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The influence of greenhouse gases and particle pollution on our present and future
climate has been widely examined and most recently reported in the Intergovernmental
Panel on Climate Change (IPCC) Fourth Assessment Report. While both long-lived
(e.g., carbon dioxide) and short-lived (e.g, soot) gases and particles affect the climate,
previous projections of future climate, such as the IPCC reports, have focused largely
on the long-lived gases. This U.S. Climate Change Science Program (CCSP) Synthesis
and Assessment Product provides a different emphasis.

We first examine the effect of long-lived greenhouse gases on the global climate based
on updated emissions scenarios produced by another CCSP Synthesis and Assessment
Product (SAP 2.la). In these scenarios, atmospheric concentrations of the long-lived
greenhouse gases leveled off, or stabilized, at predetermined levels by the end of the
twenty-first century (unlike in the IPCC scenarios). However, the projected future tem-
perature changes, based on these stabilization emissions scenarios, fall within the same
range as those projected for the latest IPCC report. We confirm the robust future
warming signature and other associated changes in the climate.

We next explicitly assess the effects of short-lived gases and particles. Their influence
is found to be global in nature, substantial when compared with long-lived greenhouse
gases, and potentially extending to the end of this century. They can significantly change
the regional surface temperature, and by the year 2100 short-lived gases and particles
may account for as much as 40 percent of the warming over the summertime continental
United States. It is noteworthy that the simulated climate response to these pollutants
is not confined to the geographical area where they are released. This implies a strong
linkage between regional air quality control strategies and global climate change. We
identify specific emissions reductions that would lead to benefits for both air quality
and climate change mitigation, including North American surface transportation and
Asian domestic fuel burning. The results reveal the necessity for explicit and consistent
inclusion of the short-lived pollutants in assessments of future climate.
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PREFACE

Climate Projections Based on Emissions Scenarios for
Long-Lived and Short-Lived Radiatively Active Gases and Aerosols

Report Motivation and Guidance for Using

this Synthesis and Assessment Product
Authors: Hiram Levy Il, NOAA/GFDL; Drew T. Shindell, NASA/GISS; Alice Gilliland, NOAA/ARL; M. Daniel
Schwarzkopf, NOAA/GFDL; Larry W. Horowitz, NOAA/GFDL

Contributing Author: Anne Waple, STG Inc.

INTRODUCTION

The U.S. Climate Change Science Program
(CCSP) was established in 2002 to coordinate
climate and global change research conducted in
the United States. Building upon and incorporat-
ing the U.S. Global Change Research Program
of the previous decade, the program integrates
federal research on climate and global change, as
sponsored by 13 federal agencies and overseen by
the Office of Science and Technology Policy, the
Council on Environmental Quality, the National
Economic Council, and the Office of Manage-
ment and Budget.

A primary objective of the U. S. CCSP is to pro-
vide the best possible scientific information to
support public discussion and government and
private sector decision making on key climate-
related issues. To help meet this objective, the
CCSP has identified an initial set of 21 synthesis
and assessment products that address its highest
priority research, observation, and decision-
support needs.

The CCSP is conducting 21 such activities, cov-
ering topics such as the North American carbon
budget and implications for the global carbon
cycle, coastal elevation and sensitivity to sca-
level rise, trends in emissions of ozone-depleting
substances and ozone recovery and implications
for ultraviolet radiation exposure, and use of
observational and model data in decision support
and decision making. The stated purpose for this
report, Synthesis and Assessment Product (SAP)
3.2, is to provide information to those who use
climate model outputs to assess the potential ef-
fects of human activities on climate, air quality,
and ecosystem behavior.

In an examination of the U.S. CCSP Strategic Plan, the
National Research Council (NRC) recommended that syn-
thesis and assessment products should be produced, with
independent oversight and review from the wider scientific
and stakeholder communities. To meet this goal, NOAA
requested an independent review of SAP 3.2 by the NRC.
The NRC appointed an ad hoc committee composed of
eight members who provided their review findings, and
recommendations, suggestions, and options for the authors
to consider in revising the first draft of SAP 3.2. The revised
second draft was then posted for public comment for 45 days.
This third draft is in response to those public comments.

BACKGROUND AND GOALS

The initial mandate for Synthesis and Assessment Product
3.2 (SAP 3.2), which is still listed on the official CCSP
website <http:/www.climatescience.gov/Library/sap/sap-
summary.php>, was to provide “Climate Projections for
Research and Assessment Based on Emissions Scenarios
Developed Through the Climate Change Technology Pro-
gram”. With the development of long-lived greenhouse gas
scenarios by another Synthesis and Assessment Product
(SAP 2.1a; Clarke et al., 2007), our mandate evolved to
“Climate Projections for SAP 2.1a Emissions Scenarios of
Greenhouse Gases”. These emissions scenarios! were for the
long-lived2, and therefore globally well-mixed, radiatively
active gases (greenhouse gases), and were constrained by
the requirement that carbon dioxide concentrations stabilize
within 100 to 200 years at specified levels of roughly 450,
550, 650 and 750 parts per million (ppm). See Box P.1 for
additional details.

I Emissions scenarios represent future emissions based on a coher-
ent and internally consistent set of assumptions about the driving
forces (e.g., population change, socioeconomic development, and
technological change) and their key relationships.

2 Long-lived radiatively active gases of interest have atmospheric life-
times that range from ten years for methane to more than 100 years
for nitrous oxide. While carbon dioxide’s lifetime is more complex,
we think of it as being more than 100 years in the climate system. Due
to their long atmospheric lifetime, they are well-mixed and evenly
distributed throughout the lower atmosphere. Global atmospheric
lifetime is the mass of a gas or an particle in the atmosphere divided
by the mass that is removed from the atmosphere each year.
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BOX P.I: Stabilization Emission Scenarios and Background From CCSP SAP 2.la

Synthesis and Assessment Product (SAP) 2.1 (Clarke et al., 2007) is an important precursor to this Product.
It explores different scenarios that lead to greenhouse gas concentrations stabilizing at different (higher)
levels in the future. Scenario analysis is a widely used tool for decision making in complex and uncertain
situations. Scenarios are “what ifs”—sketches of future conditions (or alternative sets of future condi-
tions) used as inputs to exercises of decision making or analysis. Scenarios have been applied extensively
in the climate change context. Examples include greenhouse gas emissions scenarios, climate scenarios,
and technology scenarios.

The scenarios in SAP 2.1a are called “stabilization emissions scenarios” because they are constrained so that
the atmospheric concentrations of the long-lived greenhouse gases level off, or stabilize, at predetermined
levels by the end of the twenty-first century. They explicitly treat the economic and technological drivers
needed to generate each level of greenhouse gases. Further discussion is found in Box 1.2 of Chapter I.

Preindustrial levels of carbon dioxide were approximately 280 parts per million (ppm), and are currently
around 380 ppm—a third higher than prior to the industrial era and higher than at any other time in at
least the last 420,000 years (CCSP SAP 2.2). The four stabilization levels for SAP 2.la were constructed
so that the carbon dioxide concentrations resulting from stabilization are roughly 450, 550, 650, and
750 ppm. While the Intergovernmental Panel on Climate Change (IPCC) has also examined greenhouse
gas emission scenarios, and those provided by SAP 2.1a are generally within the envelope of the IPCC
scenarios, SAP 2.la is an alternative approach to developing a consistent set of long-lived greenhouse gas
concentrations.

This Product (SAP 3.2) explores the climate implications of such greenhouse gas “stabilization emissions
scenarios” via several different computer simulations. The results of these projections are presented in
Chapter 2 of this Product.

The SAP 2.1a scenarios (Clarke et al., 2007) did not explic- 1. Develop climate projections for a series of scenarios for

itly address the direct influence of short-lived3 drivers of long-lived greenhouse gases provided by Synthesis and
climate: carbon and sulfate particles and lower atmospheric Assessment Product 2.1a, “Scenarios of Greenhouse Gas
ozone. Therefore, we expanded our mandate to include Emissions and Atmospheric Concentrations and Review
“Short-Lived Radiatively Active4 Gases and Aerosols>”. of Integrated Scenario Development and Application”.
These short-lived gases and aerosols (particles) are largely 2. Investigate the contributions of four short-lived pollu-
of human-caused origin, are important contributors to large- tants in the lower atmosphere: ozone and three types of
scale changes in atmospheric temperature and climate in particles (soot/elemental carbon, organic carbon, and
general, and are primarily controlled for reasons of local sulfate), usually identified in scientific terms as aero-
and regional air quality. Therefore, this added portion of the sols3.

report is a critical first step in examining the climate impact

of future actions taken to reduce air pollution. Short-lived greenhouse gases and particles have received

less attention than long-lived greenhouse gases in previous
The Prospectus for Synthesis and Assessment Product 3.2  international assessments and were not explicitly treated in
contained two charges to the authors of this Product: Synthesis and Assessment Product 2.1a (Clarke et al., 2007)
but, as this report describes, they may affect the future
climate in a substantial manner. Although sources of these
3 Short-lived radiatively active gases and particles of interest in the  pollutants tend to be localized, their impact is felt globally.

lower atmosphere have lifetimes of about a day for nitrogen oxides,  Thig is of direct relevance to policy decisions regarding
a day to a week for most particles, and a week to a month for ozone. lluti . i dcli h
Their concentrations are highly variable and concentrated in the pollution, air quality, and climate change.

lowest part of the atmosphere, primarily near their sources.
4 Radiatively active gases and particles absorb, scatter, and re-emit 5 Aecrosols are very small airborne solid or liquid particles that reside
energy, thus changing the temperature of the atmosphere. in the atmosphere for at least several hours, with the smallest remain-
ing airborne for days.



READER’S GUIDE TO SYNTHESIS AND
ASSESSMENT PRODUCT 3.2

This Product includes an Executive Summary and four
Chapters.

The Executive Summary presents the key results and find-
ings, and recommends four critical areas of future research.
It is written in non-technical language and is intended to be
accessible to all audiences.

Chapter 1 provides an Introduction to this study, and is
intended to provide all audiences with a general overview.
It is written in non-technical language, which should be
accessible to all readers with an interest in climate change.
It includes background material, discusses the scope of and
motivation for this study, addresses its goals and objectives,
and identifies the issues that are not addressed. It also con-
tains two Boxes, one providing non-technical definitions
of important terms, and the other containing a clear and
concise description of the computer models employed in
this study.

Chapter 2 focuses on the long-lived greenhouse gases and
a set of scenarios provided by Synthesis and Assessment
Product 2.1a. The Statement of Findings and the Introductory
Section 2.1 are written in non-technical language and are
intended for the general reader. The remainder of Chapter
2 provides detailed technical information about specific
computer models, the resulting climate simulations, and a
detailed interpretation of the results. It is intended primarily
for the scientific community.

A simplified global climate model, MAGICCS, is used to
simulate globally-averaged surface temperature increases
for the stabilization emission scenarios, and the results are
assessed in the context of the Fourth Assessment Report of
the Intergovernmental Panel on Climate Change (IPCC)
Working Group 1 (IPCC, 2007). These comparisons are used
to answer the first four questions posed in our Prospectus:

Q1. Do SAP 2.1a emissions scenarios differ significantly
from IPCC emission scenarios?

Q2. If the SAP 2.1a emissions scenarios do fall within
the envelope of emissions scenarios previously
considered by the IPCC, can the existing [PCC

6 MAGICC is a two-component numerical model consisting of a
highly simplified representation of a climate model coupled with an
equally simplified representation of the atmospheric composition of
radiatively active gases and particles. This model is adjusted, based
on the results of more complex climate models, to make representa-
tive predictions of global mean surface temperature and sea-level
rise.
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climate simulations be used to estimate 50- to
100-year climate responses for the CCSP 2.1a carbon
dioxide emission scenarios?

Q3. What would be the changes to the climate system
under the scenarios being put forward by SAP 2.1a?

Q4. For the next 50 to 100 years, can the climate
projections using the emissions from SAP 2.1a be
distinguished from one another or from the scenarios
recently studied by the [PCC?

Chapter 3 attempts to assess the direction, magnitude,
and duration of future changes in climate due to changing
levels of short-lived radiatively active gases and particles
of human-caused origin. This is an area of research that is
still at the initial stages of exploration and which the IPCC
Fourth Assessment Report, as well as previous IPCC reports,
investigated only superficially.

First, the stabilization emissions scenarios and models used
to generate them are discussed. Next, the chemical compo-
sition models’ used to produce the global distributions of
short-lived gases and particles that help to drive the climate
models are introduced. Twenty-first century climate is then
simulated with three state-of-the-art comprehensive climate
models8, and the results are then used to address the four
questions raised in the second section of our Prospectus:

Q5. What are the impacts of the radiatively active short-
lived gases and particles not explicitly the subject of
SAP 2.1a?

Q6. How do the impacts of short-lived species (gases
and particles) compare with those of the well-mixed
greenhouse gases as a function of the time horizon
examined?

Q7. How do the regional impacts of short-lived species
(gases and particles) compare with those of long-lived
gases in or near polluted areas?

Q8. What might be the climate impacts of mitigation
actions taken to reduce the atmospheric levels of
short-lived species (gases and particles) to address air
quality issues?

The Statement of Findings and the Introductory Section 3.1

are written in non-technical language and are intended for

the general reader. The remainder of the chapter provides
detailed technical information about the models, the result-

7 Chemical composition models are state-of-the-art numerical models
that use the emission of gases and particles as inputs and simulate
their chemical interactions, global transport by the winds, and
removal by rain, snow, and deposition to the earth’s surface. The
resulting outputs are global three-dimensional distributions of the
initial gases and particles and their products.

8 Comprehensive climate models are a numerical representation of
the climate based on the physical properties of its components, their
interactions, and feedback processes. Coupled Atmosphere-Ocean
(-sea ice) General Circulation Models (AOGCMs) represent our
current state-of-the-art.
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ing climate simulations, and our interpretation of the results.
It is intended primarily for the scientific community.

Chapter 4 provides a summary of the key findings, identi-
fies a number of scientific issues and questions that arise
from our study, and identifies new opportunities for future
research. The five most critical areas identified by this
study are:

1. The projection of future human-caused emissions for
the short-lived gases and particles;

2. The indirect and direct effects of particles and mixing
between particle types;

3. Transport, deposition, and chemistry of the short-lived
gases and particles;

4. Regional climate forcing vs. regional climate response;

5. Sensitivity studies of climate responses to short-lived
gases and particles.

We have written Chapter 4, as much as is possible, in non-
technical language, and it is intended for all audiences.

Preface
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SYNOPSIS

The influence of greenhouse gases and particle pol-
lution on our present and future climate has been

widely examined and most recently reported in the
Intergovernmental Panel on Climate Change (IPCC)
Fourth Assessment Report. While both long-lived!
(e.g., carbon dioxide) and short-lived? (e.g., soot) gases and particles affect the climate, previous
projections of future climate, such as the IPCC reports, have focused largely on the long-lived
gases. This U.S. Climate Change Science Program Synthesis and Assessment Product provides
a different emphasis.

We first examine the effect of long-lived greenhouse gases on the global climate based on updated
emissions scenarios produced by another CCSP Synthesis and Assessment Product (SAP 2.1a).
In these scenarios, atmospheric concentrations of the long-lived greenhouse gases leveled off,
or stabilized, at predetermined levels by the end of the twenty-first century (unlike in the IPCC
scenarios). However, the projected future temperature changes, based on these stabilization
emissions scenarios, fall within the same range as those projected for the latest IPCC report.
We confirm the robust future warming signature and other associated changes in the climate.

We next explicitly assess the effects of short-lived gases and particles. Their influence is found
to be global in nature, substantial when compared with long-lived greenhouse gases, and po-
tentially extending to the end of this century. They can significantly change the regional surface
temperature, and by the year 2100 short-lived gases and particles may account for as much as
40 percent of the warming over the summertime continental United States. It is noteworthy
that the simulated climate response to these pollutants is not confined to the geographical
area where they are released. This implies a strong linkage between regional air quality control
strategies and global climate change. We identify specific emissions reductions that would lead
to benefits for both air quality and climate change mitigation, including North American surface
transportation and Asian domestic fuel burning. The results reveal the necessity for explicit and
consistent inclusion of the short-lived pollutants in assessments of future climate.

I Atmospheric lifetimes for the long-lived radiatively active gases of interest range from ten years for methane
to more than 100 years for nitrous oxide. While carbon dioxide’s lifetime is more complex, we can think of
it as being more than 100 years in the climate system. As a result of their long atmospheric lifetimes, they are
well-mixed and evenly distributed throughout the lower atmosphere. Global atmospheric lifetime is the mass
of a gas or a particle in the atmosphere divided by the mass that is removed from the atmosphere each year.

2 Atmospheric lifetimes for the short-lived radiatively active gases and particles of interest in the lower at-
mosphere are about a day for nitrogen oxides, a day to a week for most particles, and a week to a month for
ozone. As a result of their short lifetimes, their concentrations are highly variable in space and time and they
are concentrated in the lowest part of the atmosphere, primarily near their sources.
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Changes in
pollutant levels,
primarily over Asia,
may significantly
increase surface
temperature and
reduce rainfall over
the summertime
continental United
States.

ES.| KEY FINDINGS

These results constitute important improvements in our understanding of the influence of both
long-lived gases and short-lived gases and particles. The Fourth Assessment Report of the IPCC
recognized that most of the global-scale warming since the middle of last century was very
likely due to the increase in greenhouse gas concentrations, and also that the warming has been
partially damped by increasing levels of short-lived particle pollutants. However, while the IPCC
models were coordinated in their use of greenhouse gas emissions scenarios, the short-lived
pollutants were widely varying in the emissions scenarios used, and their future impacts were
not isolated from those of the long-lived gases.

This Synthesis and Assessment Product provides a more comprehensive and updated assess-
ment of the relative future contributions of long and short-lived gases and particles, with special,
explicit focus on the short-lived component. This study encompasses a realistic time frame over
which available technological solutions can be employed, and this study, in particular, focuses
on those gases and particles whose future atmospheric levels are also subject to reduction due
to air pollution control.

I. Our results suggest that changes in short-lived gases and particles (pollutants) may sig-
nificantly influence the climate, in the twenty-first century. By 2050, projected changes
in short-lived pollutant concentrations in two of the three studies are responsible for
approximately 20 percent of the simulated global-mean annual average warming (see Sec-
tion 3.3.4 and Figure 3.5). As shown in Figure ES.I, projected changes in pollutant levels,
primarily over Asia, may significantly increase surface temperature and reduce rainfall over
the summertime continental United States throughout the second half of the twenty-first
century (see Section |.4 for details of the calculations).

2. The geographic patterns of factors that drive climate change due to short-lived gases and
particles and the patterns of the resulting surface temperature responses are quite dif-
ferent. This is clearly seen in Figure ES.2, in which the largest fractional contribution to
summertime radiative forcing from changes in short-lived pollutants in the last part of the
twenty first century is primarily
located over Asia, while the
strongest warming response is
located over the central United
States. Regional emissions con-
trol strategies for short-lived .
pollutants will thus have global |
impacts on climate. The geo- . -
graphic disconnect between this \
driver of climate change and the .5 S y Mera 1 fd \
surface temperature response = TR TWiE ’
is already apparent by 2050, as s Ly
discussed in Section 3.3.4 and =
demonstrated in Figure 3.8. s
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3. Reductions of short-lived pol-
lutants from the domestic fuel
burning sector in Asia, whose
climate impacts in this study
(Section 3.4) are dominated
by black carbon (soot), appear
to offer the greatest potential
for substantial, simultaneous

Figure ES.l Calculation of twenty-first century temperature
and precipitation change over the United States in summer
(June through August) due to changes in short-lived gases and
particles (see Section |.4 for details). Temperature change in
red is shown as the difference, in degrees Centigrade, from the
2001 value. Precipitation change in green is shown as the differ-
ence, in centimeters, from the 2001 value, and represents the
sum of daily changes over the three months. The plotted data
are || year moving averages.
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improvement in local air quality and re-
duction of global warming. Reduction in
emissions from surface transportation in
North America would have a similar impact.

4. The three comprehensive climate models3,
their associated chemical composition
models4 and their differing projections of

short-lived emissions all lead to a wide range _ongeIce
of projected changes in climate due to short- goproerommoneoar
Surface Temperalure Change

lived gases and particles. Each of the three
studies in this report represents a thoughtful,
but incomplete characterization of the driv-
ing forces and processes that are believed to
be important to the climate or to the global
distributions of the short-lived gases and
particles. Much work remains to be done to
characterize the sources of the differences
and their range. The two most important
uncertainties are found to be the projection
of future emissions and the determination of  Figure ES.2 The fraction of summertime (June-August) ra-

the indirect effect5 of particles on clouds. The  diative forcing* due to changing levels of short-lived gases and
particles and the resulting summertime surface temperature
change (degrees Centigrade) for year 2100.

*Radiative forcing is a measure of how the energy balance of the Earth-
ties in processes, such as the indirect effects atmosphere system is influenced when factors that affect climate, such
of par’ticles, is discussed in Section 4.3. asatmospheric composition or surface reflectivity, are altered. When
radiative forcing is positive, the energy of the Earth-atmosphere system
will ultimately increase, leading to a warming of the system. In contrast,
for a negative radiative forcing, the energy will ultimately decrease, lead-
sions projections is very large, even for a  ingto a cooling of the system. For technical details, see Box 3.2.

single well-defined global emission sce- 55
nario (see Figures and discussion in Section Simulated Future Emission Trend for Soot
3.2 for details). Figure ES.3 clearly dem-

onstrates this situation for the different 15

B0E 120E 180 LFai ) BN

fundamental difference between uncertainties
in projecting future emissions and uncertain-

5. The range of plausible short-lived emis-

emission projections of black carbon par-
ticles (soot) used by the three research
groups. This currently limits our ability
to provide definitive statements on their
contribution to future climate change.

2000 2030 2050
salt also play an important role in climate Year
and their emissions and interactions dif-  Figure ES.3 The three plausible but very different emis-

fer significantly among the models, with  sions trends projected for black carbon particles (soot).
Each of the three groups in this study used a different trend.

The units are million metric tons of carbon per year.

6. Natural particles such as dust and sea

consequences to the role of short-lived

3 A comprehensive climate model is a state-of-the-art numerical representation of the climate based on the
physical, chemical, and biological properties of its components, their interactions, and feedback processes
that account for many of the climate’s known properties. Coupled Atmosphere-Ocean (-sea ice) General
Circulation Models (AOGCM:s) provide a comprehensive representation of the physical climate system.

4 Chemical composition models are state-of-the-art numerical models that use the emission of gases and
particles as inputs and stimulate their chemical interactions, global transport by winds, and removal by rain,
snow, and deposition to the earth’s surface. The resulting outputs are global three-dimensional distribu-
tions of the initial gases and particles and their products.

5 Apart from the direct effects of particles absorbing and scattering radiation, particles produce an indirect
forcing of the climate system through their aiding in the formation of cloud droplets or by modifying the
optical properties and lifetime of clouds (see Box 3.1 for a more detailed discussion).
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pollutants. This inconsistency among models should be addressed in future stud-
ies. This is discussed in Section 3.2.4 and demonstrated in Figure 3.2 and Table 3.5.

7. Climate projections based on new emissions scenarios where atmospheric concentrations
of the long-lived greenhouse gases level off, or stabilizeé, at pre-determined levels (from
CCSP SAP 2.1a) generally fall within the range of IPCC climate projections for the standard
scenarios considered in the Fourth Assessment Report. The lower bound stabilization
emissions scenarios, which have a carbon dioxide stabilization level of approximately 450

Regional emissions
control strategies
for short-lived

pollutants will have parts per million (by volume), result in global surface temperatures below those calculated
large-scale impacts for the lower bound IPCC scenario used in the Fourth Assessment, particularly beyond
on climate. 2050. Nonetheless, all of them unequivocally cause warming across the range of possible

emissions scenarios (see Section 2.6 for details).

6 Stabilization emissions scenarios are a representation of the future emissions of a set of substances based
on a coherent and internally consistent set of assumptions about the driving forces (such as population,
socioeconomic development, and technological change) and their key relationships. These emissions are
constrained so that the resulting atmospheric concentrations of the substance, or at least their net effect,
level off at a predetermined value in the future.



ES.2 RECOMMENDATIONS FOR
FUTURE RESEARCH

The five most critical areas for future research
identified in this Report are:

1. The projection of future human-caused
emissions for the short-lived gases and
particles;

2. Indirect and direct effects of particles and
mixing between particle types;

3. Transport, deposition, and chemistry of the
short-lived gases and particles.

4. Regional climate forcing vs. regional cli-
mate response.

5. Sensitivity studies of climate responses to
short-lived gases and particles.

1. Plausible emissions scenarios for the second
half of the twenty-first century show signifi-
cant climate impacts, yet the range of plausible
scenarios is currently large and an increase
in confidence in these scenarios is necessary.
Short-lived gases and particles, unlike the well-
mixed greenhouse gases, do not accumulate in
the atmosphere. Therefore, combined with a
large range of possible emissions scenarios, the
climate impact of the short-lived gases and par-
ticles is currently extremely difficult to predict.
Improvements in our ability to predict social,
economic and technological developments af-
fecting future emissions are needed. However,
uncertainties in future emissions will always
be with us. What we can do is develop a set of
internally consistent emissions scenarios that
include all of the important radiatively active
gases and particles and bracket the full range
of possible future outcomes.

2. The particle indirect effect (see Box 3.1
for a technical discussion), which is very
poorly understood, is probably the process
in most critical need of research. The cli-
mate modeling community as a whole can-
not yet produce a credible characterization
of the climate response to particle/cloud
interactions. All models (including those
participating in this study) are currently ei-
ther ignoring it, or strongly constraining the
model response. Attempts have been made
using satellite and ground-based observa-
tions to improve the characterization of the
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indirect effect, but major limitations remain and
additional observations are required.

3. The three global composition models in
this study all employed different treatments of
mixing in the lowest layers of the atmosphere,
transport and mixing by turbulence and clouds,
removal of gases and particles by rain, snow
and contact with the Earth’s surface, and dif-
ferent approximate treatments of the very large
collection of chemical reactions that we do
not yet fully understand. Further coordinated
model intercomparisons, evaluation of models
against existing observations, and additional
observations are all needed to achieve a better
understanding of these processes.

4. The major unfinished analysis question
in this study is the relative contribution of a
model’s regional climate response, as opposed
to the contribution from the regional pattern
of radiative forcing, to the simulated regional
change in seasonal climate. Specific modeling
studies are needed to answer questions such as:
Is there a model-independent regional climate
response? What are the actual physical mecha-
nisms driving the regional surface temperature
patterns that we observe? This appears to be a
very important area of study, particularly given
the strong climate response projected for the
summertime central United States.

5. Analyses of surface temperature response to
changes in short-lived gases and particles need
to be strengthened by additional sensitivity
studies that should help to clarify causes and
mechanisms. There are also a wide range of

Partly as a result
of the large range
of possible future

emissions scenarios,
the climate impact
of the short-lived
gases and particles
is currently
extremely difficult
to predict.
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climate-chemistry feedbacks and controls that
should be explored. Both the response of the
climate system to controls on short-lived gases
and particles and the possible feedbacks, and the
possible impacts of climate changes on levels
of short-lived gases and particles are all fertile
areas for future research.

ES.3 GUIDE FOR READERS

For those readers who would like to learn more
about the research behind the Key Results and
Findings and the Recommendations for Future
Research, we provide the following guide to
reading the four chapters. Chapter 1 provides an
introduction to this study and relevant findings
from previous climate research, introduces the
goals and methodology, and provides Box 1.1
and Box 1.2 with relatively non-technical de-
scriptions of the modeling tools and definitions
of terms. It is written in a non-technical manner
and is intended to provide all audiences with
a general overview. Chapters 2 and 3 provide
detailed technical information about specific
models, model runs and projected trends and are
intended primarily for the scientific community,
though the key findings and the introduction to
each chapter are written in non-technical lan-
guage and intended for all audiences. Chapter
4 is intended for all audiences. It provides a
summary of the major findings and identifies
new opportunities for future research.




