JOURNAL OF GEOPHYSICAL RESEARCH: ATMOSPHERES, VOL. 118, 5380-5552, doi:10.1002/jgrd.50171, 2013

Bounding the role of black carbon in the climate system: A
scientific assessment

T. C. Bond,' S. J. Doherty,” D. W. Fahey,? P. M. Forster,” T. Berntsen,” B. J. DeAngelo,’
M. G. Flanner,’ S. Ghan,® B. Kircher,” D. Koch,'° S. Kinne,'' Y. Kondo,'?> P. K. Quinn,13
M. C. Sarofim,® M. G. Schultz,'* M. Schulz,'® C. Venkataraman,'® H. Zhang,'”

S. Zhang,18 N. Bellouin,' S. K. Guttikunda,?’ P. K. Hopke,21 M. Z. Jacobson,*?

J. W. Kaiser,? Z. Klimont,?* U. Lohmann,?® J. P. Schwarz,® D. Shindell,*® T. Storelvmo,*’
S. G. Warren,”® and C. S. Zender®®

Received 26 March 2012; revised 6 December 2012; accepted 4 January 2013; published 6 June 2013.

[1] Black carbon aerosol plays a unique and important role in Earth’s climate system.
Black carbon is a type of carbonaceous material with a unique combination of physical
properties. This assessment provides an evaluation of black-carbon climate forcing that is
comprehensive in its inclusion of all known and relevant processes and that is quantitative
in providing best estimates and uncertainties of the main forcing terms: direct solar
absorption; influence on liquid, mixed phase, and ice clouds; and deposition on snow and
ice. These effects are calculated with climate models, but when possible, they are evaluated
with both microphysical measurements and field observations. Predominant sources are
combustion related, namely, fossil fuels for transportation, solid fuels for industrial and
residential uses, and open burning of biomass. Total global emissions of black carbon
using bottom-up inventory methods are 7500 Gg yr~ ' in the year 2000 with an uncertainty
range of 2000 to 29000. However, global atmospheric absorption attributable to black
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carbon is too low in many models and should be increased by a factor of almost 3.

After this scaling, the best estimate for the 1ndustrlal -era (1750 to 2005) direct radiative
forcing of atmosphenc black carbon is +0.71 W m ™2 with 90% uncertainty bounds of
(+0.08, +1.27) W m 2. Total direct forcing by all black carbon sources, w1thout subtracting
the premdustrlal background, is estimated as +0.88 (+0.17, +1.48) W m 2. Direct radiative
forcing alone does not capture important rapid adjustment mechanisms. A framework is
described and used for quantifying climate forcings, including rapid adjustments. The best
estimate of industrial-era climate forcing of black carbon through all forcing mechanisms,
including clouds and cryosphere forcmg, is +1.1 W m 2 with 90% uncertainty bounds of
+0.17 to +2.1 W m™ 2. Thus, there is a very high probability that black carbon emissions,
independent of co- emltted species, have a positive forcing and warm the climate. We estimate
that black carbon, with a total climate forcing of +1.1 W m™~, is the second most important
human emission in terms of its climate forcing in the present-day atmosphere; only carbon
dioxide is estimated to have a greater forcing. Sources that emit black carbon also emit other
short-lived species that may either cool or warm climate. Climate forcings from co-emitted
species are estimated and used in the framework described herein. When the principal effects
of short-lived co-emissions, including cooling agents such as sulfur dioxide, are included in
net forcing, energy-related sources (fossﬂ fuel and biofuel) have an industrial-era climate
forcing of +0.22 (—0.50 to +1 08) W m™ 2 during the first year after emission. For a few of
these sources, such as diesel engines and possibly residential biofuels, warming is strong
enough that eliminating all short-lived emissions from these sources would reduce net climate
forcing (i.e., produce cooling). When open burning emissions, which emit high levels of
organic matter, are included in the total, the best estimate of net industrial-era climate forcing
by all short- hved species from black-carbon-rich sources becomes shghtly negative

( 0.06 W m~ 2 with 90% uncertainty bounds of —1.45 to +1.29 W m™?). The uncertainties
in net climate forcing from black-carbon-rich sources are substantial, largely due to lack of
knowledge about cloud interactions with both black carbon and co-emitted organic carbon.
In prioritizing potential black-carbon mitigation actions, non-science factors, such as
technical feasibility, costs, policy design, and implementation feasibility play important
roles. The major sources of black carbon are presently in different stages with regard to the
feasibility for near-term mitigation. This assessment, by evaluating the large number and
complexity of the associated physical and radiative processes in black-carbon climate
forcing, sets a baseline from which to improve future climate forcing estimates.

Citation: Bond, T. C., et al. (2013), Bounding the role of black carbon in the climate system: A scientific assessment,
J. Geophys. Res. Atmos., 118, 5380-5552, doi:10.1002/jgrd.50171.
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1. Executive Summary
1.1.

[2] Black carbon is emitted in a variety of combustion
processes and is found throughout the Earth system. Black
carbon has a unique and important role in the Earth’s climate
system because it absorbs solar radiation, influences cloud
processes, and alters the melting of snow and ice cover. A
large fraction of atmospheric black carbon concentrations
is due to anthropogenic activities. Concentrations respond
quickly to reductions in emissions because black carbon is
rapidly removed from the atmosphere by deposition. Thus,
black carbon emission reductions represent a potential miti-
gation strategy that could reduce global climate forcing from
anthropogenic activities in the short term and slow the
associated rate of climate change.

[3] Previous studies have shown large differences between
estimates of the effect of black carbon on climate. To date,
reasons behind these differences have not been extensively
examined or understood. This assessment provides a compre-
hensive and quantitative evaluation of black carbon’s role in
the climate system and explores the effectiveness of a range
of options for mitigating black carbon emissions. As such, this
assessment includes the principal aspects of climate forcing
that arise from black carbon emissions. It also evaluates the
net climate forcing of combustion sources that emit large
quantities of black carbon by including the effects of
co-emitted species such as organic matter and sulfate
aerosol precursors. The health effects of exposure to
black carbon particles in ambient air are not evaluated
in this assessment.

Background and Motivation

1.2. Major Findings

1.2.1. Black Carbon Properties

[4] 1. Black carbon is a distinct type of carbonaceous ma-
terial that is formed primarily in flames, is directly emitted
to the atmosphere, and has a unique combination of physi-
cal properties. It strongly absorbs visible light, is refractory
with a vaporization temperature near 4000K, exists as an ag-
gregate of small spheres, and is insoluble in water and com-
mon organic solvents. In measurement and modeling stud-
ies, the use of the term “black carbon” frequently has not
been limited to material with these properties, causing a lack
of comparability among results.

[5]1 2. Many methods used to measure black carbon can be
biased by the presence of other chemical components. Mea-
sured mass concentrations can differ between methods by up
to 80% with the largest differences corresponding to aerosol
with low black carbon mass fractions.

[6] 3. The atmospheric lifetime of black carbon, its impact
on clouds, and its optical properties depend on interactions
with other aerosol components. Black carbon is co-emitted
with a variety of other aerosols and aerosol precursor gases.
Soon after emission, black carbon becomes mixed with
other aerosol components in the atmosphere. This mixing
increases light absorption by black carbon, increases its
ability to form liquid-cloud droplets, alters its capacity to
form ice nuclei, and, thereby, influences its atmospheric
removal rate.

1.2.2. Black Carbon Emissions and Abundance

[7] 1. Sources whose emissions are rich in black carbon

(“BC-rich”) can be grouped into a small number of categories,
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broadly described as diesel engines, industry, residential
solid fuel, and open burning. The largest global sources are
open burning of forests and savannas. Dominant emitters of
black carbon from other types of combustion depend on the
location. Residential solid fuels (i.e., coal and biomass) con-
tribute 60 to 80% of Asian and African emissions, while on-
road and off-road diesel engines contribute about 70%
of emissions in Europe, North America, and Latin America.
Residential coal is a significant source in China, the former
USSR, and a few Eastern European countries. These catego-
ries represent about 90% of black-carbon mass emissions.
Other miscellaneous black-carbon-rich sources, including
emissions from aviation, shipping, and flaring, account for
another 9%, with the remaining 1% attributable to sources
with very low black carbon emissions.

[8] 2. Total global emissions of black carbon using
bottom-up inventory methods are 7500 Gg yr~" in the year
2000 with an uncertainty range of 2000 fo 29,000. Emis-
sions of 4800 (1200 to 15000) Gg yr ' black carbon are
from energy-related combustion, which includes all but
open burning, and the remainder is from open burning of
forests, grasslands, and agricultural residues.

[0] 3. An estimate of background black carbon abun-
dances in a preindustrial year is used to evaluate climate
effects. In this assessment, we use the term “industrial era”
to denote differences in the atmospheric state between
present day and the year 1750. We use a preindustrial
value of 1400 Gg of black carbon per year from biofuel
and open biomass burning, although some fraction was
anthropogenic at that time.

[10] 4. Current emission estimates agree on the major
sources and emitting regions, but significant uncertainties
remain. Information gaps include the amounts of biofuel
or biomass combusted, and the type of technology or
burning, especially in developing countriecs. Emission
estimates from open biomass burning lack data on fuel
consumed, and black-carbon emission factors from this
source may be too low.

[11] 5. Black carbon undergoes regional and interconti-
nental transport during its short atmospheric lifetime.
Atmospheric removal occurs within a few days to weeks
via precipitation and contact with surfaces. As a result,
black carbon is found in remote regions of the atmo-
sphere at concentrations much lower than in source
regions.

[12] 6. Comparison with remote sensing observations
indicates that global atmospheric absorption attributable
to black carbon is too low in many global aerosol models.
Scaling atmospheric black carbon absorption to match
observations increases the modeled globally averaged, in-
dustrial-era black carbon absorption by a factor of 2.9.
Some of the model underestimate can be attributed to
the models lacking treatment of enhanced absorption
caused by mixing of black carbon with other constituents.
The remainder is attributed to underestimates of the
amount of black carbon in the atmosphere. Burden
underestimates by factors of 1.75 to 4 are found in
Africa, South Asia, Southeast Asia, Latin America, and the
Pacific region. In contrast, modeled burdens in
North  America, Europe, and Central Asia are
approximately correct. The required increase in modeled
BC burdens is compatible with in situ observations in

Asia and space-based remote sensing of biomass burning
aerosol emissions.

[13] 7. If all differences in modeled black carbon abun-
dances were attributed to emissions, total emissions would
be 17,000 Gg yr~' compared to the bottom-up inventory
estimates of 7500 Gg yr~"'. The industrial-era value of about
14,000 Gg yr~', obtained by subtraction of estimated
preindustrial emissions, is used as the best estimate of
emissions to determine final forcing values in this assessment.
However, some of the difference could be attributed to poorly
modeled removal instead of emissions. Both energy-re-
lated burning and open biomass burning are implicated
in underestimates of emission rates, depending on the
region.

1.2.3. Synthesis of Black-Carbon Climate Forcing Terms

[14] 1. Radiative forcing used alone to estimate black-carbon
climate effects fails to capture important rapid adjustment
mechanisms. Black-carbon-induced heating and cloud
microphysical effects cause rapid adjustments within the
climate system, particularly in clouds and snow. These rapid
adjustments cause radiative imbalances that can be repre-
sented as adjusted or effective forcings, accounting for the
near-term global response to black carbon more completely.
The effective forcing accounts for the larger response of
surface temperature to a radiative forcing by black carbon in
snow and ice compared to other forcing mechanisms. These
factors are included in the climate forcing values reported in
this assessment.

[15] 2. The best estimate of industrial-era climate forcing of
black carbon through all forcing mechanisms is +1.1 W m™>
with 90% uncertainty bounds of +0.17 to +2.1 W m™ 2
This estimate includes cloud forcing terms with very low
scientific understanding that contribute additional positive
forcing and a large uncertainty. This total climate forcing
of black carbon is greater than the direct forcing given in
the fourth Intergovernmental Panel on Climate Change
(IPCC) report. There is a very high probability that black
carbon emissions, independent of co-emitted species, have
a positive forcing and warm the climate. This black carbon
climate forcing is based on the change in atmospheric
abundance over the industrial era (1750 to 2005). The
black-carbon climate-forcing terms that make up this esti-
mate are listed in Table 1. For comparison, the radiative
forcings including indirect effects from emissions of the
two most significant long-lived greenhouse gases, carbon
dioxide (CO,) and methane (CHy), in 2005 were +1.56 and
+0.86 W m™ “, respectively.

[16] 3. The fossil fuel direct effect of black carbon of
+0.29 W m™? is higher than the value provided by the IPCC
in 2007. This increase is caused by higher absorption per
mass and atmospheric burdens than used in models for
IPCC. The black-carbon-in-snow forcing estimate in this
assessment is comparable, although more sophisticated.
Our total climate forcing estimate of +1.1 W m 2 includes
biofuel and open-biomass sources of black carbon, as well
as cloud effects that the IPCC report did not explicitly isolate
for black carbon.

1.2.4. Black-Carbon Direct Radiative Forcing

[17] 1. Direct radiative forcing of black carbon is caused
by absorption and scattering of sunlight. Absorption heats
the atmosphere where black carbon is present and reduces
sunlight that reaches the surface and that is reflected back to
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Table 1. Black Carbon Climate Forcing Terms, Evaluated for Industrial Era (1750-2005) Unless Otherwise Stated

Climate Forcing Term

Forcing (Wm™?)

Forcing Components (90% Uncertainty Range)

Black carbon direct effect

Direct radiative forcing split

Black carbon cloud semi-direct and indirect effects

Ice clouds

Combined cloud and semi-direct effects

Black carbon in snow and sea-ice effects

Total climate forcings®

Atmosphere absorption and scattering

Fossil fuel sources
Bio fuel sources
Open burning sources

Combined liquid cloud and semi-direct effect
Black carbon in cloud drops
Mixed phase cloud

Snow effective forcing
Sea-ice effective forcing
Combined surface forcing terms

Black carbon only (all terms)

+0.71 (+0.09 to +1.26)

+0.29
+0.22
+0.20

—0.2 (=0.61 to +0.10)
+0.2 (=0.1 to +0.9)
+0.18 (+0.0 to +0.36)
0.0 (—0.4 to +0.4)
+0.23 (—0.47 to +1.0)

+0.10 (+0.014 to +0.30)
+0.03 (+0.012 to +0.06)
+0.13 (+0.04 to 0.33)

+1.1 (0.17 to +2.1)

Net effect of black carbon + co-emitted species:

All sources
Excluding open burning

All source (includes pre-industrial) forcings

Direct radiative forcing
Snow pack effective forcing
Sea-ice effective forcing

—0.06 (—1.45 to +1.29)
+0.22 (—0.50 to +1.08)

+0.88 (+0.18 to +1.47)
+0.12 (+0.02 to +0.36)
+0.036 (+0.016 to +0.068)

“Note that the total best estimate is the median of the combined probability distribution functions across all terms, which differs from the mean of the

best estimates.

space. Direct radiative forcing is the most commonly cited cli-
mate forcing associated with black carbon.

[18] 2. The best estimate for the industrial-era (1750 to
2005) direct radiative forcing of black carbon in the atmo-
sphere is +0.71 W m~ 2 with 90% uncertainty bounds of
+0.08 fo +1.27 W m 2. Previous direct forcing estimates
ranged from +0.2 to +0.9 W m™2, and the median value
was much lower. The range presented here is altered
because we adjust global aerosol models with observational
estimates of black carbon absorption optical depth as done in
some previous studies.

[19] 3. Direct radiative forcing from all present-day sources
of black carbon (including preindustrial background sources)
is estimated to be +0.88 W m™ with 90% uncertainty bounds
of +0.17 to +1.48 W m >, This value is 24% larger than in-
dustrial-era forcing because of appreciable preindustrial emis-
sions from open burning and biofuel use.

[20] 4. Estimates of direct radiative forcing are obtained
from models of black carbon abundance and location. The
ability to estimate radiative forcing accurately depends on
the fidelity of these models. Modeling of and observational
constraints on the black-carbon vertical distribution are
particularly poor.

1.2.5. Black-Carbon Cloud Effects

[21] 1. Black carbon influences the properties of ice
clouds and liquid clouds through diverse and complex
processes. These processes include changing the number
of liquid cloud droplets, enhancing precipitation in mixed-
phase clouds, and changing ice particle number and cloud
extent. The resulting radiative changes in the atmosphere
are considered climate indirect effects of black carbon. In
addition, in the semi-direct effect, light absorption by
black carbon alters the atmospheric temperature structure
within, below, or above clouds and consequently alters

cloud distributions. Liquid-cloud and semi-direct effects
may have either negative or positive climate forcings. The
best estimates of the cloud-albedo effect and the semi-direct
effect are negative. Absorption by black carbon within cloud
droplets and mixed-phase cloud changes cause positive cli-
mate forcing (warming). At present, even the sign of
black-carbon ice-cloud forcing is unknown.

[22] 2. The best estimate of the industrial-era climate
forcing from black carbon cloud effects is positive with
substantial uncertainty (+0.23 W m™> with a —0.47 to
+1.0 W m™* 90% uncertainty range). This positive
estimate has large contributions from cloud effects with a
very low scientific understanding and large uncertainties.
The cloud effects, summarized in Table 1, are the largest
source of uncertainty in quantifying black carbon’s role in
the climate system. Very few climate model studies have
isolated the influence of black carbon in these indirect
effects.

1.2.6. Black-Carbon Snow and Ice Effects

[23] 1. Black carbon deposition on snow and ice causes
positive climate forcing. Even aerosol sources with negative
globally averaged climate forcing, such as biomass
combustion, can produce positive climate forcing in the
Arctic because of their effects on snow and ice.

[24] 2. The best estimate of climate forcing from black
carbon deposition on snow and sea ice in the industrial
era is +0.13 W m™ with 90% uncertainty bounds of
+0.04 to +0.33 W m 2. The all-source present-day climate
forcing including preindustrial emissions is somewhat
higher at +0.16 W m 2. These climate forcings result from
a combination of radiative forcing, rapid adjustments,
and the stronger snow-albedo feedback caused by
black-carbon-on-snow forcing. This enhanced climate
feedback is included in the +0.13 W m™? forcing estimate.
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[25] 3. Species other than black carbon are a large frac-
tion of the absorbing aerosol mass that reduces reflectivity
of snow and ice cover. These species include dust and
absorbing organic carbon; the latter is co-emitted with black
carbon or may come from local soils.

[26] 4. The role of black carbon in the melting of glaciers
is still highly uncertain. Few measurements of glacial black-
carbon content exist, and studies of the impact on glacial
snow melt have not sufficiently accounted for natural
impurities such as soil dust and algae or for the difficulty
in modeling regions of mountainous terrain.

1.2.7. Impacts of Black-Carbon Climate Forcing

[27] 1. The black-carbon climate forcings from the direct
effect and snowpack changes cause the troposphere and the
top of the cryosphere to warm, inducing further climate re-
sponse in the form of cloud, circulation, surface temperature,
and precipitation changes. In climate model studies, black-
carbon direct effects cause equilibrium global warming that is
concentrated in the Northern Hemisphere. The warming
response to black-carbon-in-snow forcing is greatest during
local spring and over mid-to-high northern latitudes. In terms
of equilibrium global-mean surface temperature change, the
BC total climate forcing estimate over the industrial era would
correspond to a warming between 0.1 and 2.0K. Note that not
all this warming has been realized in the present day, as the cli-
mate takes more than a century to reach equilibrium and many
co-emitted species have a cooling effect, countering the
global-mean warming of BC.

[28] 2. Regional circulation and precipitation changes
may occur in response to black-carbon climate forcings.
These changes include a northward shift in the Inter-Tropi-
cal Convergence Zone and changes in Asian monsoon sys-
tems where concentrations of absorbing aerosols are large.
Black-carbon cloud indirect effects are also expected to in-
duce a climate response. However, global models do not
simulate robust responses to these complex and uncertain
climate-forcing mechanisms.

1.2.8. Net Climate Forcing by Black-Carbon-Rich
Source Categories

[20] 1. Other species co-emitted with black carbon influ-
ence the sign and magnitude of net climate forcing by
black-carbon-rich source categories. The net climate forc-
ing of a source sector is a useful metric when considering
mitigation options. Principal co-emitted species that can
change the sign of short-lived forcing are organic matter
and sulfur species. The direct radiative forcing is positive
for almost all black-carbon-rich source categories, even
when negative direct forcings by sulfate and organic matter
are considered. Liquid-cloud forcing by co-emitted aerosol
species can introduce large negative forcing. Therefore, high
confidence in net positive total climate forcing is possible
only for black-carbon source categories with low co-emitted
species, such as diesel engines.

[30] 2. The best estimate of the total industrial-era climate
forcing by short-lived effects from all black-carbon-rich
sources is near zero with large uncertainty bounds. Short-
lived effects are defined as those lasting less than 1 year, in-
cluding those from aerosols and short-lived gases. This total is
+0.22 (—0.50 to +1.08) W m ™ for fossil fuel and biofuel-
burning emissions and —0.06 W m ™2 with 90% uncertainty
bounds of —1.45 to +1.29 W m ™2 when open burning emis-
sions are included.

[31] 3. The climate forcings from specific sources within
black-carbon source categories are variable depending
upon the composition of emissions. Some subsets of a cate-
gory may have net positive climate forcing even if the whole
category does not. Selecting such individual source types
from each category can yield a group of measures that, if
implemented, would reduce climate forcing. However, the
positive forcing reduction would be much less than the total
climate forcing of +1.1 W m™? attributable to all industrial-
era black-carbon emissions in 2005.

[32] 4. Short-lived forcing effects from black-carbon-rich
sources are substantial compared with the effects of long-lived
greenhouse gases from the same sources, even when the forc-
ing is integrated over 100 years. Climate forcing from changes
in short-lived species in each source category amounts to 5 to
75% of the combined longer-lived forcing by methane, effects
on the methane system, and CO,, when the effects are inte-
grated over 100 years.

1.2.9. Major Factors in Forcing Uncertainty

[33] 1. Observational constraints on global, annual aver-
age black carbon direct radiative forcing are limited by a lack
of specificity in attributing atmospheric absorption to black
carbon, dust, or organic aerosol. These constraints are
required to correct demonstrated biases in the distributions of
atmospheric black carbon in climate models.

[34] 2. Altitude and removal rates of black carbon are
strong controlling factors. They determine black-carbon
absorption forcing efficiency, microphysical effects on
clouds, and the sign of semi-direct effects. Models do
not accurately represent black-carbon vertical distribu-
tions. Removal rates, particularly wet removal, affect
most facets of black carbon forcing, including its lifetime,
horizontal, and vertical extent, and deposition to the
cryosphere.

[35] 3. Black-carbon emission rates from both energy-related
combustion and biomass burning currently appear underes-
timated. Underestimates occur largely in Asia and Africa. Uncer-
tainties in biomass burning emissions also affect preindustrial
black-carbon emission rates and net forcing.

[36] 4. Black carbon effects on clouds are a large source
of uncertainty. Models of liquid-cloud and semi-direct
effects disagree on signs and magnitudes of forcing. How-
ever, potentially large forcing terms and uncertainties come
from black carbon effects on mixed-phase clouds, cloud-ab-
sorption, and ice clouds, which have been estimated in a
very small number of studies.

[37] 5. Estimates of forcing rely on accurate models of the
Earth system. Black-carbon cloud interactions rely on fidel-
ity in representation of clouds without black carbon present,
and likewise, reductions in snow and sea ice albedo by black
carbon depend on accurate representation of coverage of
snow and sea ice. Uncertainties due to model biases of these
distributions have not been assessed.

1.2.10. Climate Metrics for Black Carbon Emissions

[38] 1. The 100year global-warming-potential (GWP)
value for black carbon is 900 (120 to 1800 range) with all

forcing mechanisms included. The large range derives from

the uncertainties in the climate forcings for black carbon
effects. The GWP and other climate metric values vary by
about £30% between emitting regions. Black-carbon metric
values decrease with increasing time horizon due to the
short lifetime of black carbon emissions compared to CO,.

5387



BOND ET AL.: BLACK CARBON IN THE CLIMATE SYSTEM

Black carbon and CO, emission amounts with equivalent
100 year GWPs have different impacts on climate, tempera-
ture, rainfall, and the timing of these impacts. These and
other differences raise questions about the appropriateness
of using a single metric to compare black carbon and green-
house gases.

1.2.11. Perspective on Mitigation Options for Black
Carbon Emissions

[39] 1. Prioritization of black-carbon mitigation options is
informed by both scientific and non-scientific factors.
Scientific issues include the magnitude of black carbon
emissions by sector and region, and net climate forcing
including co-emissions and impacts on the cryosphere. Non-
science factors, such as technical feasibility, costs, policy
design, and implementation feasibility, also play roles. The
major sources of black carbon are presently in different
stages with regard to technical and programmatic feasibility
for near-term mitigation.

[40] 2. Mitigation of diesel-engine sources appears to of-
fer the most confidence in reducing near-term climate
forcing. Mitigating emissions from residential solid fuels
also may yield a reduction in net positive forcing. The
net effect of other sources, such as small industrial coal
boilers and ships, depends on the sulfur content, and
net climate benefits are possible by mitigating some
individual source types.

1.2.12. Policy Implications

[41] 1. Our best estimate of black carbon forcing ranks it
as the second most important individual climate-warming
agent after carbon dioxide, with a total climate forcing of
+1.1 Wm™2 (+0.17 to +2.1 W m~? range). This forcing
estimate includes direct effects, cloud effects, and snow
and ice effects. The best estimate of forcing is greater than
the best estimate of indirect plus direct forcing of methane.
The large uncertainty derives principally from the indirect
climate-forcing effects associated with the interactions of
black carbon with cloud processes. Climate forcing from
cloud drop inclusions, mixed phase cloud effects, and ice
cloud effects together add considerable positive forcing
and uncertainty. The relative importance of black carbon
climate forcing will increase following reductions in the
emissions of other short-lived species or decrease if atmo-
spheric burdens of long-lived greenhouse gases continue
to grow.

[42] 2. Black carbon forcing concentrates climate
warming in the mid-high latitude Northern Hemisphere. As
such, black carbon could induce changes in the precipitation
patterns from the Asian Monsoon. It is also likely to be one of
the causes of Arctic warming in the early twentieth century.

[43] 3. The species co-emitted with black carbon also have
significant climate forcing. Black carbon emissions are
primarily attributable to a few major source categories. For
a subset of these categories, including diesel engines and
possibly residential solid fuel, the net impact of emission
reductions can be a lessening of positive climate forcing
(cooling). However, the impact of all emissions from
black-carbon-rich sources is slightly negative (—0.06 W
m°) with a large uncertainty range (—1.45 to +1.29 W
m ™ ?). Therefore, uniform elimination of all emissions from
black-carbon-rich sources could lead to no change in climate
warming, and sources and mitigation measures chosen to
reduce positive climate forcing should be -carefully

identified. The uncertainty in the response to mitigation is
larger when more aerosol species are co-emitted.

[44] 4. All aerosol that is emitted or formed in the lower
atmosphere adversely affects public health. Mitigation
of many of these sources would increase positive climate
forcing (warming). In contrast, reduction of aerosol
concentrations by mitigating black-carbon-rich source
categories would be accompanied by very small or slightly
negative changes in climate forcing. These estimates of
climate forcing changes from source mitigation are associated
with large uncertainties.

[45] 5. Forcings by greenhouse-gases alone do not convey
the full climate impact of actions that alter emission sources.
Black-carbon-rich source sectors emit short-lived species,
primarily black carbon, other aerosols and their precursors,
and long-lived greenhouse gases (e.g., CO, and CHy). The
total climate forcing from the short-lived components is a
substantial fraction of the total (up to 75%) even when
both short-lived and long-lived forcings are integrated over
100 years after emission.

2. Introduction

[46] In the year 2000, a pair of papers [Jacobson, 2000;
Hansen et al., 2000] pointed out that black carbon—small,
very dark particles resulting from combustion—might pres-
ently warm the atmosphere about one third as much as
CO,. Because black carbon absorbs much more light than
it reflects, it warms the atmosphere through its interaction
with sunlight. This warming effect contrasts with the cooling
effect of other particles that are primarily scattering and,
thus, reduce the amount of energy kept in the Earth system.
Radiative forcing (RF) by atmospheric BC stops within
weeks after emissions cease because its atmospheric lifetime
is short unlike the long timescale associated with the
removal of CO, from the atmosphere. Thus, sustained reduc-
tions in emissions of BC and other short-lived climate
warming agents, especially methane and tropospheric ozone
(03), could quickly decrease positive climate forcing and
hence climate warming. While such targeted reductions will
not avoid climate change, their value in a portfolio to
manage the trajectory of climate forcing is acknowledged
in the scientific community [e.g., Molina et al., 2009;
Ramanathan and Xu, 2010].

[47] Discussions of black carbon’s role in climate rest on a
long history. Urban pollution had been a concern for
hundreds of years [Brimblecombe, 1977], and blackness
was used as an indicator of pollution since the early 1900s
[Uekoetter, 2005]. Black carbon was first isolated in urban
pollution, as Rosen et al. [1978] and Groblicki et al.
[1981] found that graphitic, refractory particles were respon-
sible for light absorption. Shortly after McCormick and
Ludwig [1967] suggested that aerosols could influence
climate, Charlson and Pilat [1969] pointed out that aerosol
absorption causes warming rather than cooling. The magni-
tude of climate effects was first estimated hypothetically to
examine post-nuclear war situations [Turco et al., 1983]
and later using realistic distributions from routine human
emissions [Penner et al., 1993; Haywood and Shine,
1995]. It was known that particles traveled long distances
from source regions [Rodhe et al., 1972], reaching as far as
the Arctic [Heintzenberg, 1980]. International experiments
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organized to examine aerosol in continental outflow were
initiated in the late 1990s [Raes et al., 2000]. They con-
firmed that absorbing aerosol was prevalent in some regions
and an important component of the atmospheric radiation
balance [Satheesh and Ramanathan, 2000]. This coincident
confirmation of atmospheric importance and proposal of
policies for mitigation triggered further debate.

[48] In the decade since the initial proposals, the speed of
Arctic climate change and glacial melt has increased the
demand for mitigation options which can slow near-term
warming, such as reductions in the emissions of short-lived
warming agents. The impact of air quality regulations that
reduce sulfate particles is also being recognized. Most parti-
cles, including sulfates, cool the climate system, masking
some of the warming from longer-lived greenhouse gases
(GHGs) and BC. Thus, regulating these particles to protect
human health may have the unintended consequence of
increasing warming rapidly. BC also plays a direct role in
surface melting of snow and ice and, hence, may have an
important role in Arctic warming [Quinn et al., 2008]; if
so, targeted reductions could have disproportionate benefits
for these sensitive regions.

[49] Particulate matter was originally regulated to improve
human health. Evidence supporting the link between parti-
cles and adverse respiratory and cardiovascular health
continues to mount [Pope et al., 2009]. High human expo-
sures to particulate matter in urban settings are linked to
sources that emit black carbon [Grahame and Schlesinger,
2007; Naeher et al., 2007; Janssen et al., 2011] and to
intense exposures in indoor air [Smith et al., 2010]. Thus,
reducing particulate matter is desirable to improve human
welfare, regardless of whether those reductions reduce
climate warming.

[s0] For the past few years, the opportunity to reduce
black carbon has received pervasive policy attention at high
levels. The G8 declaration, in addition to promising GHG
reductions, is committed to “...taking rapid action to ad-
dress other significant climate forcing agents, such as black
carbon.” [9 July 2009, L’Aquila, Italy]. The Arctic Council,
recognizing that “. . .reductions of emissions have the poten-
tial to slow the rate of Arctic snow, sea ice and sheet ice
melting in the near-term...,” established a task force in
2009 to offer mitigation recommendations [29 April 2009,
Tromse, Norway] and “encouraged” the eight member states
to implement certain black-carbon reduction measures
[12 May 2011, Nuuk, Greenland]. The United States has
complemented this international interest with passage of a
bill [H.R. 2996] requiring a study of the sources, climate
and health impacts, and mitigation options for black carbon
both domestically and internationally. A proposed revision
to the Gothenburg Protocol [UNECE, 1999] states that
parties “should, in implementing measures to achieve their
national targets for particulate matter, give priority, to the
extent they consider appropriate, to emission reductions
measures which also significantly reduce black carbon.”
[UNECE, 2011]. In February 2012, the Climate and
Clean Air Coalition was formed with the aim of reducing
climate warming and air pollutants through action on
short-lived pollutants—in particular, BC, methane, and
hydrofluorocarbons (http://www.unep.org/ccac).

[51] The prospect of achieving quick climate benefits by
reducing BC emissions is tantalizing, but the scientific basis

for evaluating the results of policy choices has not yet been
fully established. This assessment is intended to provide a
comprehensive and quantitative scientific framework for
such an evaluation. In the remainder of this section, we
briefly define black carbon, present our terms of reference
for the assessment, and describe its structure.

2.1. What Is Black Carbon?

[52] Black carbon is a distinct type of carbonaceous mate-
rial, formed only in flames during combustion of carbon-based
fuels. It is distinguishable from other forms of carbon and car-
bon compounds contained in atmospheric aerosol because it
has a unique combination of the following physical properties:

[s3] 1.1Itstrongly absorbs visible light with a mass absorp-
tion cross section of at least 5 m”g ™' at a wavelength of 550
nm.

[54] 2. 1Itis refractory; thatis, it retains its basic form at very
high temperatures, with a vaporization temperature near
4000K.

[s5] 3. It is insoluble in water, in organic solvents includ-
ing methanol and acetone, and in other components of
atmospheric aerosol.

[s6] 4.1t exists as an aggregate of small carbon spherules.

[57] The strong absorption of visible light at all visible
wavelengths by black carbon is the distinguishing character-
istic that has raised interest in studies of atmospheric radia-
tive transfer. No other substance with such strong light
absorption per unit mass is present in the atmosphere in
significant quantities. BC has very low chemical reactivity
in the atmosphere; its primary removal process is wet or
dry deposition to the surface. BC is generally found in atmo-
spheric aerosol particles containing a number of other mate-
rials, many of which are co-emitted with BC from a variety
of sources.

[58] In this assessment, the term “black carbon” and the
abbreviation “BC” are used to denote ambient aerosol mate-
rial with the above characteristics. Note that this definition of
black carbon has not been used rigorously or consistently
throughout most previous literature describing absorbing
aerosol and its role in the atmosphere. Section 3 gives
further discussion of terminology.

2.2. How Does Black Carbon Affect the Earth’s
Radiative Budget?

[s9] Figure 1 illustrates the multi-faceted interaction of BC
with the Earth system. A variety of combustion sources,
both natural and anthropogenic, emit BC directly to the
atmosphere. The largest global sources are open burning of
forests and savannas, solid fuels burned for cooking
and heating, and on-road and off-road diesel engines. Industrial
activities are also significant sources, while aviation and ship-
ping emissions represent minor contributions to emitted mass
at the global scale. The difficulty in quantifying emissions from
such diverse sources contributes to the uncertainty in evaluating
BC’s climate role. Once emitted, BC aerosol undergoes
regional and intercontinental transport and is removed from
the atmosphere through wet (i.e., in precipitation) and dry
deposition to the Earth’s surface, resulting in an average atmo-
spheric lifetime of about a week.

[60] Radiative forcing over the industrial era (1750—present)
has typically been used (e.g., by the IPCC [Forster et al.,
2007]) to quantify and compare first-order climate effects from
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Figure 1.

Schematic overview of the primary black-carbon emission sources and the processes that

control the distribution of black carbon in the atmosphere and determine its role in the climate system.

different climate change mechanisms. Many of BC’s effects
on clouds and within the cryosphere are not easily assessed
within this framework. These effects result in rapid adjust-
ments involving the troposphere and land surface that lead to
a perturbed energy balance that can also be quantified in units
of radiative forcing. We employ the term “climate forcing” to
encompass both traditional radiative forcing and the rapid
adjustment effects on clouds and snow (Table 2); this is
discussed further in section 2.3.2.

[61] The best quantified climate impact of BC is its atmo-
spheric direct radiative forcing—the consequent changes in
the radiative balance of the Earth due to an increase in
absorption of sunlight within the atmosphere. When BC is
located above a reflective surface, such as clouds or snow,
it also absorbs solar radiation reflected from that surface.
Heating within the atmosphere and a reduction in sunlight
reaching the surface can alter the hydrological cycle through
changes in latent heating and also by changing convection
and large-scale circulation patterns.

[62] A particularly complex role of BC and other aerosols
in climate is associated with changes in the formation and
radiative properties of liquid water and ice clouds. BC
particles may increase the reflectivity and lifetime of warm
(liquid) clouds, causing net cooling, or they may reduce
cloudiness, resulting in warming. Aerosol particles can
change cloud droplet number and cloud cover in ice clouds,

or in mixed-phase clouds made up of both ice and liquid
water. Changes in droplet number may also alter cloud
emissivity, affecting longwave radiation.

[63] BC also produces warming when it is deposited on
ice or snow because BC decreases the reflectivity of these
surfaces, causing more solar radiation to be absorbed. The
direct absorption of sunlight produces warming which
affects snow and ice packs themselves, leading to additional
climate changes and ultimately to earlier onset of melt and
amplified radiative forcing.

[64] An important consideration in evaluating the climate
role of BC emissions is the role of co-emitted aerosols, aerosol
precursors, and other gases. Many of these co-emitted species
arise in the same combustion sources that produce BC. The
greatest emissions by mass include sulfur-containing particles
or precursors, organic aerosols that are directly emitted, organic
compounds that are precursors to aerosols and ozone, nitrogen
oxides that play roles in ozone formation and methane destruc-
tion and are precursors to nitrated aerosols, and long-lived
GHGs. Sources also emit smaller quantities of ionic species
such as potassium and chloride. With the exception of “brown”
organic carbon, non-BC particles absorb little or no light, so
they often cool rather than warm climate. They also play a role
in many, but not all, of the same cloud processes as BC.

[65] In contrast to BC, most other aerosols and precursors
are chemically reactive in the atmosphere. Because of
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Table 2. Definition of Climate Forcing and Response Terms

Forcing Term

Definition

Model Calculation

Climate forcing

Radiative forcing (RF)

Rapid adjustment

Adjusted forcing

Effective forcing

Climate response

Climate sensitivity (1)

Efficacy (E)

Climate impact

Generic term encompassing all forcing types below,
quantifying a perturbation to the Earth’s energy balance
inWm~

RF is the change in the net vertical irradiance at the
tropopause caused by a particular constituent. Usually,

RF is computed after allowing for stratospheric temperatures
to readjust to radiative equilibrium but with all tropospheric
properties held fixed at their unperturbed values. Radiative
forcing without stratospheric adjustment is called
instantaneous.

Globally averaged flux change from the adjustment of the
troposphere and land surface to a radiative forcing while
holding the globally averaged surface temperature constant.”
Energy balance perturbations arise from temperature, cloud,
and constituent changes in the troposphere and from land-
surface temperature and moisture changes. These changes
occur within 1 year after a forcing is applied, usually within
a few days but up to a season in the case of snowpack
changes. For BC, the rapid adjustment to the direct effect is
also called the “semi-direct effect.” The radiative forcing
plus the rapid adjustment gives the “adjusted forcing”

(see below).

Flux perturbation from a given mechanism, allowing for
changes in the stratosphere, troposphere, and some surface
properties but not allowing a full response of global surface
temperatures. This is the sum of a radiative forcing plus its
rapid adjustment.

A radiative forcing or adjusted forcing multiplied by its
efficacy (see below) to give a climate forcing that is
comparable to an equivalent climate forcing from a
pre-industrial to 2x pre-industrial carbon dioxide

change in terms of its globally averaged temperature
response. Effective radiative forcing includes rapid
adjustments, and it also accounts for differences in globally
averaged responses due to latitudinal dependence of forcing.

Large-scale long-term changes in temperature, snow and ice
cover, and rainfall caused by a specific forcing mechanism.
One of the most important climate responses is that of
equilibrium globally averaged surface temperature (A7).

Equilibrium globally averaged surface warming per
W m 2 of forcing (F), either radiative forcing or
adjusted forcing. A=AT/F.

Ratio of the climate sensitivity for a given forcing agent (/;)
to the climate sensitivity for pre-industrial to 2x pre-industrial
CO, changes (i.e., E;=1;/ Acoy). Efficacy can then be used to
define an effective forcing (=E; F;), where F; can either be
radiative forcing or the adjusted forcing.

Regional or local changes in weather and or climate indicators
such as heat waves and storms that impact human livelihoods.

Difference between simulations:

(1) with radiative effect of the constituent change

(2) without radiative effect of constituent change

Held constant: All other tropospheric quantities, including cloud

Difference between models:

(1) with radiative effect of constituent change and changes in
cloud and land-surface temperature

(2) with radiative effect of constituent change and no
tropospheric response

Held constant: global mean surface temperature®

Difference between models:

(1) with atmospheric constituent change and full atmospheric
response

(2) without atmospheric constituent change

Held constant: sea-surface temperatures and/or global mean
surface temperature response”

The efficacy is calculated for the constituent of interest in a
climate model (see below). This is then multiplied by the
associated radiative forcing or adjusted forcing to give the
effective forcing.”

Diagnostics from a global atmospheric climate model, coupled
to either a mixed layer ocean for equilibrium experiments or a
full ocean model for transient experiments

Computed from the climate response and radiative forcing
diagnostics of a equilibrium climate model integration (see above)

Computed from equilibrium climate model experiments with the
constituent of interest, compared these with equivalent climate
model diagnostics for a 2xCO, experiment. Global mean
equilibrium temperature and radiative forcing diagnostics are
needed.

Diagnosed from a climate model integration

“The adjusted forcing can be computed in different ways. Either regression can be used to determine the forcing at zero global temperature change or a
fixed SST model forcing can be modified to account for a change in land temperatures, after Hansen et al. [2005], to give an estimate of the zero global
surface T response forcing, or the fixed SST flux change can be used directly. The semi-direct effect is computed as the difference between the whole at-
mosphere adjusted forcing and the radiative forcing when the aerosol direct effect is included. The adjusted forcing for the cryosphere terms employs a dif-
ferent methodology (section 8.2.)

PFor all changes apart from the snow and sea ice terms, we assume that this effective forcing is the same as the adjusted forcing. This is justified from
Hansen et al. [2005] and Shine et al. [2003] who showed that for most forcings, the rapid adjustment accounted for the non-unity efficacy of the radiative
forcing terms. However, for snow and sea ice changes, this is not the case. Their forcings directly influence surface snow and ice, and because they occur at
high latitudes, the resulting heating is confined to the near surface. These forcings accelerate snow and ice melt, leading to a strong positive surface albedo
feedback. These feedbacks lead to a very high efficacy that their associated rapid adjustments do not account for. Hence, the snow and sea-ice forcings are
scaled to account for their enhanced climate response to give an effective forcing.
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transport and chemical and microphysical transformation af-
ter emission, the atmospheric aerosol becomes a complex ar-
ray of atmospheric particles, some of which contain BC.
Pure BC aerosol rarely exists in the atmosphere, and because
it is just one component of this mixed aerosol, it cannot
be studied in isolation. Compared with pure BC, mixed-
composition particles differ in their lifetimes, interaction
with solar radiation, and interactions with clouds. The
components of these mixed particles may come from the
same or different sources than BC.

[66] The overall contribution of natural and anthropogenic
sources of BC to climate forcing requires aggregating the mul-
tiple aspects of BC’s interaction with the climate system, as
well as the climate impacts of constituents that are co-emitted
with BC. Each contribution may lead to positive climate
forcing (generally leading to a warming) or negative climate
forcing (generally cooling). As discussed in the body of this
assessment, BC impacts include both warming and cooling
terms. While globally averaged climate forcing is a useful
concept, BC concentration and deposition are spatially hetero-
geneous. This means that climate forcing by aerosols and
climate response to aerosols is likely distributed differently
than the forcings and responses of well-mixed GHGs.

2.3. Assessment Terms of Reference

[67] We use the term “scientific assessment” to denote an
effort directed at answering a particular question by evaluat-
ing the current body of scientific knowledge. This assess-
ment addresses the question: “What is the contribution of
black carbon to climate forcing?” The terms of reference of
this assessment include its scope and approach. The primary
scope is a comprehensive evaluation of annually averaged,
BC global climate forcing including all known forcing
terms, BC properties affecting that forcing, and climate
responses to BC forcing. Climate forcing of BC is evaluated
for the industrial era (i.e.,1750 to 2000). A secondary evalu-
ation addresses the potential interest of BC sources for miti-
gation. Therefore, we discuss the analyses and tools required
for a preliminary evaluation of major BC sources: climate
change metrics, net forcing for combined BC and co-emitted
species, and factors relating to feasibility.

[68] Our approach relies on synthesizing results of global
models from the published literature to provide central
estimates and uncertainties for BC forcing. This analysis
was guided by the principles of being comprehensive and
quantitative, described in more detail as follows:

[69] 1. Comprehensiveness with regard to physical effect.
As discussed in the foregoing section, BC affects multiple
facets of the Earth system, all of which respond to changes
in emissions. In evaluating the total climate forcing of BC
emissions, we included all known and relevant processes.
The main forcing terms are direct solar absorption; influence
on liquid, mixed-phase, and ice clouds; and reduction of sur-
face snow and ice albedo.

[70] 2. Comprehensiveness with regard to existing studies.
Multiple studies have provided estimates of BC climate forc-
ing caused by different mechanisms. These studies often rely
on dissimilar input values and assumptions so that the
resulting estimates are therefore not comparable. In order to
include all possible studies, we sometimes harmonized dissim-
ilar estimates by applying simplified adjustments.

[71] 3. Comprehensiveness with regard to source contri-
bution. Atmospheric science has historically focused on
individual pollutants rather than the net impacts of sources.
However, each pollutant comes from many sources, and
each source produces multiple pollutants. Mitigation of BC
sources will reduce warming due to BC, but it will also alter
emissions of cooling particles or their precursors; short-lived
warming gases, such as ozone precursors; and long-lived
GHGs. Multi-pollutant analyses of climate impacts have
been demonstrated in other work, and we continue that prac-
tice here for key sources that account for most of the BC
emissions. We include forcing for other pollutants emitted
by BC sources by scaling published model results. Although
such scaling may yield imprecise estimates of impact, we as-
sert that ignoring species or effects could result in miscon-
ceptions about the true impact of mitigation options.

[72] 4. Quantification and diagnosis. For each aspect of
BC climate forcing, we provide an estimate of the central
value and of the uncertainty range representing the 90% con-
fidence limits. When understanding of physical processes is
sufficiently mature that the factors governing forcing are
known, observations and other comparisons can assist in
weighting modeled forcing estimates. Model sensitivity
studies based on this physical understanding allow estimates
of uncertainty. When the level of scientific understanding is
low, an understanding of the dominant factors is not well
established. In this situation, the application of observations
to evaluate global models is not well developed, and only
model diversity was used to estimate the uncertainty. When
possible, we identified the causes of variation and key
knowledge gaps that lead to persistent uncertainties. In this
pursuit, we highlighted critical details of individual studies
that may not be apparent to a casual reader. This synthesis
and critical evaluation is one of the major value-added con-
tributions of this assessment. The terms of reference require
that new calculations be conducted if and only if required to
harmonize diverse lines of evidence, including differences
between simulations and observations.

[73] The target audience for this assessment includes
scientists involved in climate, aerosol, and cloud research
and non-specialists and policymakers interested in the role of
BC in the climate system. The document structure reflects this
audience diversity by including an Executive Summary
(section 1), individual section summaries, and introductory
material that is required to support understanding of principles.
2.3.1. Assessment Structure

[74] The remaining eleven sections of this document
reflect the scope of this assessment. They include seven pro-
viding in-depth analysis of the science surrounding BC alone
(sections 3 to 9), a climate forcing synthesis (section 10), addi-
tional necessary context for discussions of the net climate forc-
ing from BC-rich sources (section 11), a climate metrics analy-
sis (section 12), and mitigation considerations for BC-rich
sources (section 13). They are described in more detail as
follows:

[75] 3. Measurements and microphysical properties of
black carbon. The assessment begins with a review of BC-
specific properties, including the techniques used to measure
BC. The interactions of BC with the climate system depend
upon its microphysical properties, optical properties, and
mixing with other aerosol components. These govern all im-
pacts shown in Figure 1.
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[76] 4. Emission magnitudes and source categories. The
origins and emission rates of BC are basic components of
understanding its total impact. This section identifies major
sources of BC and those containing high fractions of BC
(i.e., “BC-rich sources”). It also identifies other climate-ac-
tive aerosols or aerosol precursors emitted from these
sources. Finally, data from ambient measurements are
reviewed to evaluate emission estimates and the contribu-
tions of particular source types.

[77] 5. Constraints on black-carbon atmospheric abun-
dance. The burden of BC in the atmosphere and its geo-
graphic distribution are basic quantities that directly affect
all climate forcing estimates. Observations that constrain
the magnitude and location of modeled atmospheric
burdens are discussed here.

[78] 6. Black-carbon direct radiative forcing. The direct
interaction between BC and sunlight unquestionably results
in a net positive radiative forcing of climate. This section
discusses the basic components that affect direct radiative
forcing and the best estimates for each of these components,
and it explores the reasons for differences in published radi-
ative forcing values.

[79] 7. Black carbon interactions with clouds. BC influ-
ences clouds by changing droplet formation and microphysical
properties and by altering the thermal structure of the
atmosphere. BC is not uniformly distributed with altitude in
the lower atmosphere. It directly warms the atmosphere where
it is located and alters atmospheric dynamics, the meteorolog-
ical conditions affecting cloud formation, and the quantity of
clouds. In addition, BC, as well as other particles, influences
the size and number of water droplets and ice crystals in water
and ice clouds through microphysical interactions. All of these
changes produce climate forcing by altering cloud properties.
This section evaluates the magnitude of changes in water
clouds, mixed-phase clouds, and ice clouds. The section em-
phasizes changes caused by BC alone, instead of the more
common examination of cloud changes by all particles.

[s0] 8. Cryosphere changes: Black carbon in snow and ice.
This section evaluates BC that is removed from the
atmosphere both in precipitation and through dry deposition
and, thereby, is incorporated into surface snow and ice, reduc-
ing reflectivity. This initial radiative forcing is amplified by a
series of rapid adjustments. This section evaluates modeled
cryosphere forcing estimates, including discussion of the mi-
crophysical factors that affect radiative transfer in snow and
ice packs, and model choices that affect the amplification of
that forcing through rapid adjustments. The section also com-
pares the sources and magnitudes of modeled cryospheric BC
concentrations with observations and uses this comparison to
scale model estimates of forcing for a best estimate.

[81] 9. Climate response to black carbon forcings. Forcing
is a common measure of radiative impact but of ultimate
concern is the climate response to BC, especially if it differs
from that of other forcing agents. This section discusses the
adjustments in the climate system that affect the efficacy of
the forcing by BC in the atmosphere and cryosphere. It also
reviews the sparse knowledge about how regional and global
climate respond to changes in top-of-atmosphere (ToA)
forcing and atmospheric heating.

[82] 10. Synthesis of black-carbon climate effects. In this
section, best estimates of climate forcing from direct
atmospheric light absorption, microphysical cloud changes,

the rapid adjustment to direct atmospheric absorption, and
the darkening of surface snow and ice by BC are combined
with estimates of the forcing efficacy to estimate the total cli-
mate forcing of BC in the industrial era (1750 to 2000). Total
present-day (i.e., “all-source”) forcing is also given for direct
radiative forcing and snow and ice forcings.

[83] 11. Net climate forcing by BC-rich source categories.
While the preceding sections examine the total climate forc-
ing for BC emissions alone, many other species are co-emit-
ted from BC sources, even when they are BC rich. This sec-
tion examines the total climate forcing of BC-rich sources by
quantifying the forcing per emission of all species from a
given source.

[84] 12. Emission metrics for black carbon. One method
of evaluating mitigation of BC versus mitigation of other cli-
mate-active species like greenhouse gases is to compare
forcing per emitted mass of different compounds in a com-
mon framework. This comparison involves scientific issues
as well as value judgments. This section summarizes metrics
commonly used in climate policy discussions and provides
metrics for BC based on the forcing values summarized in
section 10 for direct use in the policy commu