while wildfire frequency increases in response to climate change globally, regional
changes demonstrate both increases and decreases in wildfire distribution, largely mediated by regionally-specific
vegetation, precipitation changes and CO, fertilization (Krawchuk et al., p. 30).

Ocean acidification, which only recently was recognized a threat to coral in areas such as the Great Barrier Reef
(and is happening much more quickly than anticipated (De’ath et al., p. 32), is now recognized as having implica-
tions for the entire ocean food web which is critical to whales, fish, and mollusks (snails and scallops) (Munday et
al., Gooding et al. and Comeau et al., pages 33-34).

Based on human physiological estimates, a global average temperature increase of 7° C, which is toward the extreme
upper part of the range of current projections, would make large portions of the world uninhabitable (Sherwood et
al., p. 28).

The impacts of projected climate change on emperor penguin populations are likely to be significant; with a 36
percent probability of “quasi extinction” (greater than 95 percent decline) by 2100 (Jenouvrier et al., p. 25).

A 28 cm future sea level rise is projected to reduce the current Bengal tiger habitat in the Sundarban region of
Bangladesh by 96 percent and would likely reduce tiger numbers to 20 breeding pairs (Loucks et al., p. 26).

Climate Change Mitigation Technologies and Geoengineering:

Land-use change associated with planting biofuel crops can have implications on the regional average temperatures
through an albedo effect (Georgescu et al., p. 39).

Advances in more flexible, cheaper small-scale solar photovoltaics could make it easier and less expensive to integrate
solar-powered electricity generation into building materials (Lee et al., p. 36).

If all urban surfaces worldwide were made reflective, the heat trapping effects of urban surfaces would be eliminated,
an impact greater than eliminating the annual anthropogenic emissions of the entire globe (Akbari et al., p. 41).

Geoengineering—*“the deliberate large-scale manipulation of the planet’s environment to counteract climate change”
(Royal Society 2009)—is being more widely studied in terms of its potential to limit global warming if efforts to
reduce emissions fail, as well as its implications. Various proposals (and preliminary findings), grouped into two
categories—carbon dioxide removal (CDR) and solar radiation management (SRM—are summarized here (pages

40-44).
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PHYSICAL CLIMATE

Temperature

According to NASA scientists (http://www.giss.nasa.gov/re-
search/news/), 2010 was tied with 2005 as the warmest year
on record—roughly 1.13°F warmer than the average over
1951-1980 (with global temperatures increasing roughly
0.36°F per decade since the late 1970s). Notably, 2010 was
warm despite half of the year being affected by cool La Niiia
conditions. 2009 tied for the second warmest on record (and
the warmest in the Southern Hemisphere). The National
Aeronautics and Space Administration (NASA) has now estab-
lished that 2000-2009 was the warmest decade on record since
1880 (http://www.giss.nasa.gov/research/news/20100121/).
This section explores recent climate change science related
to past and future changes in local and global temperatures.

Temperature Rise: Past and Future

e G. A. Meehl, C. Tebaldi, G. Walton, D. Easterling,
and L. McDaniel

“Relative increase of record high maximum
temperatures compared to record low minimum
temperatures in the U.S.”

Geophysical Research Letters
2009, vol. 36

The 2007 Fourth Assessment Report by the Intergovern-
mental Panel on Climate Change (IPCC) forecasts that
the United States will experience more extreme daily
maximum temperatures and warmer minimum tempera-
tures as a result of human-induced warming. Building
on this finding, Meehl and colleagues use a collection of
tens of thousands of temperature records from across the
United States, representing more than half a century of
data (1950-2006), in order to document changes in both
record high and low temperatures and estimate how these
trends are likely to change in the future. They find that
the ratio of new record highs to new record lows is cur-
rently about 2:1; however, they reveal that this ratio has
been increasing over time and could become as high as
50:1 by 2100, under a midrange (the IPCC A1B) warm-
ing scenario.

Implications: This study demonstrates that we are already
experiencing more record highs than record lows and
that the gap is steadily widening between them. Notably,
this gap has been widening at an increasing rate since
the 1980s.

e M. Allen, D. Frame, C. Huntingford, C. Jones,
J. Lowe, M. Meinshausen, and N. Meinshausen

“Warming caused by cumulative carbon emissions to
the trillionth tonne”

Nature
2009, vol. 458

The authors of this paper find that camulative greenhouse
gas emissions over a given time period are a better indica-
tor of the ability to limit the increase in temperature than
greenhouse gas concentration stabilization targets (e.g.
stabilizing carbon dioxide (CO,) to 350 parts per million
(ppm)). Using an ensemble of carbon cycle climate models,
Allen and colleagues show that estimates of future warm-
ing are more dependent on total anthropogenic carbon
emissions than on the realization of a specific stabiliza-
tion scenario. The authors project that cumulative total
anthropogenic carbon emissions need to be limited to 1
trillion tonnes if global average temperatures are to remain
below the 2° C (range of 1.3-3.9° C) limit in temperature
increase agreed to in the Copenhagen Accord.

Implications: Because peak warming is sensitive not to the
pathway of emissions, but simply to the total cumulative
emissions, the authors suggest that to avoid a “dangerous
total warming commitment,” a climate policy framework
should focus on the emission rates of shorter-lived non-CO,
agents, such as methane and black carbon, and focus on
total global emissions budget, or a “Cumulative Warming
Commitment,” for carbon emissions. Approximately one
half of the 1 trillion tonnes have already been emitted
and we are currently emitting close to 10 million tonnes
C per year. At that rate, by 2060 we would have emitted
another half trillion tonnes, and in this analysis limiting
warming to less than 2° C would require having net zero
global carbon emissions after that date.

It’s Getting Hot in Here
e N. S. Diffenbaugh and M. Ashfaq
“Intensification of hot extremes in the United States”

Geophysical Research Letters
2010, vol. 37

Diffenbaugh and Ashfaq use a nested climate model with
a 25km grid-scale to analyze the impacts of near-term
temperature rise on the United States. They project that
over the next three decades extreme warm temperatures
will increase significantly in the United States. Their model
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projects that by 20302039, 38 days of the year will be in
the top 5 percent of current temperature extremes, mean-
ing about twice as many extreme heat days will occur as
currently. They also project a significant reduction in soil
moisture over much of the United States (around 10 per-
cent, and higher in the Ohio and Mississippi River valleys).

Implications: This model-based study points out that sig-
nificant climate impacts will occur in the United States
even if the global community succeeds in limiting warming
to 2° C. Extremes in temperatures can have significant
impacts on human health, agriculture, and ecological
systems. Additionally, reductions in soil moisture and
precipitation will have implications for the viability of
some crops and for ecosystem health.

Temperature Rise: In the Short Run
e J. L. Lean and D. H. Rind

“How will Earth’s surface temperature change in
future decades?”

Geophysical Research Letters
2009, vol. 36

While many focus on the long-term warming commitment,
in this paper, Lean and Rind focus on shorter-term decadal
scale temperature rise. In an effort to make more reliable
forecasts of near-term temperature rise, the authors built
a model based on recent observations of various drivers of
change. They project that from 2009 to 2014, global surface
temperatures will increase by 0.15° C (+/- 0.03°C), a rate
that is 50 percent higher than IPCC projections. However,
because of declines in solar activity resulting from the Sun’s
natural cycle, the increase from 2014 to 2019 would be
0.03° C (+/- 0.01° C). According to model projections, the
rise in temperatures will not be evenly distributed across
the globe. Northern mid-latitudes experience the greatest
amount of warming (as much as 1° C) in the course of a
single decade. The authors note that extreme events such
as a strong El Nifio episode (which could add significant
warming) and major volcanic eruptions (which could lead
to significant cooling) would need to be overlaid on their
forecasts; at the moment they are not taken into account.

Implications: Since so many modeling results focus on
longer-term warming, Lean and Rind attempt to “fill the
gap” between short-term seasonal weather forecasting
and long-term (30-year to century) forecasts of a changing
climate. In so doing, they reveal that anthropogenic driv-

ers of climate change influence on global temperatures
even in the short term. Climate change, they show, is a
problem today, and not just tomorrow.

Not Just Warmer Soils: Warmer Lakes as Well
e J. Tierney, M. T. Mayes, N. Meyer, C. Johnson,

P. W. Swarzenski, A. S. Cohen, and J. M. Russell
“Late twentieth-century warming in Lake
Tanganyika unprecedented since AD 500

Nature Geoscience
2010, vol. 3

Recent evidence has shown that the surface temperature in
Lake Tanganyika, one of the most economically and biologi-
cally important large lakes in Eastern Africa, has increased
over the last century and caused an increase in thermally
induced stratification. As a result, its waters have become
less biologically productive. Thermally-induced stratifica-
tion occurs where warmer air temperatures create a bigger
temperature difference between warm surface water and
cooler deep water, preventing the two water masses from
mixing, which in turn keeps deep-water nutrients from
reaching the surface and supporting biological growth.
While these trends are alarming, previous research had not
determined whether the increase in temperature was due
to anthropogenic warming, or if the recent surface tem-
perature is anomalous in the lake’s history. Tierney and col-
leagues took sediment cores from the lake bottom in order
to analyze the recent history of the lake and answer these
questions. By using membrane lipid ratios in lake sediment
cores as a proxy for historical temperature trends, they were
able to develop a temperature record from the lake for the
last 1,500 years. They find that while the lake’s temperature
has been variable, and was moderately high around 500
AD and again in 1350 AD, no temperature increase within
the last 1,500 years matches that observed today. Today’s
average surface temperature in Lake Tanganyika is about
26° C, almost 2° C warmer than any previous peak high.

Implications: By investigating the millennial temperature
record, the authors demonstrate that the observed tem-
perature increases over recent decades are likely the result
of anthropogenic climate change. The effects of these
rising temperatures have significantly altered the state of
this ecosystem. Perhaps most significant, the temperatures
have impacted fish populations, with major implications
for nearby communities that depend on fish for protein.
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It’s Also Getting Cold in Here

e J. Cattiaux, R. Vautard, C. Cassou, P. Yiou,
V. Masson-Delmotte, and F. Codron
“Winter 2010 in Europe: A cold extreme in a
warming climate”

Geophysical Research Letters
2010, vol. 37

The Copenhagen climate summit of late 2009 was held
during a very cold winter in Europe, leading some people
to question, despite the robustness of the science, the
core veracity of climate change. So why was the winter so
cold? In this paper, Cattiaux and colleagues, using daily
temperature and meteorological data to calibrate their
model, place the winter of 2009-2010 in its full context.
They show that the cold temperatures of Europe were
not particularly extreme over the last 60 years and, most
importantly, were warmer than would have been expected
given the strong negative phase of the North Atlantic
Oscillation (NAO). The NAO is a natural climatic cycle,
and its phase is measured by the difference in pressure be-
tween the low pressure system over Iceland and the high
pressure system over the Azores in the mid-Atlantic. In
positive phases, the difference in pressure between these
systems is more pronounced. However, in strongly nega-
tive phases the pressure gradient is weakened, which slows
the predominant westerlies, allowing less warm maritime
air to make its way inland, thus leading to colder and drier
winters in Europe. Cattiaux and colleagues show that the
temperatures in Europe during the winter of 2009-2010
were actually surprisingly higher than what would have
been expected given the NAO phase.

Implications: This paper shows that anthropogenic warm-
ing occurs on top of a baseline of climatic variability.
Thus, given natural climatic cycles and oscillations, there
will still be “colder” periods in a warming climate. In this
case, the overall cycle has shifted upward: the colder
periods have turned warmer, tempering the cold years,
and warmer periods are also getting warmer, exacerbat-
ing hot extremes.

Earth System Feedbacks with Significant Impli-
cations for Future Warming

Greenhouse gas (GHG) concentrations in the atmosphere
have continued to rise. According to data collected from
the Mauna Loa Observatory in Hawaii (http://www.esrl.
noaa.gov/gmd/ccgg/trends/mlo.html#mlo), concentrations
of carbon dioxide (CO,) in 2010 rose to 389.8 ppm, up from
387.4 in 2009. Anthropogenic emissions of carbon dioxide
in 2009 were 30.8 billion tons, 1.3 percent lower than 2008,
a fact widely attributed to the global economic recession
(Friedlingstein et al. 2010). In 2010, emissions were again
higher. Because the atmospheric concentration of carbon
dioxide is a stock, however, any level of emissions that is
greater than the amount of carbon dioxide absorbed by natu-
ral systems each year will continue to increase atmospheric
concentrations.

The climate system has a number of different feedback
mechanisms built into it, some of which are better known
than others. Feedbacks can be positive (reinforcing a process)
or negative (dampening a process). If feedbacks within the
climate system are triggered, the rise in atmospheric concen-
trations of carbon dioxide may far exceed the average rise in
concentrations of 1.9 ppm/year over the last decade (http:/
www.ipce.ch/pdf/assessment-report/ar4/wgl/ar4-wgl-spm.
pdf). We focus in this section on climate feedbacks. The
climate science literature of 2009 and 2010 has advanced
knowledge of climate feedbacks. We showcase some of
these findings below, discussing feedbacks pertaining to the
gas hydrates in the deep ocean, ozone, aerosols, clouds, and
carbon dioxide.

Climate Change Feedbacks in the Deep Sea: Gas
Hydrates

e D. Archer, B. Buffett, and V. Brovkin

“Ocean methane hydrates as a slow tipping point in
the global carbon cycle”

Proceedings of the National Academy of Sciences
2009, vol. 106(49)

Deep-sea sediments contain methane hydrates, crystal-
like formations that trap methane, a greenhouse gas that
is 21 times more potent than carbon dioxide. Globally,
methane hydrates are thought to hold between 1,600
and 2,000 gigatonnes of carbon. As ocean floor sediment
temperatures are low enough to keep these hydrocarbons
solid and oxygen concentrations are low enough to prevent
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oxidation, these hydrate forms are generally stable. As the
Earth warms and sediment temperatures rise, methane
hydrates could become unstable, releasing methane to
the atmosphere. The magnitude of release depends in
large part on how bubbles of methane hydrate form in
the deep sediment and percolate upward, through over-
lying sediment. Any methane freed would have to pass
through a zone of sediment that is cooler than the melt-
ing temperature. The higher the volume of bubbles, the
more easily these gases can migrate upward through the
sediment, and eventually to the atmosphere. Archer and
colleagues model what will happen to stocks of methane
hydrates trapped in sediments under a uniform 3° C
warming extended over the next 1,000 years. Under this
scenario, they project that a warming-induced feedback
of methane release will cause a further 0.5° C of warming
above the stabilized 3° C warming scenario.

Implications: While the authors make significant assump-
tions about gas behavior and the uniformity of warming
through the water column and sediment, there are large
shallow methane hydrate deposits in the Arctic (where
warming is occurring most rapidly, compared to other
regions) that, if they become unstable, could be significant
sources of a climate change-induced methane feedback.
If the Earth warms by 3°C, which is not beyond the scope
of possibility during the next century, this feedback could
add 17 percent to projected global average temperature
increases.

Climate Change Impacts on Ozone
e M. Heggelin and T. Shepherd

“Large climate-induced changes in ultraviolet index
and stratosphere-to-troposphere ozone flux”

Nature Geoscience
2009

Heggelin and Shepherd explore the impacts of human-
induced climate change on the stratospheric ozone layer
of the atmosphere, the ozone that blocks much ultraviolet
(UV) radiation from reaching the Earth’s surface. As the
climate warms, stratospheric circulation is projected to
accelerate and this warming-induced acceleration may
impede progress in restoring the ozone layer. The au-
thors compare models of the behavior of ozone in the
stratosphere from the 1960s (before chlorofluorocarbons
(CFCs) led to ozone depletion) with that of the 2090s (af-
ter implementation of the Montreal Protocol is projected

to have restored the ozone layer). In doing so, the authors
isolate the effects of climate change on the behavior of
ozone in the stratosphere. The models used in this study
project that climate change-induced warming leads to an
increase in the movement of ozone from the stratosphere
(where it blocks harmful UV radiation) to the troposphere
(where it is considered a pollutant) by 23 percent, because
of an increase in atmospheric circulation under global
warming. The climate change-induced extra removal of
ozone from the stratosphere would modestly increase
the UV radiation index across the globe. These projected
increases include 9 percent in the Northern Hemisphere
and 4 percent in the tropics, while larger increases are
projected for areas such as the far southern region of the
globe (e.g. Australia, New Zealand, Argentina and Chile),
where UV radiation is projected to increase by up to 20
percent seasonally by the 2090s. This increase represents
almost one half of the increased UV radiation resulting
from anthropogenic ozone depletion from CFC emissions.

Implications: The stratospheric ozone layer blocks the
majority of harmful ultraviolet radiation from hitting the
Earth’s surface, and its preservation is critical to limiting
the harmful effects of UV radiation, such as skin cancer.
This study suggests that reducing emission of ozone-
depleting CFCs alone will not sufficiently address ozone
depletion because of climate change; any effort to address
the negative impacts of ozone depletion will also necessi-
tate significant efforts to control greenhouse gas emissions.

Ozone Depletion Impacts on Climate Change
e A. Lenton, F. Codron, L. Bopp, N. Metzl, P. Cadule,

A. Tagliabue, and J. Le Sommer

“Stratospheric ozone depletion reduces ocean carbon
uptake and enhances ocean acidification”

Geophysical Research Letters
2009, vol. 36

The Southern Ocean carbon sink, which draws CO, out of
the atmosphere and into the deep ocean, is not keeping
pace with increasing concentrations of CO, in the atmo-
sphere, a fact that has been widely reported and is often
cited as an example of a troubling trend: a larger percent-
age of anthropogenic emissions stays in the atmosphere
today than just a few decades ago. Lenton and colleagues
show that when stratospheric ozone depletion (caused by
emissions of chlorofluorocarbons in the 1970s and 1980s)
is taken into account, coupled climate-carbon models
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suggest that stronger winds are ventilating carbon-rich
deep water. This causes CO, to return to the atmosphere,
thereby decreasing the sink function of the Southern
Ocean. Because of this reduction in the sink, the authors
estimate that 2.33 gigatonnes of carbon stayed in the at-
mosphere because of ozone depletion between 1987 and
2004, an amount roughly equivalent to the cumulative
anthropogenic emissions from the United Kingdom during
this same time period. Their models also show that this
ozone depletion-induced effect (ozone depletion leading
to a poleward shift in westerly winds, albeit through an
unresolved mechanism, and causing CO, to be removed
from deep ocean waters) explains observations of the
weakening of the Southern Ocean carbon sink. Further-
more, the authors found that because the stronger winds
lead to an increase in surface CO, concentrations, as
carbon from the deep water is brought to the surface and
exchanges with the atmosphere, ocean acidification will
be exacerbated, despite the overall reduction in carbon
storage in the oceans.

Implications: This study links stratospheric ozone deple-
tion with a feedback to the climate system (reduction of
the carbon sink) and negative impacts of carbon dioxide
(ocean acidification), although the mechanism of this
connection is not fully understood. The authors point out
that while the Montreal Protocol has largely addressed
the direct causes of stratospheric ozone depletion, and
the ozone hole is projected to recover, the impacts of
stratospheric ozone depletion are still leading to significant
consequences. They also note that ozone depletion must
be included in coupled chemistry-climate models used to
assess the future impacts of climate change.

Aerosols and Dust

e G. Myhre

“Consistency between satellite and modeled
estimates of the direct aerosol effect”

Science
2009, vol. 325

Estimates of global cooling effect of aerosols, some of
which reflect solar radiation away from the Earth’s sur-
face, have been highly variable. In the 2007 IPCC Fourth
Assessment Report, the average net radiative forcing
(measurement of the difference between incoming and
outgoing radiation) of aerosols was -0.5 W/m?2, with a
range of -0.1 to -0.9 W/m? (the negative value indicates a

net cooling effect). The uncertainty in estimates is driven
in part by differences between global aerosol models and
satellite observations, as well as by the difficulty of measur-
ing aerosol effects under cloudy skies. In this study, Myhre
uses updated aerosol density observations from satellites
that take into account aerosol effects when clouds are
present, as well as a recent state-of-the-art aerosol model.
In so doing, he brings model estimates and satellite-based
estimates of aerosol’s radiative forcing into agreement. All
in all, the best estimate of aerosol’s contribution is -0.3 W/
m2, lower than the previous estimates. Other models as-
sumed that aerosols have a uniform and constant influence
on solar radiation; however, this study takes into account
not only differences in aerosol effects depending on the
cloudiness of the sky, but also of recent increases in black
carbon emissions, which have an absorptive rather than
reflective effect. Myhre thus provides a better estimate of
the overall effect of aerosols on radiative forcing.

Implications: The physical explanation for the earlier
discrepancy is that the relative increase in anthropogenic
black carbon (absorbing aerosols) is much larger than
the overall increase in the anthropogenic abundance of
aerosols. Consequently, the “negating” effect of aerosols
on radiative forcing is not as powerful as previously as-
sumed. The author points out that the cooling effects of
anthropogenic aerosols are equal to only 10 percent of
the warming effect of anthropogenic greenhouse gases,
resulting in a clear and consistent warming trend in net
anthropogenic radiative forcing.

e A.T. Evan, D. J. Vimont, A. K. Heidinger,

J. P. Kossin, and R. Bennartz
“The role of aerosols in the evolution of tropical
North Atlantic ocean temperature anomalies”

Science
2009, vol. 324

Over the last 30 years, sea surface temperatures in the
tropical North Atlantic have been rising steadily at a faster
pace than in other regions: about 0.25° C per decade.
Evan and colleagues challenge the assumption that this
temperature increase is attributable to trends in human-
induced warming. They use a quarter century of satellite
imaging that has been used to track atmospheric dust
blown from the Sahara to model the regional impacts of
aerosol-induced cooling from this Saharan dust (the dust
particles bounce solar radiation away from the Earth’s
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surface leading to a cooling effect). They find that 69
percent of the upward temperature trend in sea surface
temperatures can be accounted for by a decline in aerosol
loadings due to lower dust concentrations in this area in
recent years, a phenomenon that they indicate may be
linked to climate change induced changes in moisture
and winds.

Implications: The accelerated warming of the tropical
North Atlantic can be attributed to both anthropogenic
warming and climate change-induced reduction in cool-
ing effects (via dust particles). Atlantic dust loading is
projected by some models (Mahowald and Luo 2003) to
decrease by 20-60 percent by the end of the 21st Century
because of climate change-induced changes in soil mois-
ture and wind patterns. Although this mechanism is not
well understood, a continued decline in dust loads could
lead to further warming in the tropical North Atlantic.

Cloud Feedbacks
e A.E. Dessler

“A determination of the cloud feedback from climate
variations over the past decade”

Science
2010, vol. 330

The sensitivity of the Earth’s climate system to changes in
cloud coverage is one of the key uncertainties regarding the
impacts of a changing climate. With a warmer climate, will
there be more clouds that reflect more sunlight and thus
induce a negative feedback cycle, keeping the surface from
warming as much as it otherwise might? Or will there be
fewer reflective clouds, and thus a warmer world as more
solar radiation hits the Earth’s surface, creating a positive
feedback cycle? Answering these questions is complicated
because clouds not only reflect sunlight, but also insulate
the surface of the Earth. Dessler analyzes data regarding
surface reflectivity at the top of the atmosphere from 2000
to 2010. During this time frame, he finds that there appears
to be a positive feedback equal to about 0.54 W/m2—mean-
ing that warming-induced decreases in cloud coverage
have allowed more incoming solar radiation reaching the
Earth’s surface (i.e. because it is not reflected), which in
turn increases warming. Although models project that the
long-term cloud feedback could be negative, Dessler con-
tends that it is unlikely to be negative enough to outweigh
the positive feedback found in the short term, an effect
that is unlikely to change. Dessler does caution that, while

he attempted to control for many factors that might also
influence cloud cover, he did not explicitly account for the
effects of aerosol emissions on cloud formation.

Implications: This paper is a significant contribution to
the science of human-induced climate change, as the
sign of the cloud feedback has been referenced as one of
the greatest uncertainties of a changing climate. While
Dessler’s work does not resolve the exact amount of the
cloud feedback, and therefore the overall relative contri-
bution that clouds may have to the Earth’s energy balance,
it does provide new evidence that suggesting that the sign
of the cloud feedback is moderately positive.

Carbon Dioxide Feedbacks
e W.-J. Cai, L. Chen, B. Chen, Z. Gao, S. H. Lee,

J. Chen, D. Pierrot, K. Sullivan, Y. Wang, X. Hu,

W.-J. Huang, Y. Zhang, S. Xu, A. Murata,

J. M. Grabmeier, E. P. Jones, and H. Zhang
“Decrease in the CO, uptake capacity in an ice-free

Arctic Ocean basin”

Science
2010, vol. 329

As more climate models project a future ice-free Arctic
Ocean, scientists have begun to investigate what implica-
tions open Arctic water might have for the global carbon
cycle. Some studies have suggested that open Arctic water
will allow the ocean to absorb more carbon dioxide because
there will be more open ocean area for highly productive
phytoplankton blooms to draw down atmospheric carbon
dioxide. This would create a negative feedback to global
warming. Cai and colleagues compare satellite-based data
from 2008 to ship-survey data from 1994 and demonstrate
that the concentration of sea surface carbon dioxide was
significantly elevated in 2008 compared to 1994. They
argue that this increase in concentration of surface water
carbon dioxide is largely driven by gas exchange with the
atmosphere, which has higher concentrations of carbon
dioxide because of human activities, such as burning of
fossil fuels and deforestation. They further argue that, after
waters become ice-free, thermal stratification of the water
column (caused by warmer surface waters being separated
from cooler deep waters) will set in. This will favor the
production of microphytoplankton over that of larger
phytoplankton which require more deep-water nutrients,
which will not be accessible. Accordingly, the authors
conclude that an ice-free Arctic is not likely to serve as a
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significant carbon dioxide sink in the future because of the
shift in biological production toward microphytoplankton,
which lowers biological carbon dioxide drawdown.

Implications: This study suggests that there is unlikely to
be a significant and sustained negative feedback to global
warming from an open ocean Arctic. Therefore, the carbon
sink, at least in the Arctic, is not expected to compensate
significantly for increased levels of carbon dioxide.

L. Cao, G. Bala, K. Caldeira, R. Nemani, and
G. Ban-Weiss

“Importance of carbon dioxide physiological forcing
to future climate change”

Proceedings of the National Academy of Sciences
2010, vol. 107

Using a coupled global atmosphere-land surface model,
Cao and colleagues study the effects of elevated carbon di-
oxide on the physiology of terrestrial plants, and the impact
of these effects on the climate system. In doing so, they
separate impacts on temperature and runoff (the amount
of water leaving the system) into “direct” (or greenhouse
effect) and “physiological” (or plant-mediated) compo-
nents. They project that for a doubling of atmospheric
carbon dioxide concentrations over the next century, the
well-documented greenhouse radiative forcing effect leads
to just under 3° C of warming over today’s levels. The physi-
ological effect on the terrestrial biosphere, the magnitude
of which is modeled in this study for the first time, leads to
0.4° C of warming. This occurs because higher carbon di-
oxide levels cause plants’ stomata, the leaf cells responsible
for exchanging carbon dioxide and water vapor, to open less
widely, reducing transpiration. The reduced transpiration
from this physiological effect of carbon dioxide also has
a significant effect on the hydrological cycle, increasing
surface water runoff by about 8 percent.

Implications: By modeling the significance of the physi-
ological effect of increased carbon dioxide concentrations
via the reduction of leaf transpiration, Cao and colleagues
demonstrate that understanding climate change only
through the direct, or “greenhouse,” effect of radiative
forcing misses a meaningful part of the overall picture.
While the physiological effect is not as large in magnitude
as the greenhouse effect, the impact of carbon dioxide on
plants could prove to have a significant and previously
unappreciated impact on climatic change. Other recent
studies, however, have indicated that the expansion of leaf

area under elevated CO, might increase transpiration and
decrease runoff, which would have a cooling effect as plants
evaporate more water to the atmosphere (Bounoua et al.
(2010) estimate this cooling effect to be as great as 0.6° C
globally). It should also be kept in mind that plant uptake
of carbon dioxide is one of the most important pathways
for removal of carbon dioxide from the atmosphere and
is a major negative feedback on emissions and therefore
warming. Clearly, these feedbacks deserve further study.

e B. Bond-Lamberty and A. Thomson

“Temperature-associated increases in the global soil
respiration record”
Nature
2010, vol. 464

Models and small-scale experiments have all indicated
that there is likely a positive feedback to climate change
from warmer soils, at least in the short term. As soils
warm, the rate of microbial respiration, or decay of
carbon-containing organic material, appears to speed up,
releasing more carbon dioxide into the atmosphere. Bond-
Lamberty and Thomson set out to see if they could find
evidence in data on soil respiration collected around the
globe that confirms this feedback effect. To do so, they
constructed a data base of long-term assessments of soil
respiration and correlated it with temperature anomalies.
By accounting for factors that might influence various sites
differently (e.g. regional climate, nitrogen cycle, leaf area,
and light), they empirically isolated the climate change
signal in changes to soil respiration. They found a previ-
ously unobserved trend: an increase in warming-induced
global soil respiration from 1989 to 2008 on the order of
0.1 gigatonnes of carbon dioxide emitted per year. This
translates to a feedback effect equivalent to the annual
carbon dioxide emissions of Spain.

Implications: This is the first time that observational
records have been used to estimate the scale of this
particular climate change-induced feedback mechanism.
The regional contributions to this global feedback remain
unknown. Further experimental studies are also investi-
gating how long the feedback effect lasts, and some recent
evidence (Allison, Wallenstein, and Bradford 2010) indi-
cates that the feedback effect may be short-lived. While
more research is needed for a definitive conclusion, this
study shows that, at least in the short term, this feedback
is apparently significant on a global scale.
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e E.Dorrepaal, S. Toet, R. S. P. van Logtestijn, E. Swart,
M. J. van de Weg, T. V. Callaghan, and R. Aerts
“Carbon respiration from subsurface peat
accelerated by climate warming in the subarctic”

Nature
2009, vol. 460

One third of the world’s soil organic carbon is stored in
northern peatlands. Increasing temperatures can result in
arelease of such carbon via respiration of carbon dioxide
and, in turn, heightened temperatures as a result of the
atmospheric buildup of CO, emissions. Understanding
this feedback is an essential component of modeling
future warming projections. Dorrepaal and colleagues
experimentally warmed Swedish Sphagnum peatlands us-
ing open-top chambers over a period of eight years. They
measured the change in CO, emissions in response to 1°
C of artificial warming. They found that respiration rates
of CO, emissions significantly accelerated under warming
and remained elevated even after 8 years of treatment.
Furthermore, 70 percent of the extra CO, emissions re-
spired came from deeper subsurface carbon pools, which
had been thought to be more stable.

Implications: This study demonstrates that the potential
for positive feedback in peatlands is larger than previously
thought. If these results were extrapolated to the global
total peatland cover, 1° C of additional warming above
current levels—an amount of warming that we may well
experience over the next several decades—could lead to
38-100 Mt C additional “feedback” emissions per year.
The upper end of this range is approximately equivalent
to the annual emissions of France.

Arctic Sea Ice Feedback

e J. A. Screen and I. Simmonds

“The central role of diminishing sea ice in recent
Arctic temperature amplification”

Nature
2010, vol. 464

In global maps of average temperature increases, the
Arctic region jumps out as the region that has experienced
the fastest rise in temperatures in recent decades. This
is called the “Arctic amplification,” a phenomenon that
is not fully understood. Several explanations have been
put forward related to ocean circulation, sea ice dynam-
ics, and changes in cloud cover. Screen and Simmonds

present data, based on updated models, satellite imagery,
and temperature records, demonstrating that the Arctic
amplification is primarily due to reductions in sea ice
cover, and not to changes in cloud cover. The reductions in
sea ice lead to a positive feedback: as sea ice melts, more
darker-colored ocean water is exposed that absorbs more
incoming solar radiation, which leads to further warming.
Their data show a clear link between sea ice reduction and
increases in temperature at regional and pan-Arctic scales.

Implications: The authors caution that because we can
expect further reductions in ice cover, we can certainly
expect further increases in Arctic near-surface air tem-
peratures. However, the authors are not only describing
a distant phenomenon. This study shows that 