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Abstract. Carbonaceous and sulfur aerosols have a substarincreasing greenhouse gas concentrations and emissions of
tial global and regional influence on climate, resulting in a aerosols and their precursors.
net cooling to date, in addition to their impact on health and Observational and modeling studies have concluded that
ecosystems. The magnitude of this influence has changethe net radiative forcing from aerosols is negative, resulting
substantially over the past and is expected to continue ton a net cooling impact. This negative forcing has “masked”
change into the future. An integrated picture of the changingsome of the positive forcing from greenhouse gases (Wigley,
climatic influence of black carbon, organic carbon and sul-1989; Charlson et al., 1991, Kiehl and Briegleb, 1993; Taylor
fate over the period 1850 through 2100, focusing on uncer-and Penner, 1994). As found by historical pattern-matching
tainty, is presented using updated historical inventories andtudies (Santer et al., 1995), this aerosol influence is criti-
a coordinated set of emission projections. We describe, ircal to explaining the historical spatial and temporal patterns
detail, the aerosol emissions from the RCP4.5 scenario andf temperature change. The complex behavior of aerosols in
its associated reference scenario. While aerosols have hadthe atmosphere, particularly with respect to clouds, gives rise
substantial impact on climate over the past century, we showo substantial uncertainty in aerosol forcing. While coupled
that, by the end of the 21st century, aerosols will likely be atmosphere—chemistry models can, in principle, consistently
only a minor contributor to radiative forcing due to increasesestimate forcing from all components, these estimates vary
in greenhouse gas forcing and a net global decrease in polwidely (Kiehl, 2007; Schulz et al., 2006). In addition, not all
lutant emissions. This outcome is even more certain undemodels include all forcing components, and the emission-to-
a successful implementation of a policy to limit greenhouseforcing relationships as embodied in these models may not
gas emissions as low-carbon energy technologies that do naover the entire range of potential forcing.
emit appreciable aerosol or $@re deployed. We aim in this work to examine the net influence of
aerosols on climate over the period 1850 through 2100, fo-
cusing on how uncertainty in current aerosol forcing impacts
trends and the relative importance of aerosol forcing to that
1 Introduction from greenhouse gases over time.

Aerosol species considered in this paper include the ma-
Human activities, particularly fuel combustion and land-usejor components of submicron particles: sulfate, black carbon
changes, have altered the composition of the atmosphere, r¢gC), and organic carbon (OC). Of these species, black car-
sulting in changes in tropospheric and stratospheric 0zongon has positive direct forcing, and sulfate and organic car-

levels, aerosol loadings, and greenhouse gas (GHG) corpon exert negative forcing. Additional species and interac-
centrations. Radiative forcing of climate has been impactedions also play a role, as will be discussed below.

in numerous ways by these changes, most notably through
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Section 2 below discusses the historical emissions used in Global SO, Emissions
this analysis, followed by a discussion of the future emis- 140000 { ==suppine === buitings _
sion scenarios in Sect. 3, with a particular focus on carbona- |, | " v ’ \
ceous aerosol emissions. The methodology for estimating AEWBum = Forsss S
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aerosol forcing is discussed in Sect. 4. Radiative forcing from ¢
aerosols is then assessed for a 250 yr period using a set of’ 80000
simple relationships between emissions and aerosol forcingz ,y |
that allow a wide range of bounding cases to be considered..g
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Historical emissions of anthropogenic sulfur dioxide for [ ndusty
1850-2005 are taken from Smith et al. (2011). This esti- 8000 | ™= Encray — ST
mate of global emissions has annual resolution and consid-5 AgWBum === Forests
ers all sources. Black and organic carbon emissions for each oo {—— e REAS
decadal year from 1850 to 2000 are from Bond et al. (2007)
as updated in Lamarque et al. (2010). Values for 5yr inter-
vals were interpolated using trends from Bond et al. (2007).
Historical estimates of BC, OC, and $@missions from 2000
open biomass burning (Van der Werf et al., 2006; Schultz et

al., 2008; Mieville et al., 2010) and agricultural waste burn- 01850 100 1050 2000 2050 2100
ing are described in Lamarque et al. (2010) and Smith et Year

al. (2011).

While anthropogenic S©emissions in 1850 are small Fig. 1. Top: historical and future sulfur dioxide emissions. Future
(2% of year 2000 emissions), BC and OC emissions argemissions gnder the GCAM reference (nq cIi.mate policy) scenario
more significant, 20% and 40% of year 2000 emissions®® shown in the sha_ded region. T_otal emissions unde_r the RCP4.5
in the inventory used here. Year 1850 anthropogenic BCcllmate policy scenario are shown in the black dashed line. Bottom:

doC . | | L f bi (I(}istorical and future black carbon emissions under the GCAM ref-
an emiSsSIons are largely émissions Irom DIOMAss USeQo ¢ ang climate policy scenarios. The grey dotted line shows the

in the residential sector for heating and cooking (Bond etygsymed preindustrial BC open burning emissions (see text). Note
al., 2007). Building biomass consumption is estimated US+hat the building sector includes residential and commercial build-
ing per-capita consumption assumptions (Fernandes et alings (see ESM for sector definitions).
2007). Both biomass consumption and emissions factors at
this point in the past are uncertain; although there is more
confidence in the trends from 1850 to 1900 than the absolutgions were also significant even in 1850, due to the use of
magnitudes. biomass and coal for residential cooking and heating.

Starting in 1850, global emissions show a general increase OC emissions are dominated by open burning (forests and
through the industrial period, driven in large part by fuel grasslands) and the buildings sector (Figs. S2 and S5) and
combustion in industry and power plants for S@nd coal increased over the latter half of the 20th century, largely due
and biomass consumption in the residential sector for BCio increased deforestation.
(Fig. 1). There was a particularly rapid increase in&@is- Global sulfur emissions are relatively well known, with
sions from 1950 through 1970, driven largely by emissionsglobal uncertainty estimated to be in the range of 8-14 %
from electric power plants. Global S@missions peaked in  over the 20th century (Smith et al., 2011). Uncertainty in
the 1970s as emission controls began to be widely deploye@lack carbon emissions is much larger, with an estimated
and have generally declined since. Although emissions intange in 1996 of-150 % to—30 % (Bond et al., 2004).
creased slightly from 2000 to 2005, they have subsequently
declined (Klimont et al., 2013).

The 20th-century increases in BC emissions started a bi§  Eyture emissions
later, driven by increased emissions from the transportation
and industrial sectors and increased forest fire emissions. UrB.1  Future emission scenarios
like sulfur dioxide, global anthropogenic black carbon emis-
sions do not appear to have peaked as of the latest inveriFhe scenarios used here were developed using the Global
tory estimate for 2000. Anthropogenic black carbon emis-Change Assessment Model (GCAM) as part of the
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Representative Concentration Pathways (RCP) processesarbon emitted by fossil fuel use (Wise et al., 2009), which
which provided scenarios to be used for climate researchresults in a reversal of deforestation trends in the RCP4.5 sce-
including international model intercomparison exercisesnario to net reforestation over the 21st century. This results in
(Moss et al., 2010). We use two scenarios, a “reference’a net decreases in aerosol emissions from burning associated
and a “climate-policy” scenario, described in Thomson etwith deforestation.
al. (2011).
The GCAM reference scenario is a self-consistent path-3.2 Future sulfur dioxide emissions
way of long-term global and regional developments in the
energy and agricultural systems, with no specific actions toGlobal sulfur dioxide emissions (Figs. 1, S2, S3) are simi-
slow emissions of greenhouse gases (see electronic suppl&ar to those of Smith et al. (2005), using an earlier version
mentary material, ESM). Emissions of local air pollutants of this model. In this new projection, total global emissions
are simulated within these scenarios in an aggregate marbegin declining by 2020 as compared to after this point in
ner, with emission controls assumed to increase as incomegsrevious scenarios. Emissions fall to 42 Tg Sy the end
increase (Smith and Wigley, 2006). Historical trends indicateof the century in the reference scenario.
that, as incomes increase, concern about traditional air pollu- In the case of a successful climate policy implementation,
tants rises and the ability to reduce them is improved. Thes@as assumed in the RCP4.5 scenario, most coal use by end
effects are implemented in the GCAM at the fuel and sec-of the century shifts to technologies that incorporate carbon
tor levels by using emission factors that decrease as a funaapture and geologic storage (CCS), which has inherently
tion of income (Smith et al., 2005; Smith, 2005; see ESM).low SO, emissions. Anthropogenic emissions fall to 23 Tg
As incomes increase, we assume that the aggregate emiSO, by 2100 in the RCP4.5 policy scenario, a level not seen
sion factor within each sector decreases, becoming similasince the beginning of the 20th century.
at high-income levels. This decrease represents more strin- The future trends in these scenarios are dominated by
gent pollution control standards over time, given that GCAM China, currently the largest emitter of sulfur dioxide. In these
does not represent individual pollution control technologiesscenarios, emissions in China peak around 2020 and then fall
(although different energy supply and demand technologiesubstantially, replicating the general pattern seen historically
are represented). This treatment captures expected behavian, for example, Western Europe. The GCAM reference sce-
consistent with historical evidence given the assumed growtario appears to be too pessimistic regarding sulfur dioxide
in regional incomes. The representation in GCAM is further emissions controls in China, where emissions appear to have
discussed in Smith et al. (2011, Sect. S4). already peaked (Li et al., 2010; Lu et al., 2011). GlobapSO
The GCAM emission projections using this approach areemissions in the RCP4.5 scenario projection for 2010 are
broadly similar to those from other long-term models (van close to recent estimates (Klimont et al., 2013). The RCP4.5
Vuuren et al., 2011; Riahi et al., 2011), although there arescenario may, therefore, present a more realistic picture of
differences in detail. These results can also differ from thenear-term climate forcing trends regarding ;S@missions
projections of more detailed models that contain more spethan the reference scenario.
cific technology detail, particularly over shorter timescales
of 1-2 decades (e.g., Yan et al., 2011, see below). 3.3 Future carbonaceous aerosol emissions
The RCP4.5 climate policy scenario begins with all the as-
sumptions in the reference scenario, and adds a carbon prigglobal BC emissions peak in 2035 in the reference case sce-
in all sectors such that total radiative forcing in 2100 sta- nario and decline to slightly below current levels by 2050. By
bilizes at 4.5W 2 by 2100 (Thomson et al., 2011). En- 2100, global BC emissions decline to 5300 Gg¥yrsimilar
ergy prices increase, which induces both decreases in ende estimated emissions for 1970.
use service demands but also induces shifts to more efficient Over the first half of the 21st century, continued emis-
technologies. The addition of a carbon price induces shiftssions from the building and industrial sectors and emission
in technology choices, including a shift in electric genera-increases from deforestation result in a net increase in BC
tion toward renewable, nuclear, and fossil energy with CCS;emissions in the reference scenario (Figs. 2, S2, S5). After
and shifts in end-use sectors toward electricity and biomasg035, emissions decline, due in part to the replacement of
fuels (Clarke et al., 2007; Thomson et al., 2011). The samébuilding sector biomass and coal with cleaner and more con-
emission factors were assumed for the climate policy scevenient fuels. Emission decreases in Asia and Africa mirror
nario such that any reduction in fossil fuel use results in asimilar decreases historically seen in North America, Europe,
further reduction in pollutant emissions. and Japan. The second half of the 21st century also exhibits
In these scenarios, emissions from forest and grasslandecreases in emissions from the industrial sector as indus-
burning are determined by land use and rates of deforestarial activities are assumed to move away from smaller, less-
tion. Changes in fire frequency due to changes in climate arefficient operations to more efficient, and generally larger-
not considered. The climate policy scenario also assumes thatale, technologies. Emission decreases in the transportation
carbon in terrestrial ecosystems is valued at the same level asector occur as more stringent emission controls eventually
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Global Black Carbon Emissions When compared to the reference scenario, emissions of all
40 Rond Transp aerosols and precursors are lower under a climate policy sce-
:<dd]1 qario, as shown in .Fig. 1 dye to decrease; in F:oal consump-
w“ open Buming tion and increases in the price of_comme_rmal biomass, which
’ —4—Other Sectors reduces direct end-use combustion of biomass.

Early in the 21st century, much of the reduction in black
carbon emissions in the climate policy scenario is due to de-
creased open burning associated with deforestation (Fig. S5).
By the end of the 21st century, most black carbon emission
reductions come from energy-related sectors. Most of the
change in organic carbon emissions under a climate policy
is due to changes in open burning, due to the assumption that
terrestrial carbon is valued at the same rate as fossil fuel car-

Emissions (Tg BC/year)

00 . . . . . . . . .
2000 2010 2020 2030 2040 2050 2060 2070 2080 2090

Year bon. In contrast, almost all the change in;Snissions due

to a climate policy are from changes in fossil fuel combus-
Fig. 2. Global black carbon emissions by sector under a referencgjgn.

case (solid lines) and RCP4.5 policy scenario (dotted lines).

Future emissions in this reference case are still higher in
2100 than in 1850 for BC (and S@ Even in the RCP4.5
policy scenario, emissions are higher in most sectors in 2100
outpace demand growth. The rate of deforestation also everas compared to 1850. The only exceptions are BC and OC
tually slows as the rate of agricultural yield improvement be- emissions from the buildings sector, which are lower in 2100
comes sufficient to match growth in food demand. While all than in 1850 due to use of technologies with lower emission
of these changes are consistent with historical tends, their imfactors.
plementation implies sufficient investment along with neces- There are few long-term global scenarios of carbonaceous
sary changes in infrastructure. emissions to compare with these projections. The GCAM

While global BC emissions from the transportation sectorvalues are similar to global and regional values for the other
eventually begin to decrease, this decrease doesn't occur ulRCP scenarios, with a slightly lower global near-term peak
til later in the century. BC emissions from transport fall in than the RCP2.6 scenario (Masui et al., 2011; Riahi et al.,
OECD countries, while there is a general increase in devel2011; van Vuuren et al., 2011). Global BC and OC emis-
oping countries. The approximate date of the emission peakions in the reference scenario are larger in 2030 and 2050
for road transport in the reference scenario is 2035 for Souttihan any of the scenarios in Streets et al. (2004); see ESM.
and East Asia, 2050 in India, and 2070 in Africa (Fig. S6). The RCP4.5 emissions were also similar to several near-term
While emission factors in GCAM are assumed to decreasecenarios for Asia in 2030 (Streets et al., 2010), although all
over time, this decrease is countered with increased transef these newer scenarios were also higher than the estimates
portation demands. Liquid fuel consumption for road trans-by Streets et al. (2004).
port in developing countries doubled from 1990 to 2005 and,
in this scenario, doubles again by 2035, and yet again by
2080. Emission factors in all regions eventually converge to4 Radiative forcing by aerosols
values below current OECD averages (see ESM).

Road transport emissions in the GCAM scenario are twice4.1 Radiative forcing parameterizations
as large in 2050 as the B2 scenario from Yan et al. (2011), pri-
marily due to larger fuel consumption growth in GCAM from In order to examine the past and future role of aerosols we
2030 to 2050, but also due to a somewhat lower rate of ageonstruct estimates of global top of the atmosphere (TOA) ra-
gregate emission factor decrease in the GCAM scenario (sediative forcing for each aerosol component. For well-mixed
ESM). The Yan et al. (2011) emission projection, in turn, hasgreenhouse gases and reflecting aerosols, the use of radiative
a slower relative decrease in emissions over time comparetbrcing as a metric to compare climate implications, specifi-
to other similarly detailed projections due to consideration ofcally temperature change, of different substances is accurate
“super-emitters” and the assumption of a later introduction ofto about+25 % (Berntsen et al., 2006; Forster et al., 2007).
emission controls in Africa. While the relationship between forcing and climate change

Organic carbon emissions are dominated by open burnindor the absorbing aerosol black carbon differs more substan-
(forests and grasslands) and the buildings sector. Total emigially from that for greenhouse gases, radiative forcing is still
sions increase over the next several decades in the refereneereasonable measure of the relative impact of black carbon
scenario due to continued emissions from these sources, witbn planetary energy balance.

a substantial increase in deforestation rates near mid-century We will define high, medium, and low estimates of year
in the reference scenario (Figs. S2, S4). 2000 forcing from S@, BC, and OC and cloud indirect
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Fig. 3. Radiative forcing ranges for black carbon, organic carbon, sulfate aerosol, and indirect cloud forcing estimated by combining historical
emissions estimates plus future emissions under the reference case scenario.

effects, with total aerosol forcing constrained using obser-open burning. This has little impact on the results due to the
vational and pattern matching studies. This will allow an as-small absolute value for forcing in 1850 (see below).
sessment of the implications of forcing uncertainty on past We parameterize cloud indirect forcing as proportional to
and future aerosol forcing pathways. When combined withthe natural log of total aerosol and precursor emissions (BC
the emission scenarios described above, forcing pathways- OC + SO,) in order to represent saturation of this forc-
from 1850 to 2100 are obtained for each forcing componenting effect as emissions increase (e.g., Harvey and Kaufmann,
as shown in Fig. 3. To illustrate plausible ranges of past and2002). Sulfate burden is represented as mass gf8(@e the
future aerosol forcing pathways, all combinations of high-, factor of 1.8 difference in mass between Sahd sulfate is
medium- and low-forcing assumptions for these four forcing offset by the fact that only about half of g@missions forms
components are constructed, giving 81 forcing cases. sulfate. This parameterization does not capture numerous po-
Direct forcing was assumed to be proportional to globaltential complications such as spatial dependences, chemi-
anthropogenic emissions for each aerosol species separatebal transformations (e.g., aging), interactions between differ-
By definition, forcing is a difference between a perturbed ent aerosol components, and different atmospheric lifetimes.
state and a background state, which is usually assumed tblodel and observational studies, however, have not explored
be preindustrial. Emissions are substantial even in 1850 fothese relationships sufficiently to provide a more complex
both black and organic carbon, due to emissions from foresparameterization. Indirect forcing is uncertain, resulting in
and grassland fires and use of biomass in the residential setarge differences between models and between models and
tor. We define the preindustrial reference level for carbona-observational estimates (McComiskey and Feingold, 2008;
ceous aerosols from open fires as the 1900 emission lev&Duaas et al., 2008; Penner et al., 2011; Wang et al., 2011).
from Lamarque et al. (2010) because this is the earliest value High, medium, and low values for sulfur dioxide and cloud
available in this time series. This value is larger than theindirect effects are drawn from Forster et al. (2007). Forcing
preindustrial value used in Schulz et al. (2006). The choiceper unit emission for BC and OC is from Bond et al. (2011),
of the preindustrial value from which forcing from carbona- with contained and open combustion emissions weighted to
ceous aerosol emissions is calculated has only a modest inmatch the year 2000 RCP base-year emissions used here.
pact on the results because of cancelation between BC anBorcing from BC on snow is included in the BC direct com-
OC forcing from open burning. ponent used here. While the forcing estimates in Forster et
For simplicity, we present forcing values calculated to beal. (2007) are nominally for year 2005 forcing, aerosol emis-
relative to a state with no anthropogenic emissions, not relasion estimates assessed in Forster et al. (2007) were updated
tive to a specific year. Anthropogenic emissions are definedo the year 2000 at latest, so 2000 is used as the base year
as total emissions minus the assumed preindustrial value fdior forcing calculations. The forcing ranges are shown in Ta-
ble 1. Forcings per unit emission have around a factor of
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Table 1. Assumed range for radiative forcing. Year 2000 anthro- ing this analysis to incorporate emission uncertainty would
pogenic emissions (total emissions — assumed preindustrial baseequire an explicit representation of uncertainties for com-

line) are BC: 5.7 TgC; OC: 17.4TgC; $0111 TgSQ. mon driving forces and emission factors for the three emis-
sions considered (BC, OC, and §0Qand this was beyond
Year 2000 Forcing the scope of the present study. The aerosol-forcing trajecto-
Low Medium High ries presented here, therefore, represent a plausible range of
forcing, given the historical and future evolution of aerosol
Global 2000 Forcing (W m?) emissions as represented in the scenarios used here.
BC 0.23 0.40 0.57 While all components are uncertain, the largest absolute
oC -0.11 -0.056 -0.025 range is for the cloud indirect effect, followed by black car-
SO, Dir —0.60 -0.40 -0.20 bon and sulfate direct forcing (Fig. 3). The direct forcing
Cloud Indir ~ —1.2 -0.70 -0.30 from black and organic carbon and sulfate over time follow

directly from emissions pathways. Black carbon is the largest

Average Unit Forcing (mwWm2Tg—1
9 A 9 contributor to forcing uncertainty in the mid-19th century as

BC 40 70 100 anthropogenic emissions were significant even at this point
oc —6.3 —3.2 -14 in time. Direct forcing from sulfur dioxide is relatively small
SO, Dir -5.4 —-3.6 —-1.8

until the mid-20th century. Black carbon and sulfur dioxide
forcing increase significantly in the last half of the 20th cen-
tury. In this reference case scenario black carbon forcing re-
two uncertainty. Although the emission-to-forcing relation- mains substantial until it declines to 50-60 % of the 2005
ship for aerosols varies by region (Berntsen et al., 2006yalue by the end of the 21st century. Forcing from sulfur
Koch et al., 2007; Bond et al., 2011) and possibly by climatedioxide decreases over the 21st century in the reference sce-
state, forcing relationships are assumed to be identical for alhario, with a relatively rapid global decrease by mid-century.
sources, regions, and time periods in this work, as regional Indirect (cloud) forcing is very uncertain and is poten-
differences are lower than overall uncertainties. Total aerosotially significant during the entire historical and future period
forcing is assumed to be equal to the sum of the four forcingconsidered. The assumption of a logarithmic dependence on
components (Skeie et al., 2011). emissions results in a cloud indirect forcing that is still sub-
Bond et al. (2013), hereinafter “Bounding-BC”, recently stantial by the end of the 21st century even though &0is-
assessed carbonaceous aerosol forcing. High and central B&ons have dropped by 60 % from 2000 to 2100. At present,
values of direct forcing per emission used here (Table 1)sulfate is the dominant anthropogenic aerosol, and this re-
are similar while the Bounding-BC lowest value is smaller, mains the case throughout the 21st century. In terms of an-
which would lead to a slightly larger range of overall forc- thropogenic emission mass, 59 70—-80 % of the total (SO
ing in our sensitivity studies below. The direct forcing-per- + BC + OC) emission by mass over 2000-2100 in the ref-
emission values in Bounding-BC were also drawn from Ae-erence scenario, and 80-90 % in the RCP4.5 climate policy
roCom models; they differ from the values used in this work scenario. This fraction decreases prior to 1950, and by the
mainly because Bounding-BC employed emission scalingstart of our analysis in 1850 anthropogenic OC emissions,
and emissions were increased in regions where aerosol hddrgely from residential heating and cooking use, are compa-
shorter lifetimes. rable to SQ emissions (although the uncertainty in OC emis-
The central OC direct forcing value in Bounding-BC is sions at this point is very large). Analysis of the strength of
40% more negative than that used here, and the low/highhe indirect effect over time from models that include multi-
range is also slightly (20-30 %) wider in the Bounding-BC ple relevant species would provide valuable guidance for the
report. The net effect is a potentially lower overall forcing development of improved parameterizations of this effect.
from BC 4+ OC. This could change some of the details of Nitrate and secondary organic aerosol (SOA) will also
our results; however, since organic carbon forcing is veryimpact forcing. While nitrate aerosol forcing is currently
small compared to BC and $Qorcing (Fig. 3), altering  thought to be relatively small, its role seems likely to become
the forcing-per-emission for OC makes a small difference inmore important in the future as sulfur dioxide emissions de-
overall forcing trajectories. crease (Liao and Seinfeld, 2005; Bellouin et al., 2011). Bel-
A large part of the reason for higher black carbon forcing louin et al. (2011) find that nitrate aerosols increase nega-
in Bond et al. (2013) is the finding that BC burden needs totive aerosol forcing by 0.2 W r? from 2000 to 2090 for
be increased to match atmospheric observations. Bond et alhe RCP4.5 scenario, which means that aerosol cooling could
also increased the OC burden proportionately, which resultbe slightly underestimated in the projections developed here.
in smaller increase in net forcing as increased negative OQ/yhre et al. (2009) find current anthropogenic SOA forc-
forcing offsets somewhat the increased BC forcing. ing to be—0.09 W nT2. Since anthropogenic NMVOC emis-
Emissions of aerosols and precursor components, particusions decline over the 21st century in these scenarios, anthro-
larly for carbonaceous aerosols, are also uncertain. Extendaogenic SOA forcing may decline, although SOA would also
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Table 2. Total aerosol forcing ranges (see text) estimated from sev-with observed temperature change to date (Andronova and
eral studies. Except where noted, ranges represent a 5-95 % rang&chlesinger, 2001; Forest et al., 20706)
Comparing these estimates is complicated by differences

Total Aerosol Forcing in the time period covered. The start of the time period con-
Source Low Central  High sidered varies from 1765 to 1880, while the ending point
Murphy et al. (2009) —@ 19  -11 03 varies from.1997 to 2007. A cha_nge in the start of the prein-
Andronova and Schlesinger (2001) -1.3  -09 —-05 dustrial period could result in a difference of up to 0.2 Wn
Stott et al. (2006) -14 -09 -04 in the preindustrial baseline. An additional issue is that many
Forest et al. (2006) 0.7 -05 01 of the methods considered assume either normal or at least
Shindell and Faluvegi (2009) -1.8 -13 -0.8*

symmetric uncertainty bounds, which may not be realistic

assumptions (e.g., Andronova and Schlesinger, 2001).
Given the difficulties in comparing these different stud-

ies, we select bounding values that are inclusive rather than

be impacted by any changes in biogenic emissions due to futestrictive. We choose low and high bounding values as the

Composite total aerosol (used herein) —1.6 -0.4

* Values exclude from calculation of the composite range used in this work.

ture land-use and climate changes. average of the low and high values from the studies in Ta-
ble 2, excluding one outlier value in each casexcluding
4.2 Total aerosol forcing constraints the outlier values widens the resulting range, which is ap-

propriate given the lack of agreement between these stud-
We discuss in this section constraints on total aerosol forcies. The result is a range for total aerosol forcing—f.6
ing. Boucher and Haywood (2001) and Forster et al. (2007to —0.4 W n2. This range is smaller than that from Forster
independently combine ranges for each forcing componengt al. (2007) which is not constrained by observations and is
to estimate a 90 % range for circa 2000 aerosol forcing oflarger than the range found in climate models (Kiehl, 2007).
—2.2to—0.5WnT2, with a central value of-1.3W n12, Note that some of the model values did not include aerosol
This range, however, is not constrained by observations (Anindirect effects. While this procedure is somewhat subjective,
derson et al., 2003). A number of studies have attempted t@ more complex methodology is not warranted given the dif-
constrain aerosol forcing using observations, as summarizeterences between the study approaches and their substantial
in Table 2. disagreement in terms of bounding values.

Murphy et al. (2009), who use observational data and en- The estimates in Table 2 are also, formally, not estimates
ergy balance calculations to constrain total aerosol forcingof aerosol forcing but of forcing from all factors not ex-
estimate a total aerosol forcing contribution ef..14+0.4 plicitly accounted for in each specific analysis (or, at least,
(1) Wm~2 over the period 1970-2000. This calculation is factors that are statistically similar to aerosol forcing). All
particularly useful because it is not based on modeling re-of these studies account for the forcing from solar irradi-
sults. ance changes, volcanic aerosols, and tropospheric and strato-

A number of attribution, or inversion, studies, which sta- spheric ozone. A number of additional effects, however, can
tistically evaluate the match between modeled patterns otomplicate the comparisons including so-called semi-direct
climate change and observations, have found that a neforcings (Andrews and Forster, 2008) and forcings due to
negative aerosol forcing is required to match observationsland-use changes and stratospheric water vapor changes. A
The inversion studies generally consider temperature recordseanalysis of these literature results taking into account the
over most of the 20th century, which includes the observedslightly different boundary conditions in each study would
changes from 1950 to 1970, a period of rapid aerosol in-be helpful, but is beyond the scope of this present work.
crease. While the central values of the studies in Table 2 Finally, further discussion in this paper addresses forcing
are similar, except for Forest et al. (2006), the boundingfrom sulfate and carbonaceous aerosols and cloud indirect
values are less well defined. Stott et al. (2006) estimate a&ffects. To obtain bounds for the combination of these com-
90 % bound for net aerosol forcing 6f0.4 to—1.4 W n1 2, ponents, we need to account for the contributions from min-
which is noteworthy for combining results from three Gen- eral dust and nitrate aerosols, which are together estimated
eral Circulation Models (GCMs). Overall, the high bound to have an anthropogenic forcing-eD.2 W n2, albeit with
(small absolute value) from these studies ranges frairl
to —0.8Wn12, and the low bound (large absolute value)

1We note that Hansen et al. (2011) assume that aerosol forcing

ranges from—0.7 to —1.9WnT2. The net result is a large was constar_lt from ;970 to 2000, while qur ceptral e_sﬂmate is that
aerosol forcing declined by 20 % over this period. It is not clear if

uncertainty in the bounding values tota}l forcing. this can explain the difference between the Hansen et al. aerosol
We have not included the recent estimate from Hansen efy(cing estimate and the other studies cited here.

al. (2011), which is based largely on data from 2005 to 2010.  2yye exclude from the average the low bound from Forest et
Hansen et al. (2011) derive a central value for aerosol forcing|. (2006) and the high bound from Shindell and Faluvagi (2009)
of —1.6Wn12. This is larger than the central values from since these values are closer to the average central value than the
previous estimates (Table 2) and also difficult to reconcilebounding values from the other studies.
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Global Aerosol Forcing-RCP4.5 outside the observational estimate of total forcir@.2 to
05 05 —1.6 W n12 averaged over 1970-2000, were removed from
Tk Btk e G A Forog the analysis (see ESM).
Thick Grey Line - Total GHG Forcing (imverted) Global forcing from greenhouse gases is also shown for
- = comparison (with scale inverted), using values from the

MAGICC model (Thomson et al., 2011). GHG forcing in
this work is taken to be the sum of forcing from well-mixed
GHGs (CQ, N20O, CHs, and fluorinated gases) and tropo-
spheric ozone.

The range of aerosol forcing is summarized over several
time periods in Table 3. In 1850, net aerosol forcing is dom-
inated by direct forcing from black carbon and cloud indi-
Aerosol & GHG GHG Forcing [~ rect effects. These are of opposite sign, and both uncertain,
e mportant | Dominant leading to a small net forcing in this year. Greenhouse gas
forcing of 0.3 W n1?2 in 1850, dominated by Cand CH,
forcing, is larger than net aerosol forcing. During the last half
of the 19th century there was an increase in net aerosol cool-
5 so ing effectin most cases, i.e., a forcing change over this period

1850 1900 1950 2000 2050 2100 ranging from 0 to—0.3 W n2, depending on aerosol forcing
Year assumptions (Table 3).
Fig. 4. Total aerosol forcing, including sulfate, black carbon, or-  1he net negative forcing by aerosols increased further dur-
ganic carbon, and cloud indirect, for different combinations of cur- ing the first half of the 20th century by an additior0.1 to
rent period forcing assumptions as shown in Table 1 for the RCP4.5-0.5 W n-2, again depending on aerosol assumptions. The
policy scenario (with different colors for each forcing combination). ratio of aerosol to greenhouse gas forcing over this period
The central forcing case is shown as the thick black line, and globaranged from negligible to 80% of greenhouse gas forcing
forcing from greenhouse gases (&@H, N20, halocarbons, and  offset by aerosols (Fig. S10).
tropospheric ozone) is also shown for c.omparison on an inverted Aerosol emissions and the resulting cooling increased
scale. Note the post-2050 change of vertical scale for GHG forcing o\ /e further from 1950 to 1970. All cases exhibit an increase
in negative forcing over this period, ranging fror0.2 to
—0.8Wn12. The increase in aerosol forcing from 1950 to
a large uncertainty range (Forster et al., 2007). Again wish-1970 brings the central estimate of total aerosol forcing to
ing to be inclusive, we set the allowed range for total forcing nearly 70 % of estimated forcing from greenhouse gases. The
from the components considered in this paper te-ie6 to  ratio of aerosol to GHG forcing varies from 20 % to 100 %
—0.2Wn1 2. This retains-1.6 W nt2 as one bound, implic-  over the 1950-1970 period, depending on aerosol forcing
ity assuming these additional components are negligible inassumptions. Increasing aerosol forcing over this period ap-
this case, but shifts the other bound to allow for the possibil-pears to have contributed to flattening of global temperature
ity that very low absolute forcing from the components con- increase over this time, which provides a portion of the ob-
sidered in this work could be augmented by additional negaservational constraint on total aerosol forcing (Table 2).
tive forcing from mineral dust and nitrate aerosols. Changes During the last three decades of the 20th century, a de-
in other forcings over this period, such those associated witltrease in sulfur dioxide emissions, combined with continued
stratospheric water vapor and land-use changes, could alsemissions of black carbon, results in a range of net forc-
impact aerosol forcing estimates. We have not attempted téng changes. Depending on the assumed strength of the dif-
take such changes into account, particularly given the differferent components, net aerosol forcing from 1970 through
ent methodologies used in these works, and this might ad®000 ranges from nearly no change to+8.4W n12 in-

o
=)

-0.5 1 105

Total Aerosol Forcing
Total Greenhouse Gas Forcing

W
W

45 A 45

additional uncertainty. crease in radiative forcing, or net warming. Warming is as-
sociated with high or medium black carbon forcing together
4.3 Global radiative forcing pathways with low—medium assumptions for sulfur dioxide and cloud

indirect forcing.
A variety of total net aerosol forcing pathways result from As the 21st century proceeds, aerosol forcing decreases
the large uncertainty in individual components plus the ef-and greenhouse gas forcing becomes the globally dominant
fect of adding uncertain negative and positive componentsforcing agent. While the absolute magnitude of total aerosol
Figure 4 shows the set of forcing pathways that result fromforcing ranges from 5 to 50 % of the forcing from greenhouse
linearly combining the three direct forcing components with gases in 2000, this range decreases to 0-15 % of the RCP4.5
cloud indirect forcing for combinations of high-, medium- forcing in 2050, and 0—7 % by 2100. Even in a counterfac-
, and low-forcing assumptions. Ten pathways with forcing tual case where aerosol emissions remained at their 2000
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Table 3.Central and range for estimated change in aerosol forcing,(BO, OC, cloud indirect) over specific time periods, for the reference
and RCP4.5 policy scenarios. Total greenhouse gas forcing in the RCP4.5 scenario (see Fig. 4) is also shown.

Historical Reference | RCP4.5

Aerosol Forcing Change (Wn#) | ‘
1850-1900 1900-1950 1950-1970 1970-2000 ‘

2000-2050 2050-2100 2000—21(])(2000—2050 2050-2100 2000-2100

Maximum 0.0 -0.1 -0.2 0.4 0.5 0.4 0.8 0.7 0.4 11
Median -0.1 -0.3 -0.5 0.2 0.3 0.2 0.5 0.4 0.2 0.6
Minimum -0.3 -0.5 -0.8 0.1 0.1 -0.1 0.1 0.1 0.0 0.1

Absolute Aerosol Forcing Relative to Preindustrial \

1850 1900 1950 1970 200D 2050 2100 | 2050 2100
Maximum 0.1 0.1 0.0 -02 00 0.2 0.1 0.1 0.1
Median 0.0 -0.2 -0.5 -10 -08 -05 -0.3 -0.3 -0.1
Minimum -0.1 -05 -1.0 -19 -17 -12 -0.7 -0.9 -0.4
GHG Forcing 0.3 0.6 11 16 2 5.1 7.4 45 4.7

values, aerosol forcing would be only 0—20 % of referencefrom energy and industrial activities. The net impact of land-
case GHG forcing in 2100. Note that global S&mnissions  use aerosol emissions is relatively small in terms of global ra-
in 2010 are estimated to be below year 2000 values (Klimontdiative forcing because the positive radiative forcing of black

etal., 2013). carbon from open burning is largely offset by the negative
The net change in aerosol forcing over the 21st centuryforcing from organic carbon emissions.
is positive in all cases, ranging from0.1 to +0.8 W 2 Because emissions resulting in both positive and nega-

in the reference scenario. That is, the reduction in the largeive forcing decrease in the policy scenario relative to the
negative forcing due to aerosols causes a positive net changeference scenario, the net effect depends on aerosol forc-
in forcing over this period. By the end of the 21st century, ing assumptions. Aerosol forcing responds more quickly to
net aerosol forcing relative to preindustrial conditions rangesemission changes as compared to GHG concentrations, so
from +0.1 to—0.7 W n2, while GHG forcing increases to the change in aerosol forcing can be a substantial fraction of
>7 W m2 in the reference case. greenhouse gas forcing change in early years (Fig. S12).
The latter part of the 20th century marked an important In most cases, aerosol emission changes due to a climate
transition in the history of anthropogenic forcing. Prior to policy result in a positive forcing change, or warming, rela-
this period, aerosol forcing played a key role in the net ra-tive to the reference case. Even in the case with the strongest
diative balance, as net negative aerosol forcing offset a sigtotal aerosol cooling, however, the reduction in greenhouse
nificant portion of greenhouse gas forcing. From about 1970gas forcing exceeds the additional warming due to aerosol
the combination of aerosol emission controls and shifts indecreases by 2025 (Fig. 5).
technologies slowed or decreased growth in aerosol forcing, In cases where black carbon forcing is assumed to be rela-
while continued increases in fuel consumption led to steadytively strong relative to other components, climate policy can
atmospheric accumulation of greenhouse gases. By the cuglso result in a near-term net aerosol cooling relative to the
rent time ¢ 2012), the proportion of greenhouse gas forcing reference case (e.g., cases in Fig. 5 with a negative sign; see
offset by aerosols is only 20% (with a range of 5-45%). also SM). The largest net forcing decrease, however, is less
These changes have precipitated a new era, where greethan 0.1 W n12. This forcing decrease generally transitions

house gases again dominate anthropogenic forcing. to a net forcing increase, or warming, by the end of the cen-
. _ _ tury, however, as decreases in negative forcing components
4.4 Aerosol forcing and climate policy outweigh decreases in black carbon.

di d ab o ; s lati The absolute and relative impact of aerosol forcing
As discussed above, emissions of aerosols decrease re at'\’:ﬂanges due to the climate policy declines through the 21st

to the reference scenario under implementation of a C"matecentury. In 2030, the forcing change due to aerosols ranges
_poliqy. As a res_ult, the range and r_nagnitude of aerosol forc-from a 75 % offset of the GHG forcing decrease (e.g., warm-
ing is smaller in the RCP4.5 policy case. End-of-century g relative to the impact of aerosols in the reference case)
aerosol forcing ranges from 0 £0.4 W, whichmeans a  j, "5t vear to a 30% enhancement of the GHG forcing
pet forcing increase due to aerosols ofo.;tq 1.1 V¢ whur- reduction (Fig. S9). By 2050 this range reduces+40 %

ing the 21st century. Greenhouse gas emissions also decreage_ 11 ¢, aerosol effects, therefore, can substantially alter
relative to the reference case, but still dominate forcing OVeliha net forcing pathway over the first half the 21st century.

the 21st century (Fig. S11). _ Aerosols offset only 0-9 % of the GHG forcing reduction due
Forcing changes between the reference and policy SCeNay the climate policy by 2100.

ios are determined largely by the net change in emissions
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Change in Aerosol Forcing (RCP4.5 -Ref) erence case with no climate policy, depending on the as-
sumed forcing from different aerosol components. If black
030 carbon forcing is assumed to be strong relative to cooling ef-
fects, the aerosol emission changes due to a climate policy
could result in a globally small net-near-term cooling influ-
ence. In nearly all cases, however, the aerosol changes due to
a climate policy cause a net relative warming by the end of
the century (Fig. 5).

Over the long term, a reduction in aerosol forcing is ex-
pected due to greater demand for cleaner air as a result of
increasing incomes in developing countries, and this reduc-
tion is even more likely under a climate policy scenario. The
analysis here used only one policy case. While there is a very
wide range of potential future emission scenarios in the ab-
sence of a climate policy, the range for emissions of con-
ventional air pollutants under the assumption of a successful
implementation of a climate policy is much more constrained
(Smith et al., 2005; van Vuuren et al., 2008), because reduc-
Fig. 5. Total aerosol forcing change between the reference andng CO, emissions requires a shift to technologies with inher-
RCP4.5 climate policy sc_enariof_orthe suit_e of aeroso_l_forcing casegntly low emissions of aerosols and precursor compounds.
(gentral forcm_g assumptlons, thick black Ilne)_. A positive value in- While the rate of future aerosol emission declines is uncer-
dicates a positive forcing change (e.g., warming) under the RCP4.3.;, "6 gverall pattern and finding of reduced aerosol emis-
climate policy scenario as compared to the reference case. Refer-. . . L.
ence case aerosol emissions were assumed through 2012. The thi kor.ls .by mld-Century IS robus_t across projections of future
grey line shows the change in greenhouse gas forcing. emissions under a Cllmate.poll.cy. . ) .

These results also have implications for the framing of mit-
igation of climate change by focusing on black carbon emis-
5 Discussion and conclusion sions. Energy-related black carbon emissions decline by only
8% from 2000 to 2050 in the reference case, and enhancing
We show that a wide variety of forcing pathways over the these reductions could reduce positive forcing. Under a com-
historical period are consistent with current constraints onprehensive climate policy, fuel use will shift away from coal
aerosol forcing. The largest absolute and relative impact oin industrial and residential sectors, causing additional black
aerosols on climate occurred between 1950 and 1970, wherearbon reductions as a side effect. In the climate policy case
the change in total aerosol forcing over this period rangedconsidered here, energy-related black carbon emissions de-
from —0.2 to—0.8 W n1 2. cline by 20% over the same period. The effect of climate

While aerosols have historically had a large role comparedoolicies on air pollutant emissions needs to be taken into ac-
with greenhouse gases, aerosol forcing relative to well-mixeccount in order to avoid double-counting potential reductions.
greenhouse gas forcing has been decreasing for the past threeWhile observational constraints on total aerosol forcing
decades. By the first decade of the 21st century, the impaatule out very large negative values, current estimates of the
of aerosols is almost certainty less than that of greenhoushigh and low bounds for total aerosol forcing vary widely
gases, and likely only a small fraction of greenhouse gas forc{Table 2), to the point of being inconsistent in some cases. A
ing. Anthropogenic forcing in the 21st century will again be more robust comparison of historical forcing estimates that
dominated by greenhouse gases, with a projected decreasedtcounts for differences in methodology, assumptions, and
the absolute and relative influence of aerosols. time period would be useful to understand why bounding val-

Changes in aerosol emissions over the 21st century resulies vary so substantially, and perhaps to ultimately provide a
in a radiative forcing increase of 0.1 Wthto 0.8 W n12 tighter constraint on current aerosol forcing.
for the reference scenario, depending on assumptions for Techniques that bound aerosol forcing by decade may of-
present-day aerosol forcing. By the mid-21st century, aerosofer an additional methodology to constrain aerosol forcing
forcing in the GCAM reference scenario is projected to off- due to different relative changes over time (Fig. S13). The
set at most 25 %, and more likely only 10 %, of well-mixed ratio of forcing over the decade of the 1970s to that in the
greenhouse gas forcing. The regional signature of future cli-L990s in our analysis, for example, ranges from 1.0 to 2.0,
mate change will increasingly be that of well-mixed green- that is from nearly the same to a factor of two decrease. The
house gases (Meehl et al., 2007; Sect. 10.3.2). largest differences in total aerosol forcing between the 1970s

In the near term, we find that the co-incident changes inand the 1990s occur in cases with a combination of strong
aerosol emissions due to a climate policy can either enhancaerosol indirect forcing together with medium to strong black
or offset these greenhouse gas reductions, relative to the ref-
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carbon forcing. Observational bounds on aerosol forcing by black and organic carbon emissions from combustion, J. Geo-
decade might be able to better constrain aerosol forcing. phys. Res., 109, D14203, dd).1029/2003jd003692004.

We note that there is a wider range of potential forcing Bond, T. C., Bhardwaj, E., Dong, R., Jogani, R., Jung, S., Ro-
pathways than presented here. We have not considered un- den, C., Streets, D. G., and Trautmann, N. M.: Historical emis-
certainty in historical emissions, which is particularly large ~ Sions of black and organic carbon aerosol from energy-related
for carbonaceous aerosols. Changing emission—forcing rela- ggrlt(’)uig;g};gggéé%%%sjggg; Biogeochem. Cy., 21, GB2018,
tionships over time and by region will also result in addi- o \

. . . . . ... Bond, T. C., Zarzycki, C., Flanner, M. G., and Koch, D. M.: Quan-
tional uncertainty. Nitrate aerosols, SOA, interactions with tifying immediate radiative forcing by black carbon and organic

reactive gases, and the impact of changes in climate will also  natter with the Specific Forcing Pulse, Atmos. Chem. Phys., 11,
alter aerosol forcing. These were not considered as simple 1505-1525, dot0.5194/acp-11-1505-2012011.

representations of the potential magnitude of these effect8ond, T. C., Doherty, S. J., Fahey, D. W., Forster, P. M., Berntsen,
and their changes over time have not been developed, nor T., DeAngelo, B. J., Flanner, M. G., Ghan, S., Karcher, B., Koch,
have they been compared across different climate—chemistry D., Kinne, S., Kondo, Y., Quinn, P. K., Sarofim, M. C., Schultz,

models.

Supplementary material related to this article is
available online athttp://www.atmos-chem-phys.net/14/
537/2014/acp-14-537-2014-supplement.pdf
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