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Abstract. Climatic effects of short-lived climate forcers A single model result is insufficient to capture uncer-
(SLCFs) differ from those of long-lived greenhouse gasestainty. We develop a best estimate and uncertainties for
because they occur rapidly after emission and because theyFP by combining forcing results from 12 additional mod-
depend upon the region of emission. The distinctive tem-els. We outline a framework for combining a large nhum-
poral and spatial nature of these impacts is not captured byer of simple models with a smaller number of enhanced
measures that rely on global averages or long time integramodels that have greater complexity. Adjustments for black
tions. Here, we propose a simple measure, the Specific Forazzarbon internal mixing and for regional variability are dis-
ing Pulse (SFP), to quantify climate warming or cooling by cussed. Emitting regions with more deep convection have
these pollutants, where we define “immediate” as occurringgreater model diversity. Our best estimate of global-mean
primarily within the first year after emission. SFP is the SFP is +103+0.52GJg? for direct atmosphere forcing
amount of energy added to or removed from a receptor reof black carbon, +15+0.53GJg? for black carbon in-
gion in the Earth-atmosphere system by a chemical speciegluding direct and cryosphere forcing, anr®.064 (-0.02,

per mass of emission in a source region. We limit the applica—0.13) GJg?! for organic matter. These values depend
tion of SFP to species that remain in the atmosphere for lessn the region and timing of emission. The lowest OM:BC
than one year. Metrics used in policy discussions, such asass ratio required to produce a neutral effect on top-of-
total forcing or global warming potential, are easily derived atmosphere direct forcing is 15:1 for any region. Any lower
from SFP. However, SFP conveys purely physical informa-ratio results in positive direct forcing. However, important
tion without incurring the policy implications of choosing a processes, particularly cloud changes that tend toward cool-
time horizon for the global warming potential. ing, have not been included here.

Using one model (Community Atmosphere Model, or Global-average SFP for energy-related emissions can be
CAM), we calculate values of SFP for black carbon (BC) and converted to a 100-year GWP of about 24870 for BC
organic matter (OM) emitted from 23 source-region com- without snow forcing, and 83@ 440 with snow forcing.
binations. Global SFP for both atmosphere and cryospher&00-year GWP for OM is-46 (—18, —92). Best estimates
impacts is divided among receptor latitudes. SFP is usuallyof atmospheric radiative impact (without snow forcing) by
greater for open-burning emissions than for energy-relatedlack and organic matter are +0.470.26 W m 2 and—0.17
(fossil-fuel and biofuel) emissions because of the timing(—0.07, —0.35)W nT?2 for BC and OM, respectively, as-
of emission. Global SFP for BC varies by about 45% for suming total emission rates of 7.4 and 45 Tgyr Anthro-
energy-related emissions from different regions. This varia-pogenic forcing is +0.48:0.18 W n12 and —0.13 (~0.05,
tion would be larger except for compensating effects. When—0.25) W n12 for BC and OM, respectively, assuming an-
emitted aerosol has larger cryosphere forcing, it often haghropogenic emission rates of 6.3 and 32.6 Tglyr Black
lower atmosphere forcing because of less deep convectionarbon forcing is only 18% higher than that given by the In-
and a shorter atmospheric lifetime. tergovernmental Panel on Climate Change (IPCC), although

the value presented here includes enhanced absorption due to
internal mixing.
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1 Introduction bitrary, but we propose thaine yearis a reasonable time
limit. With this definition, species with e-folding lifetimes
Atmospheric burdens of chemical species with short atmo-of four months produce immediate forcing, because 95% of
spheric lifetimes respond rapidly to changes in emission.the forcing occurs within one year after emission. One might
Many of these species, such as aerosols or the precursoeggue with this choice of time limit: why not three, five, or
of ozone, affect the Earth’s radiative balance, either di-ten years? However, this selection is not important. Climate-
rectly or by interacting with atmospheric chemistry. The ra- forcing agents that have major impacts in the current Earth
diative response to emissions of these “short-lived climatesystem happen to have lifetimes that are either shorter than
forcers” (SLCFs) differs greatly from the response to long- one year or much longer. A one-year time limit effectively
lived greenhouse gases, for which atmospheric burdens andivides species that have impacts only in the very near future
the resulting forcing lag emission changes by decades. and those for which accumulated burdens are important.
Because mitigation of SLCFs could rapidly reduce cli- Changes in radiative forcing can often be represented us-
mate warming, the possibility of decreasing them has ending just a few characteristic time scales. For example, Wild
gendered a flurry of interest (Hansen et al., 2000; Grieshoget al. (2001) showed that a pulse of emitted nitrogen oxide
et al., 2009). SLCFs emitted from some locations alsocaused climate forcing through its interactions with tropo-
impact sensitive regions such as the Arctic (Quinn et al.,spheric ozone (lifetime less than one year) and with methane
2008). However, the impact and, hence, the value of sucl{lifetime greater than 8 years). Like species that interact
regionally-dependent reductions has been difficult to expressolely with the ozone chemical system, aerosols alter forcing
using traditional measures of climate change. For exampleshortly after emission, and this forcing dies away within a
global warming potentials (GWPs) are discussed for pur-short time when the species no longer interact with radiation.
poses of trading, and have been estimated for some short- Figure 1 shows the time evolution of forcing and cli-
lived species, but they do not communicate explicit informa-mate response by pulse emissions of different hypothetical
tion on either the timing or location of climate impact. species. The left panels show an SLCF witheafolding
In this paper, we propose a method for quantifying tem-time of four months. Middle panels show a substance with a
poral and regional climate impacts of SLCFs, a first step to-lifetime similar to that of methane (9 years). The right panels
ward valuation. In Sect. 2, we introduce the Specific Forcingshow a substance with an atmospheric decay similar to that of
Pulse (SFP) to quantify both location and immediacy. We doCO,. The top panels in Figure 1 are of arbitrary scale and in-
not propose that SFP should be used to equate the impacticate that all species here are introduced as pulse emissions.
of greenhouse gases and SLCFs, which operate over fundahe middle panels show forcing by each species, with mag-
mentally different temporal and spatial scales. Neverthelesspitudes scaled so that the integrated forcing over 100 years
in Sect. 2, we also discuss the connection between SFP arid identical for each substance. Compared with the longer-
other common measures of climate impact, such as GWP#Hved species, forcing by SLCFs appears as a pulse of forcing
and total radiative forcing. or a burst of energy, although its lifetime is non-zero. Re-
Section 3 presents values of SFP for black carbon (BC)sponse to this immediate forcing is very different from re-
and organic matter (OM) aerosol emitted from several sourcesponse to longer-lived species. The bottom graphs in Fig. 1
regions, derived using one chemical transport model. Weshow climate response to each time series of forcing, using
discuss reasons for differences among regions. We also athe equations provided by Boucher and Reddy (2008). The
knowledge that reliance on a single model is insufficient. Infigures show that the temporal evolution of forcing affects
Sect. 4, we therefore propose a method of deriving a best edemperature response to a pulse emission. (For this reason,
timate and uncertainties for SFP by adjusting our SFP withGlobal Temperature Potentials differ from Global Warming
an ensemble of other modeled values. Finally, Sect. 5 comPotentials; see Shine et al., 2005).
pares the values derived in this work with previous estimates Because the timing of forcing is important, it is worthwhile
of radiative forcing and GWP. to conduct separate investigations for species that have dis-
tinctly different time scales. In this paper, we explore meth-
ods of quantifying the impacts of climate-forcing agents that
2 Specific Forcing Pulse provide immediate forcing.

2.1 The distinct nature of immediate forcing 2.2 Regional dependence of forcing

We define “immediate forcing” as a condition in which there The short lifetime of SLCFs has another important conse-
is no delay between emission and the delivery of the en-quence: atmospheric concentrations of SLCFs are extremely
tire forcing impact attributable to that emission. Although heterogeneous and are concentrated around source regions.
forcing is never truly immediate, we argue that it may be The magnitude and location of impact therefore depend upon
considered so when the entire impact occurs within a verythe source region (Berntsen et al., 2006). Figure 2 demon-
short period after emission. The definition of “short” is ar- strates this fact by comparing forcing by BC emitted from
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Fig. 1. Forcing and response to pulse emissions of hypothetical substances with different atmospheric lifetimes. Each trace is discontinued
when the signal drops below 1B of the peak value of the short-lived forcer. Forcing (middle panels) has been scaled so that the area under
each of three curves is identical over 100 years. Dashed red trace shows forcing value times 50 to show more detail in the time dependence
Temperature response (lower panels) is estimated with the relationship and parameters given by Boucher and Reddy (2007), and assume
that spatial dependence of forcing is similar to that of,CO

the United States and from Africa. (The model used to createefit, or disbenefit, per mass emitted — the “bang for the buck.”
this figure is discussed further in Sect. 3). The formal equation is:
The forcing exerted upon specific regions of interest (re-

ceptor regions_) also depends on the emitting_region. Here, 1 62 102 plyr

we choosellatlt.ude ba_mds as the _receptor regions, and theg;:pz(Rj) - T/ f / fg(g’w,t)b%(g’(p’t)

are shown in Fig. 2 with dashed lines. Hansen et al. (1997) Mg oJp1 Jo1 Ji=o

showed that climate response is approximately proportional

to forcing at specific latitudes, regardless of the nature of the P2aC0SOdOdpdt 1)

forcing. Shindell and Faluvegi (2009) apportioned tempera-

ture responses in the Arctic to forcing within specific latitude ~ Where ££ is the net change in the rate of energy input per

bands. Koch et al. (2007) calculated forcing both attributedmass ofSin the system (W g?); 43 is the column burden or

to specific regions and acting upon specific regions. Here, waurface loading (g m?) of the substance af (¢) remaining

provide a formal framework to quantify this spatial nonuni- at times from an emission pulse of magnitudéz o (g) in

formity as it relates to both emission and receptor regions. region E, ¢1 andg; are the longitude boundaries &f, 61
ando- are the latitude boundaries & and pearhis the ra-

2.3 Definition of the Specific Forcing Pulse dius of the Earth. The subscrigt is included for f andb
because the characteristics of spediegithin regionR may

We define the Specific Forcing Pulse $FRs the en-  differ with emitting region. The upper integral limit of one

ergy added to the Earth-atmosphere system by one gramear comes from our definition of immediacy in the previous

of speciesS emitted in regionE, during its entire lifetime.  section.

We further define the SFP for energy added within a region, Figure 2 demonstrates the integral of forcing by black car-

SFP]f:(Rj), as the energy added to a regiBn by one gram  bon emissions from a particular region over a receptor re-

of S emitted in regionE. The units of SFP are joules per gion of interest. The maps on the left show direct radiative

gram emitted. SFP provides a policy-relevant measure: benforcing per emission from two regions, and the panels to the
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BC direct forcing from US energy (pW m™2 g™") The pulse representation is limited to climate forcers with
' ‘ ‘ 90 relatively short lifetimes. For Cg) integrated forcing during
60 the first year after emission is less than 2% of the integrated
forcing over 100 years, so this forcing does not occur as a
pulse. While SFP is appropriate for short-lived species, the
0 effects of longer-lived species should be described as inte-
grated forcing. Impacts of species that act on both short-lived
and long-lived components, such as carbon monoxide acting
60 on ozone and methane, might be partitioned into two compo-
nents: a pulse and an integrated forcing.
By convention, the term “forcing” is usually defined with
90 regard to the net perturbation at the top of the atmosphere
(TOA). We will present TOA values here unless otherwise
stated, but we will also show that the concept of SFP can be

30 used to communicate other changes in energy balance (see
o Sect. 3.3).
=30 2.4 Connection between SFP and modeled forcing

Although global chemical-transport models usually do not

-90& L L L -90

-180 -90 0 90 1801 25 50 use pulse emission functions, SFP can be determined from
\ ‘ ‘ 0 | g their output, with some limitations. An explanation that uses
001 0025 005 0.1 025 05 1 2 afirst-order box model is given in Appendix A (Supplement).

. . ) o - ~Annually-averaged values of SFP can be determined from
Fig. 2. Demonstration of forcing by BC emitted in a specific region, mgdels with constant emission rates as the ratio of forcing
exerted upon other receptor regions. Here, the receptor regions ate, o micsion. with a change in units. This calculation is pos-

latitude bands. Maps to the left show total forcing from energy- _. O . . .
related emissions in the United States (top) and open biomass burnsilble only for short-lived species, for which burdens are in

ing in Africa (bottom). Figures to the right show zonal integrals equilibrium with emIS.SIOI’.lS. .
of forcing, normalized to emissions. SFP is the integral over lati- ~ The box-model derivation also shows that SFP is the prod-

tudes of interest. Shading in the right graphs shows two examplestict of forcing per massf(®) and lifetime ¢*). These two
SFROSe30°-60° N) andSFFEC, . (0°—3C° N). values can aid in diagnosing reasons for differences in SFP
among seasons or regions.

right show zonal integrals of the forcing, normalized by to- 2.5 Connection between SFP and global
tal regional emissions. There are marked differences in the ~ warming potentials
latitudinal dependence of forcing by emissions from each re-

giOﬂ. Two examples of SFP calculation are marked in the|n this paper, we present SFP to quantify forcing that de-
figure: SFBS, (30°—60° N) and SFI%]‘?Open(OO_:gO) N). This  pends on the regions of emission and of forcing. Such quan-
forcing assumes present-day spatial distribution of emissionification may lead to a better understanding of the bene-
We propose that energy (joules) added to a specific regionits (or costs) of reducing SLCF emissions. We do not pro-
rather than power (watts, energy per time) or radiative forc-pose SFP as a trading metric here, as it captures impacts that
ing (watts per area), is a basic measure for forcings that begigannot be reflected in globally-averaged, integrated metrics.
and end rapidly. While other impacts are best quantified inHowever, many discussions about mitigating climate-active
terms of forcing integrated over time, with units of W yr, species require trading metrics such as Global Warming Po-
units of J indicate that SLCF forcings are fundamentally dif- tentials (GWPS) Because of this history, we draw connec-

ferent. They are better represented as delta functions, charagons between SEP and more traditional measures such as
terized by an area under a curve rather than the curve’s heightwp.

or width. For a true delta function, the integral is identical
for any upper limit of the time integral, ranging fromasmall 5 51  apsolute global warming potential
time step to infinity. The term “pulse” may also be used when
any reasonable choice of the integral limit yields an identical

The absolute global warming potential (AGWP), has the
result, as it does for SLCFs. 9 gp ( )

same basic calculation as the SFP, integrating forcing over
the time since emission. This value, multiplied by annual
emissions, was demonstrated by Forster et al. (2007). The
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units of AGWP are Wm2yrg—L. Its definition can be The denominator gives the amount of forcing by QiDir-
written: ing the time horizorH, and the numerator is both the AGWP
1 [H and the global sum of regional SFPs, so that
AGWP® (H)W / £5b° (t)dt (2)
070 AGWP* (H ;SFP(R))
GWP (H) = ORI Y J ®)

where H is a chosen time horizon and all other vari-
ables are as in Eq. (1). SFP has some important differences
from AGWP, and we propose it to provide quantification that  The choice off reflects the value of future climate bene-
AGWP cannot. fits, and the time horizon amounts to a value judgment about
Regionality.SFP refers to forcing within a specific region, the importance of future forcing. Current negotiations use
not a global average. However, the global sum of SFP (with aH =100 years, but others (e.g. 20 or 500 years) are also dis-
change in units) equates to AGWP. For such regional energgussed. The choice df matters only when some pollutant
flows, SFP must have either units of power (W) or energyremains in the atmosphere at the end of the time period, as
(J) instead of forcing units (W f), because the latter are is the case for C@but not for SLCFs. Vast differences in
not conservative. Fasullo and Trenberth (2008) use watts folGWP for H = 20 years versusl = 100 years (Fuglestvedt et
regional energy flows in an energy-balance model; we choosal., 2009) result entirely from the denominators in Egs. (4)
joules to express the integral nature of the pulse. and (5). The use of SFP as opposed to AGWP clarifies that
Timing of forcing.When a value is presented as SFP, it is forcing occurs immediately and that it is all counted. SFP
clear that the forcing occurs immediately, by our definition conveys purely physical information about forcing. It has a
of the word. direct connection to policy-relevant metrics, yet it requires
Representativeness of steady st&EP can be multiplied no choices that favor particular policies or value judgments.
by emission rate to obtain annual forcing, while the same is A value of GWP can be obtained by dividing global SFP
not true of AGWP for longer-lived pollutants. by a selected value for CQOntegrated forcing. Using the
Independence of time horizowe limit the use of SFP to  Bern carbon model to represent life cyale o, from IPCC'’s
forcings that are effectively pulses, so that a one-year timg~ourth Assessment Report (chp 2), and a zero discount rate
integral captures 95% of the forcing for short-lived species.for future forcing, the value of the denominator in Eq. (5) is
Although the upper limit of the time integral in Eq. (1) is one 1.4x 10-3GJg* for r =100 years, and 40104 GJg?!
year, the same answer would result from any longer value ofor r =20 years.
the time horizon. This means that SFP does not depend on
the value ofH for any reasonable choice. In contrast, the 2.6 Application of SFP to temperature

AGWPCO2(H)  Aearth AGWPSC2(H)

value of AGWP remains ambiguous until is chosen. That change calculations
is,
1 A primary use of SFP is connecting decisions regarding mit-
ZSFF’(RJ-) =AGWP' (H) (3) igation and future emission in particular regions with the re-
Aearth J sulting climate forcing. The units of SFP are energy added

to the Earth system per emission: joules per gram. This
fundamental quantity can be used directly in energy-balance
avoid the term “global warming” because SFP is neither‘fj‘pproa(:h.es to the Earth s_ystem (e.g_. Murphy et al., 2009).
. . . . Because it represents forcing per emission, SFP can also be

global nor required to produce warming. We identify the . ) . . . .
W A W e L7 used to estimate immediate forcing reductions caused by mit-
SFP as a “pulse” rather than a “potential” because it is not

; igating black carbon or ozone, or decreased negative forcing
referenced to a chosen substance, as are global warming pQ:

tentials and ozone depletion potentials. Finally, we choose ‘unmasking") due to sulfur controls. Integrated assessment
» o P P - rinaty, \ # . models (Alcamo et al., 1994; Smith et al., 2000) can use SFP
the term “specific” to have the same meaning as in “specific

heat’: the sense of forcing per mass. The term is included ago connect predictions of SLCF emission with radiative forc-

a reminder that the determination of total forcing for SLCFs ng and chma-te. response. .
o o However, it is important to remember that forcing and
is inseparable from emission rate.

warming are not the same. Forcing is an input to the Earth
2.5.2 Global warming potential system and does not account for its response (i.e., feedbacks).
SFP cannot be divided by the Earth’s heat capacity to deter-
The currency of climate mitigation discussions is presentlymine temperature change. Instantaneous forcing on a system
“carbon equivalence” using the global warming potential that is not in equilibrium cannot be divided by climate sensi-

for any value ofH.
We have also chosen some different terminology. We

(GWP), which is defined as: tivity to determine temperature change, either.
H ops s Also importantly, forcing in a particular region is not pro-
GWP (H) = Jo fom*@0)dt (4) portional to temperature change in that region. Forcing and
fOH FCOmCO(1)dt temperature change within a region may even have opposite
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signs. Shindell and Faluvegi (2009) showed that Arctic tem- | Black carbon direct TOA forcing (W m-2)
perature response depended on the forcing latitude, but in ¢ 90
non-intuitive way. In Appendix B, we propose a method to 2
account for the regional dependence of SFP in simple climate 4
models. This derivation there is presented to foreshadow the
need for regional SFP, a discussion that will occupy Sect. 3
and onward. Readers who expect to perform simple tem- 9f
perature change calculations using SFP should consult Ap-
pendix B. 45|

3 Single-model, regional estimates of SFP

5

In this section, we present values of the Specific Forcing
Pulse for black carbon (BC) and organic matter (OM) par-
ticles emitted from different regions, obtained from a single 45f "
model. The idea of representing immediate changes in forc-
ing could be used to communicate many changes in the ra-
diative balance: warming or cooling of the atmosphere due
to direct interaction with sunlight (dir); albedo changes in the

cryosphere (snow and ice, cry); changes in warm clouds, anc45}
changes in cold or mixed clouds. We quantify only direct and

cryosphere impacts here (SfdR dir+cry), Noting that warm- -90
cloud and cold-cloud changes could greatly alter the estimate
of impact. 90

3.1 Model description

45¢F
We used the Community Atmosphere Model (CAM, Collins
et al., 2006), developed at the National Center for Atmo- | L £ e
spheric Research, to model atmospheric and cryospheric £ e -0.25
(snow and ice) forcing by black and organic carbon. Fig- R

. . . 45} ' o 0.1
ure 3 shows total forcing by BC and organic matter in the i SIS '
atmosphere, and by BC on snow and ice. Atmospheric -0.05
temperature and pressure were prescribed from NCEP re--gg : » - -0.025

analysis data, strongly constraining model winds. Energy-

related emissions, from year 2000 in Bond et al. (2007), wereF_ 3. Forcing by black carbon i h q db

4400 Ggyr! and 8900 Ggyr?! for black and organic car- 9. 3. Forcing by black carbon In atmosphere and on snow, and by
. . L organic matter, simulated with the Community Atmosphere Model.

bon, respectively. Open-burning emissions from the Global

Fire Emission Database, version 2 (van der Werf et al., 2006)

e
averaged 2600 Ggyf and 21000 Ggyr* and included sea- 4 gmall amount of absorption. Organic matter is less hy-

sonality during each model year. The primary purpose of thisyrgscopic than sulfate, and therefore scatters less per mass.
model run is to produce values of forcing per emission, sopaqel results are averaged over five years, after a discarded
the total values of emission are less important. Agnculturalspin_up period of 4 months. This model produces global-
burning was not included because it appears in neither emis;yyerage atmospheric forcing by black carbon from fossil fu-
sion database. N els, biofuels, and open burning of +0.40 Wfpand global-
Aerosol optics were modified to reflect recent recommen-ayerage forcing by organic matter0.12 W n2. No natu-
dations for black carbon (Bond and Bergstrom, 2006; Bonda| hackground is subtracted from those forcing values. Forc-
et al.,, 2006), including “coating” or internal mixing. This ing is determined as the difference between two model runs
version of CAM does not have a full aerosol microphysical jn which aerosol forcing is not allowed to interact with the

model, but the effects of coating can be approximated withcjimate system. Thus, the values presented here exclude any

In our model, this transition has a characteristic time of about
1.2 days. The organic matter in CAM has minimal absorp-
tion, ignoring the contribution of “brown” carbon, which has

Atmos. Chem. Phys., 11, 1508525 2011 www.atmos-chem-phys.net/11/1505/2011/
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Fig. 4. Specific Forcing Pulse for BC and OM aerosol emitted from 23 region-source combinations, estimated with a single model (NCAR
CCSM). SFP includes direct atmospheric and cryosphere impacts only. Note the difference in scale between the positive values for black
carbon and negative values for organic matter. The single-model values presented in this figure are adjusted to reflect model ensembles i
Table 1.

Emissions from 23 separate region and source combinaamong models (Textor et al., 2006), Unsurprisingly, domi-
tions (17 energy and 6 open burning) were tagged so thahant impacts are found at the same latitude as the region of
concentrations and deposition at each location could be atemission.
tributed to source regions. The 17 regions reflect the group- BC has positive global SFP (warming), while the negative
ings in a common integrated assessment model (IMAGE, Al-global SFP shows the cooling effect of reflective OM. There
camo et al., 1994). We apportioned forcing in each modelis more than an order of magnitude difference between the
grid box (1.9 x 2.5°) to the column burden of the aerosol cooling per mass of OM and the warming per mass of BC;
from each region. Forcing through changes in ice and snovthe latter is far more effective at interacting with visible ra-
albedo was also modeled in a separate twenty-year equilibdiation. For energy-related emissions, global SFP of BC and
rium run (Flanner et al., 2009, run PD1). We apportioned OM averages +0.99 and0.030 GJ g1, respectively. Emis-
this forcing to the 23 emitting regions using deposition of sions from open burning have higher SbR: +1.13 and
the tagged tracers. Global-average cryosphere forcing is-0.053GJg? for BC and OM, respectively. Averages for
+0.047 W nm2, with 20% of the total occurring in the Arctic  all emissions are +1.05GJ§ for BC and —0.037 GJg?

(60° to 9C° N). for OM.
The orange portion of each bar shows direct TOA forc-
3.2 Regional estimates of SFP for black and ing at different latitudes. These are the integrals over the
organic matter latitude bands indicated in Fig. 2. For example, the diag-

i . onally hatched portion of each bar represents energy added
Figure 4 shows SHRa dir+cry for black carbon and organic to the atmosphere within the Arctic (latitude 60290. En-

matter emitted from each 23 region-sector combination. Theergy added by cryosphere forcing is also shown as green bars.

magnitude of each bar indicates the global SFP, or the to'Cryosphere forcing is effective at inducing changes in snow
tal energy added to the global atmosphere and cryosphergnd ice cover, a feedback that causes a higher temperature

by one gram of emissions from that region. SFP for eachChange per forcing for snow darkening than for q8lansen

region is also divided among the latitudes where forcing 0C-and Nazarenko. 2004: Elanner et al. 2007). This fast re-
curs, as demonstrated in Fig. 2. The apportionment of SFk s \would yield a high efficacy, but is not included here.
into forcing regions is less certain than the global sum of SFP,

because zonal transport is not well constrained and varies
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_— ‘ — Arctic (60-90 N) Even when emissions are constant in time, as they are for
——Outside Arctic (NH emiss) energy-related emissions, global SFP depends on the region
7000 NN ol A ] of emission. There is a 45% difference among global%&P
it and a factor of 4 difference among global $for energy-
6000 o N\ related emissions. The diversity would be greater if Japan

"\ | were included. Emissions from this island nation have a
! '\, much lower SFP because of their environment, but we ne-
glect it in considering diversity because the emissions are
& small.

Wag

(
o
<}
1S3
3

N
(=]
o
(=]

.

BC forcing per mass
w
(=]
o
(=]
1

ity i i 3.3 \Vertical energy distribution

n
(=3
(=]
o
T
\
'
\
1
\
\
1
]
[
1
I
{

1000 = 7 = In this paper, we mainly discuss how the addition or reduc-
tion of energy by aerosols is distributed horizontally across
% 3 4 5 6 7 8 9 10 11 12 the Earth’s surface. SFP can also represent changes in en-
Moaih ergy balance in the vertical direction caused by BC absorp-
tion. OM has little impact on atmospheric heating, unless it
Fig. 5. Forcing-per-mass/(®)for black carbon in each month. Solid absorbs light, and it is not discussed here.

lines are global averages; dashed lines represent one standard devi- _. ) ) . .
ation of the plotted regions. Arctic group (red) contains 23 regionsf F;Eurgg? shqws B%.S?A’d'réatmosﬁﬂerg fprplngbortﬂy)
and represents aerosol transported to the Arctic from all 23 regions.Or e regions, this ime showing the division between

Other groups represent forcing-per-mass of all aerosol emitted frontmospheric heating (Sk&iing and negative forcing at the
each region not located in the Arctic. NH outside Arctic (blue) con- Surface (SF&ur). Top-of-atmosphere forcing is the sum of
tains 18 regions; SH outside Arctic (black) contains 5 regions. ~ the two, and is identical to the sum of SffR qir in Fig. 4.

The diversity of SFReating@mong regions is similar to that

of SFProa.dir, and biomass-burning BC again has a stronger

BC reduction of snow albedo (SEP) increases SFHRa impact per emission. Figure 6 demonstrates how BC affects
by about 15% on a global average. This contribution is im-energy redistribution. Each gram of emitted BC adds about
portant for, but not confined to, emissions in northern re-1 GJ to the Earth-atmosphere system, but that energy is dis-
gions: Europe, the former USSR, and North America. De-tributed as 2.4 GJ of increased atmospheric absorption, coun-
spite this cryosphere-forcing contribution, SFP in these reteracted by 1.5 GJ that does not reach the surface. As the
gions is similar to that in more southerly regions. Cooler surface energy budget is relevant to determining changes in
regions are closer to snow, but these regions have less deehe hydrologic cycle (Chung et al., 2002; Meehl et al., 2008),
convection and the aerosol has shorter atmospheric lifetimessFR, s may also be useful for simple models.
The variation of SFP among regions, and the difference be-
tween energy-related and open-burning SFP, is caused by
seasonal and environmental differences in forcing per mas4 Ensemble adjustments to reflect model diversity
(f) and aerosol lifetime(). SFP is the product of these
two factors. Figure 5 shows the seasonality /8. For In the previous section, we used a single model (CAM) to
BC outside the Arctic,fBC varies by 10-40% throughout produce estimates of SFP for emissions from particular re-
the year depending on the emitting region. Averg§é for gions. Single-model estimates are insufficient because inputs
extra-Arctic BC is about 40% higher in summer because theand model parameterizations are uncertain. Values that re-
aerosol absorbs more sunlight during longer days. It alsdlect a multi-model “consensus” would be preferable. How-
increases in summer because deep convection lofts the BEver, we face a challenge: no other model has estimated forc-
above reflective clouds, causing longeand greaterf B¢, ing for 23 regions, and few incorporate the representation of
(BC over a reflective surface has higher forcing per mass.jnternal mixing that enhances absorption by BC.
This seasonality explains the higher $€For open burn- Rather than discarding model results that lack sufficient
ing emissions compared with energy-related emissions, adetail for our purposes, we suggest that diversity among
the former emit preferentially during summer. models is still a useful representation of uncertainty when
For BC within the Arctic, warming per mass is strongly the causes of variation are treated as explicitly as possible.

seasonal. Large variations are caused much more by th®ur goal is to provide best estimates and uncertainties for
availability of sunlight in the Arctic than by emitting region. SFP that retains the features of our CAM estimate, includ-
Very little OM cooling occurs in the Arctic, because reflec- ing regionally-specific forcing, but that also captures diver-
tive OM over a bright surface has little effect on the radiative sity represented by other models.
balance. In this section, we use the CAM results along with those

of 12 other models, most of which are summarized by Schulz
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Fig. 6. SFP for black carbon, showing impact on vertical energy balance. Energy is added to atmosphere (orange bars, positive SFP) and
removed from surface (green bars, negative SFP). Top of atmosphere value (black bars) is net of surface and atmosphere and is comparab
to Fig. 2.

et al. (2006), to provide best estimates and uncertainties for We define aaselinesimulation as one in which the fac-
SFP. Because most models produce only global totals fotors of interest have similar assumptions for all models. The
SFP, we will discuss those before developing regional estinotion of a common baseline treatment is quite plausible,
mates. We first outline the general approach to developingas many aerosol models use similar parameterizations of re-
estimates from an ensemble of models (Sect. 4.1), and themoval, or optical properties. Next, we defirahancement
describe variability in global SFP indicated by the model en-predicted by modeh (E,,) due to an identified factofdct)
semble (Sect. 4.2). In later sub-sections, we address hows the ratio of SFP values determined from two separate sim-
aerosol mixing (Sect. 4.3), regionality (Sect. 4.4), and pole-ulations, one with the model’s own treatment of the factor,
ward transport (Sect. 4.5) affect our estimates of SFP. and one with the baseline treatment:

4.1 General approach to simple ensemble adjustments En fact= (SFF, /SFBy base (6)
We separate model diversity into two categoriadenti- SFP for all factors predicted by modelis then
fied and baseline Identified diversity can be attributed to
a distinctfactor that varies between models, such as inclu- SFR,, s = SFR, base| | Em.tacti )
sion of a process or a change in aerosol optical properties.
Baseline diversity includes the remainder of the model diver-
sity and its causes remain unknown without further investi- This equation assumes that the identified factors have mul-
gation. The separate treatment of individual factors is de-iplicative effects on forcing, which is true if they affect nor-
sirable when model representations are known to be biasethalized forcing or lifetime. We also assume that factors are
and could be corrected, or when there is interest in explorindependent. If they are not, then correlations must be con-
ing whether models agree on a particular effect. If a factorsidered.

causes important changes in forcing, it should be isolated so SFP for any model has the following relationship with
observational studies can be designed to diagnose it. SFP from a reference model. This relationship defines

n
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the baseline adjustment {Aase and the factor adjustment mass represents true variability in plausible values for these
(A fact#) Suggested by modet. parameters.

In the sections that follow, we use the values of SFP de-
termined in Sect. 3 as SRR We first discuss the ensemble

FP E,, factin . ) .
SFRy base m18C adjustmentdpase(Sect. 4.2). Sect. 4.3 discusses mixing be-

SFR, full = SFRet full

SFRetbase’,” Eret factin tween black carbon and non-absorbing aerosol components.
= SFRef full Am.base| | Am.fact#n (8) This process increases absorpt.|on and positive forcmg, yet
n many models do not represent it. We also discuss variabil-

) , ity among regions (Sect. 4.4) and Arctic transport (Sect. 4.5)
The,adjustm.entsa, are the values by which the reference to investigate whether models agree on regional variability.
model's baseline (SkE.ui) or enhancementEretfactin)  Other model factors could be explored in this framework. For
would have to be multiplied to reproduce values given by g, ample, the hygroscopicity of organic matter affects direct
modelm. radiative forcing. However, no results from fully-sensitive

. Ourhgoal IS tobtl:omfblnedasl, muchbmformztmn as possiblep, o yeis are available to provide values of the enhancement,
rom the ensemble of models to obtain a best estimate ango variability resulting from this treatment remains in the

uncertainty for SFP. Hovyeyer, we should also discount mOdehwodel uncertainty.
results that are less realistic. If a model does not treat a factor
appropriately or cannot represent it, the valueAgf factn 4.2 Ensemble baseline adjustment, fhse
for that model will be disregarded or given a lower weight.
Even if a model does not represent all the desired factorsrpe group of models that will be discussed here has mostly
properly, it can still provide a value o, pase as Well as  peen tabulated by Schulz et al. (2006) for the AeroCom ini-
otherA,, factin tiative. This tabulation also includes results of models that
Finally, the best guess of SFP including uncertainty is:  did not participate in AeroCom. Models without internal
mixing form the baseline ensemble. We discarded values that
SFRest= SFRef.ul AensbasenAensfaCt#” ©®)  were later superceded by the same research group, reasoning
! that if the individual researchers have moved beyond their
In Eg. (11), the ensemble baseline adjustment{pase early estimates, the community should too. We also elimi-
is determined by examining all values 8, paseto produce  nate one model that included only clear-sky forcing (Schulz
a central value and uncertainty. If a large number of modelset al., 2006).
contributes to the estimatégnspasemay be the mean or me- For BC forcing, the baseline ensemble includes models
dian value, and the uncertainty could be given by the standar&, H, I, and L-S from Schulz et al. (2006), from Jones et
deviation or interquartile range. Variation in the baseline ad-al., 2007, (HadGEM1, +0.39 Wt or +86 GJgl), and our
justment expresses diversity in model formulations that areCAM run with no internal mixing (+0.57 GJd). Two mod-
not captured in any factor adjustment. els may have chosen relatively high mass absorption cross-
Each ensemble factor adjustmentssact#r) is developed — sections for BC (UIO-GCM and SPRINTARS) in an attempt
by examining all available values &, proc#n These values to acknowledge absorption increase due to internal mixing.
may be provided by only a subset of the models. If madel These were adjusted downward by the ratio between the ab-
predicts the same enhancement as the reference model (i.80orption cross-section for unmixed BC (7.5g7?, Bond
Ereffacttn= Em fact#n), thenA,, rac#n=1. Because of large and Bergstrom, 2006) and the value used in the model to
differences in implementation within each model, it is diffi- achieve a baseline value.

cult to give rigid rules for choosing values fdignsproc. Sec- Figure 7 shows the cumulative distribution of modeled
tion 4.2 contains the simplest demonstration of this proce-SFP for the 13 models. The figure also shows the value of
dure. Apase Or each model’s SFP divided by our reference value of

Our proposed framework provides a more rigorous esti-+0.57 GJg?. The mean and median for S¥Pare almost
mate than does simply averaging the 13 model values of SFRgentical (0.61GJg' and 0.62 Gg?!, respectively). The
because it identifies the sources of uncertainty. Division ofvalue of Aensbase USing the median as the best guess and the
modeled forcing into components is not a new idea; it was ex-10-th and 95-th percentiles, is 1.88.34. By choosing this
plored by Schulz et al. (2006) and Textor et al. (2006). How- value, we set the best guess of baseline SFP to the median of
ever, this idea has not yet been carried forward to communithe baseline ensemble.
cate forcing per emission. It is possible that this framework Jones et al. (2007) do not give a forcing estimate for OM.
could overestimate the uncertainty in SFP, as models mayor the remaining 12 models, the mean and mediarP8FpP
contain compensating errors that allow them to match meaare —0.052 and—0.049 GJ g2, respectively. Our baseline
surements. However, if modeled concentrations from eactvalue (-0.038 GJg?) is lower in magnitude than the en-
model are broadly consistent with observations, the diversemble median, andenshaseis 1.30, again using the me-
sity in modeled emissions, aerosol lifetimes and forcing-per-dian. The 10-th and 90-th percentiles give Adhsbaserange
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Fig. 7. Comparison of our baseline model results with AeroCom tabulation. Each figure shoys &&fved from 12 models in the
AeroCom tabulation, which reported normalized direct radiative forcing and aerosol lifetime. Cumulative graphs indicate the fraction of
models reporting SFR below the indicated valued,,, paseiS the SFP for each model divided by SFP for the reference model (red triangle).
Figure for black carbon (left) also shows the effect of internal mixing from CAM and one other model (top). Ratio between core-shell SFP
and unmixed SFP indicates enhanceméntif).

of (0.8, 2.2); the adjustment is not symmetric. There is a fac-Emix =2 for core-shell particles compared with unmixed,
tor of 13 difference between maximum and minimum, com- spherical particles (0.76 versus 0.38 G3g The greater
pared with a factor of two for BC. This greater disparity for Emix in this model is qualitatively predictable. His baseline
OM may reflect a wider range of choices among the watercase used spherical particles that have less absorption, while
uptake and light absorption properties that affect forcing.  uncoated particles in CAM were given higher absorption be-
cause fresh black carbon particles are aggregates (Bond and
4.3 Black carbon mixing: Emix and Amix Bergstrom, 2006). If we had used spherical particles in our
unmixed caseEmix would have been about 1.8 (Bond et al.,
Mixing of black carbon with other aerosol components 2006). Figure 7 demonstrates the effectmyfiyx, showing

within individual particles (“internal mixing”) increases ab- the increase between baseline SFP in our model and that of
sorption, and hence positive forcing, as first suggested byjacobson (2001).

Ackerman and Toon (1981). This increase in absorption is ch d Seinfeld (2002) al deled mixed icl
not controversial. It has been confirmed in laboratory mea- ung and Seinfeld ( ) also modeled mixed particles

surements (Schnaiter et al., 2005) and mixing occurs quickl)}hat were internally homogeneous instead of having a more

after emission (Shiraiwa et al., 2007). This enhancemenfe"’“is'[iC core-shell configur_ationEmix in thgir model was
by mixing is already included in SFRyi, but it is miss- 1.6. A core-shell model with measured sizes (Moffett and

ing from many published model results. This situation is Prather, 2009) fountmix 9f1'4 to 1.6. Recent model results
being rectified as aerosol models advance, but a full suit ased on mea_sured partu_:le morphology _rather than the core-
of upgraded model results is not yet available. We exam-She" assumption (Adachi et al., 2010) give values of about

ine only atmospheric forcing to determir&nix and Amix. 1.4 for Emix.
To the best of our knowledge, our discussion here covers all A recent model (Myhre et al., 2009) with an SFP of
published model reports from which enhancements could be-0.99 GJg! was not included in the ensemble because it
derived. Kopp and Mauzerall (2010) also adjusted globally-included a lengthened aging time based on observed oxida-
averaged forcing for models that did not represent internation rates (Maria et al., 2004). This change increases lifetime
mixing. Here, we formalize this type of analysis. and hence SFP, but tying aging to oxidation rates ignores the
CAM simulations without and with mixed aerosol gave rapid aging by coating (Moffett and Prather, 2009). Never-
SFP of +0.57 and +0.93GJ§, respectively Emix = 1.6). theless, this research explored an aerosol mixing treatment
The following discussion examines other reported values ofsimilar to ours, resulting it ,ix of 1.27. The lower increase
Enmix- If they report different enhancements, then an adjust-in this model is also qualitatively reasonable. The slower ag-
ment would be warrantedd@ix # 1). However, other mod- ing rate means that a greater fraction of aerosol is unaged and
els suggest similar values @&mx. Jacobson (2000) found unmixed, so a mixing treatment increases the forcing less.
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We conclude that the increase due to aerosol mixing in oulCAM and MOZART agree that SE¥® is elevated above
model is reasonable. Although we can explain model differ-energy-related emissions at northern latitudes. In addition
ences qualitatively, because of the variation, we givg a to convective removal, emission injection height could differ

value of 1.0+ 0.2. among models; GISS and CAM emissions are injected into
the boundary layerEegion from MOZART is much higher
4.4 Regional diversity: Eegion and Aregion than that from CAM in South Asia and South America.

Most of our regional SFP enhancements for energy-related
Predicted SFP differs among models due to some combicombustion are within 10% of other models. An exception
nation of forcing-per-mass and lifetime. It is reasonable tojs South Asia region=1.5). For biomass burning, we ap-
expect that diversity among regions might not be the samey|y regional adjustments to South Asia, South America, and
as those produced by CAM, so that the regional diversity inafrica (Aregion= 1.4, 1.25, and 0.8, respectively). We choose
Fig. 4 could vary among models. Here, we develop ensemyncertainties iMregion based on model diversity, with high
ble adeStmentS that I‘efleCt I‘egional Variations. We defin%ncertainties also app“ed when regions have not been iso-
values ofE egionas the ratio between regional S¥Pand the  |ated in models: 15% for North America, Europe, and East
most commonly reported value in regional studies: global-apsia; 20% for Central and South America; 40% for South
average SFP* for energy-related emissions. The value cho- Asia, Middle East, and Africa. For open biomass burning in
sen for the denominator of this ratio is illustrative, but it does Europe, Northern Asia, and North America, we use a 15%

not affect the final adjustmenfifegion), Which is a ratio be-  yncertainty, while South Asia, South America, and Africa
tween theE egion of various models and'egion Of the refer-  have a 40% uncertainty.

ence model. Théregion Will be applied to SFP of individual Fewer studies are available for regional variations in forc-
regions, and the globally-averaged SFP will be determinedng hy OM (Berntsen et al., 2006; Naik et al., 2007; Koch
by emission-weighting the regional SFP values. et al., 2007). The studies broadly agree that SFP from South

Figure 8 shows regional enhancementSegion). for  Asia, Africa and from biomass burning regions is of larger
SFFC for CAM and four other models (Oslo-CTM, magnitude. Some unexplained factors include the slight
Berntsen et al., 2006 and Rypdal et al., 2009; GISS, Kochyositive SFP in Europe reported by Koch et al. (2007) and
etal., 2007; MOZART, Naik et al., 2007; LMD, Reddy and the factor of five to eight difference for biomass burning in
Boucher, 2009). Energy-related forcing values for the modelNaik et al. (2007) as compared with that from East Asia by
of Naik et al. (2007) were not available for their most recent Sajkawa et al. (2009) using the same model. Until these
model version, so we used a ratio to East Asian SFP deriveﬁctors are sorted out, a true ensemble adjustrn@.@éién)
from Saikawa et al. (2009; SPP=+0.95GJg"). Regional  for OM is not possible. However, adjusting S¥Pand
definitions are not identical in each mOdel, so the comparnot SFIj)M for regiona| differences, many of which are at-
isons are not exact. Reddy and Boucher (2007); Berntseipytable to aerosol lifetime, could overstate positive forcing
et al. (2006) and Rypdal et al. (2009) modeled only energy-hy an aerosol mixture. With some misgivings, we apply the
related emissions, while Naik et al. (2007) examined onlysame regional adjustments given above for BC to the values
open burning. for OM.

For energy-related emissions in three regions (East Asia,

North America, and Europe), the variation is low. The max- 4.5 Arctic transport and deposition

imum and minimum values of\egion for these regions are

within 15%. South Asia is different; the GISS model predicts Poleward transport and removal of BC has large uncertainties
very high regional enhancement, with the other models lying(Textor et al., 2006), affecting divisions between Arctic and
between GISS and CAM. In GISS and LMD, aerosol lifetime extra-Arctic aerosol in Fig. 4. If our transport to the Arctic
in South Asia is much higher than the global average, whilewere too low, then forcing there will also be too low. Un-
CAM's lifetime is similar to the global average. Normalized certainties in snow albedo change also affect the cryosphere
forcing in the GISS model is similar to that in other regions. forcing in Fig. 4.

Thus, the high estimates from the GISS model are entirely Figure 9 shows the diversity of predicted deposition in the
due to aerosol lifetime, and the processes governing that lifeArctic from Shindell et al. (2008) compared with our model
time should be constrained with observations. The availablaesults (red dots). Deposition in our model is near the en-
models, although limited in number, suggest that SFP is relsemble median for North America and Europe, and compar-
atively well-constrained in temperate regions — within aboutatively low for aerosol from both East and South Asia. We
20%. In tropical regions with deep convection, models dif- use ensemble adjustment factors for spring, when impact is
fer in regional diversity, possibly due to parameterizations ofgreatest (Flanner et al., 2007): 18®.7 for North Amer-
convective removal and transport at high altitudes. ica and Europe, 1.2 0.6 for South Asia, and 24 1.0 for

Regional enhancements are greater and more diverse fdtast Asia. We apply these factors to the Arctic portion of
open burning emissions than for energy-related emissionscryosphere SFP only. In regions where CAM differs greatly
Temperate regions again agree better than tropical regiongtom the median, the Arctic contribution is a small fraction of
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Fig. 8. Regional enhancement values for Gfffrom four models. Regional enhancement is the ratio between regional SFP and global
average energy-related SFP. Oslo CTM-2 did not provide global average values, so East Asia is used as a normalizing region, because SF
for that region is close to the global average in other models.

rized cryosphere forcing estimates, which range from +0.01
to +0.16 Wm?2 and vary widely with the method of pa-
rameterization and the reference value of emission. How-
ever, some of these estimates use different emission rates
and some are less physically based. Only one of the esti-
mates is higher than +0.1 WTA, and that value has been su-
perceded. The lowest estimate comes from a model (GISS)
that compared 1995 forcing with 1890. In addition, feed-
backs make the response to cryosphere forcing highly uncer-
tain. Cryosphere forcing in CAM is +0.037 WA from fos-
, sil fuel and biofuel, and +0.047 WM when open biomass
mé=North America x 10 burning is added (Flanner et al., 2009). Total fossil and
=~ South Asia x 100 biofuel emissions produce +0.06 Whin GATOR-GCM
0 T T T (Apasecry = 1.6; Jacobson, 2004, Jacobson, M. Z., personal
0 0.02 0.04 0.06 0.08 communication, 2006) and +0.03 Whin the GISS model
Deposition efficiency (Apasecry=0.8). We conclude that the CAM values used
(g deposited in Arctic per g emitted) for cryospheric SFP are in the mid-range, but the uncer-
tainties are about 100%. Sensitivity analyses by Flanner
Fig. 9. Distribution of ensemble results for springtime Arctic de- €t al. (2007) give uncertainty as 60% due to three model
position (March—April-May) (from Shindell et al., 2009), and com- assumptions, excluding emissions. We therefore choose a
parison of CAM results (red dots). value of Acry pase= 1.0+ 0.6, which encompasses the two
other physically-based model estimates.
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SFP. The ensemble adjustment for East Asia increases totdl.7 Best estimates of SFP for BC and OM
SFP by only 2% and the change for South Asia is negligible. ) _
This transport may be a large uncertainty in Arctic radiative In Table 1, we combine the factors discussed above to pro-

impact, but it is not a large uncertainty in global impact. ~ Vide estimates of Skigndir by region. For BC, the baseline
ensemble adjustment nshase Of 1.06=+ 0.34 andAengmix
4.6 Total cryosphere forcing of 1.0+ 0.2 are applied to each regional $¥Pas well the

regional adjustments and uncertainties discussed in Sect. 4.4.
Estimates of ice and snow forcing are more variable thanUncertainties are assumed to be independent and are added in
those of atmospheric forcing. Koch et al. (2009) summa-quadrature. The substantial uncertainties in the baseline and
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Table 1. Ensemble-adjusted Specific Forcing Pulse (SFP) for black carbon and organic matter. Uncertainties for OM are asymmetric and are
presented as ranges.

Black carbon SFP (GJd) Organic matter SFP (GJ¢)
Atmosphere  Cryosphere Total

Average energy 0.960.46 0.15£0.11 1.114-047 —0.042 (0.02,—-0.08)
Canada 0.820.34 0.340.24 1.19-042 —0.021 (-0.01,-0.04)
USA 0.83+0.35 0.18:0.12 1.01+0.37 —0.031 0.01,-0.06)
Central America  1.160.51 0.03:0.02 1.19:-0.51 —0.053 (-0.02,-0.1)
South America 1.20.53 0.02£0.01 1.22:£0.53 —0.049 0.02,—0.09)
Northern Africa 1.24:0.7 0.08+0.05 1.33t0.7 —0.058 (-0.02,-0.12)
Western Africa 1.2220.69 0.02£0.01 1.24+0.69 —0.062 (0.02,-0.12)
Eastern Africa 1.190.65 0.02:0.01 1.1740.65 —0.068 (-0.02,—-0.13)
Southern Africa 1.240.7 0.01£0.01 1.26+0.7 —0.078 (-0.03,-0.16)
OECD Europe 0.8+0.34 0.16£0.13 0.9A40.37 —0.032 (0.02,-0.06)
Eastern Europe 0.870.37 0.19-0.14 1.05:0.39 —0.037 (0.02,-0.07)
Former USSR 0.860.36 0.5:0.34 1.35t0.5 —0.03 (-0.01,-0.06)
Middle East 114066 0.18:0.11 1.36+0.67 —0.058 (-0.02,-0.11)
South Asia 1.29%-0.72 0.13:0.08 1.42+:0.73 —0.081 0.03,-0.16)
East Asia 0.84-0.36 0.18:0.15 1.02:0.39 —0.026 (0.01,-0.05)
Southeast Asia 0.960.54 0.010.01 0.98:0.54 —0.045 (-0.02,-0.09)
Oceania 0.9¢0.56 0.05:0.03 1.03t0.56 —0.056 0.02,—0.11)
Japan 0.720.4 0.07£0.04 0.79t0.41 —0.014 ¢0.01,-0.03)
Average open 1.160.63 0.08:0.06 1.23+0.63 —0.074 (-0.03,-0.15)
Europe 123052 0.2£0.15 1.43:0.54 —0.072 (-0.03,-0.14)
Northern Asia 1.440.62 059045 2.06:0.76 —0.057 £0.03,-0.11)
Southern Asia 14208 0.03£0.02 1.45+0.8 —0.096 (0.03,-0.19)
North America 1520.64 0.340.32 1.8%t0.72 —0.057 (-0.03,-0.11)
S/C America 1.340.77 0.01+:0.01 1.38:0.77 —0.092 (0.03,-0.18)
Africa 0.88+0.5 0.01+0.01 0.9+:0.5 —0.061 (0.02,-0.12)
Global average  1.03+0.52 0.12+0.09 1.15+0.53 —0.064 (-0.02,-0.13)

mixing adjustments yield large uncertainties in regional SFP Relative emission rates of OM and BC differ by source,
even whemgn is low. We weight regional SFP by emission but the highest OM:BC ratio from a dominant source type is
rate to provide a global average ﬁ‘-ﬁ:of 1.03+£0.52GJ/g. 12:1 for open burning of biomass (see emission rates given

. - C . .
For SFES, we apply the baseline uncertainties discussed"” Sect. 5). The ratio of SHF? to SRy is greater than 12:1
in Sect. 4.6 and uncertainties in Arctic deposition discussed©r &/l regions, so the net effect of BC plus OM from that
in Sect. 4.5. Average cryosphere SFP is QLI209, al-  SOurce Is positive forcing. If only OM and BC were emit-

though this varies greatly by region. ted, and direct plus cryosphere forcing were the only physi-

SFP for organic matter includes the baseline ensemble aac-al effect, an OM:BC ratio of about 15:1 would resultin zero

justment (1.30 with an uncertainty range of [0.8, 2.2]) and theZ;p?SwV? rtotgi)-og—atrgicr)sp:l:argi dt'i:/ecf/vforrr(:i';g fornzrm re‘%lon.
regional adjustments discussed in Sect. 4.4. As stated earlietr', Iy rotie i a ro ?Srf recmia ian ein a m gr, ai 0 ev Ieu—
the asymmetric uncertainties are larger in the negative direc- arra 8 S greater for emissions In SoMe regions.  values
tion of SFP! are also shown in Fig. 10. Given the large un-

dir4-cry
. . . certainties discussed earlier, there is still a significant proba-
As SFFPM s negative, co-emissions of OM could offset g P
positive forcing by BC. However, the magnitude of §ERs

bility that some OM:BC ratios could result in cooling. This

i probability is lower when cryosphere forcing is significant.
greater than that of Slﬁ‘—:’" by about an order of magnitude. The discussion here could suggest that all major BC
Figure 10 shows SFg® plotted against SFf for each re-  sources are net warming, regardless of co-emissions of or-
gion. The nearly linear relationship between the two is un-ganic matter. However, other co-emitted species, and other
surprising, because our model had similar treatments of rephysical effects must be included in the analysis before such
moval for both species. However, the good relationship doesonclusions are made.
suggest that lifetimer(), more than varying forcing-per-mass
(f), is a dominant factor in determining SFP.
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5 Comparison of SFP with forcing and GWP values

While the main purpose of this paper is to present SFP for BC
and OM, this measure has not previously appeared in the lit-
erature. To compare the values provided here to earlier work,
we translate SFP to forcing and Global Warming Potential, as
discussed in Sect. 2. Globally-averaged measures are shown
in Table 2 by emission-weighting regional SFP. Forcing and
GWP for emissions from each region can be developed from
Table 1 using the procedures outlined here.

0.5 RS | 5.1 Globally-averaged forcing

We calculate total aerosol forcing as emission rate times SFP.
Estimates of year 2000 energy-related emissions by Bond et
al. (2007), plus updated emission factors, are 4.8 TgBC and
15Tg OM. These values of OM include a source-dependent
Fig. 10. SFP for black carbon plotted versus SFP for organic matterOM-to-OC ratio. The work presented earlier gives cen-
for all 23 source-region combinations. A line which intercepts the tral values and uncertainties that are carried through SFP,
origin and which has a slope of the OM:BC ratio from a particular the forcing per emission. Uncertainties in emission rates
source divides directwe_lrmi_ng f_rom direct cooling (above/below) b)_/ have been discussed extensively elsewhere (Bond et al.,
j[hat source. The 12:1 I|ne_|s given here because that OM:B(_: rat|c2004), and we will not include them here. Multiplying
is the hlghgst of all the major sources. Thereforg, cgntral estlm.ate§ne emission rates given above by the average SFP for
for SFP indicate that the OM plus_ B_C mix results in direct warming energy-related emissions, converting units, and dividing by
for all sources, although uncertainties are large. the area of the Earth gives £0.33).22 W 2 for BC (in-
cluding cryosphere forcing) and0.04 W n1 2 for OM, with
an asymmetric uncertainty range 6f@.02, —0.08). Like-
wise, we obtain forcing by multiplying SFP for open-burning
emissions with average emission rates from van der Werf et
In our estimates of SH®Ra dir+cry, We adjust a reference al. (2006) (2.6 Tg BC and 30 Tg OM). For this source, we as-
model (CAM) using an ensemble that incorporates multi- sume that organic matter is 1.4 times organic carbon for con-
ple models. This procedure accounts for the possibility thatsistency with AeroCom emissions (Dentener et al., 2006).
CAM could be biased relative to other models. However, it Forcing by open-burning emissions is is +0:20.08 W n12
does not address the fact that all models could be biased refor BC, including cryosphere forcing, and0.14 (—0.04,
ative to reality because of common, but incorrect, assump-—0.27) W n12 for OM, respectively. Table 2 summarizes
tions about aerosol behavior. A quantitative assessment ahese estimates and provides a breakdown between atmo-
the second possibility is greatly needed. To proceed furthersphere and cryosphere.
the underlying causes of variation within models should be |PCC (Forster et al., 2007) reports anthropogenic forc-
identified and evaluated with measurements, and models thag, or the difference between present-day and an atmo-
more closely reproduce critical observations should be giversphere with 1750 emissions. The net anthropogenic emis-
a higher weighting. sions given by Dentener et al. (2006) are: 4.2 TgBC and
Additional treatments are also needed to account forl0.7 Tg OC from energy-related combustion, and 2.1 TgBC
emerging knowledge about the properties and impacts ofind 21.9 TgOC from open burning. These emission rates
black carbon and organic matter. We incorporated adjustyield anthropogenic forcing of +0.400.18Wnm2 for
ments for black carbon mixing and regional dependence oBC without cryosphere, +0.440.29 W nT2 for BC with
forcing because of the availability of multiple model results. cryosphere, and-0.13 (~0.05,—0.25) W n2 for OM.
For black carbon mixing, there is also general agreementon Our anthropogenic aerosol forcing estimate of
the physical nature of the enhancement. However, we did not+0.40 W nt?2 for direct TOA forcing of total BC is
apply the same treatment to many other possible effects. On&8% higher than the +0.34 WTA given by IPCC (Forster et
example of an effect that needs to be addressed for black cagrl., 2007). We consider this an improved estimate because
bon is enhanced forcing due to inclusions in cloud dropletsit includes the increased absorption caused by in-particle
(Jacobson, 2006). Examples for organic matter are absorpmixing (see Sect. 4.1) and excludes duplicate model re-
tion due to some types of organic compounds (Kirchstetter esults. However, the increase is small because some models
al., 2004) and the emerging understanding of organic aerosakith mixing and with higher emission rates were already
hygroscopicity and particle growth (Jimenez et al., 2009). averaged in IPCC’s estimate. The cryosphere contribution

81 -0.08 -0.06 -0.04 -0.02 0
OM SFP (GJ g™")

4.8 Caveats
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Table 2. Global average forcing and global warming potentials derived from SFP combined with estimates of emissions (aerosol and
anthropogenic forcing) or carbon dioxide forcing (global warming potentials). Uncertainties for OM are asymmetric and are presented as
ranges.

BC TOA BC direct OM TOA direct
direct  +cryosphere

Total aerosol forcing (W ?r)

Global total 047 0.26 0.53+ 0.30 -0.17 (-0.07,—0.35)
Open biomass 0.1:20.07 0.20£0.08 —0.14 (-0.05,-0.27)
Energy-related 0.28:0.19  0.33:0.22 —-0.04 (-0.02,—0.08)

Anthropogenic forcing with
IPCC—AR4 emissions (W

Global total 0.4G£0.18  0.44:0.29 -0.13(0.05,-0.25)
Open biomass 0.150.06 0.16:0.13 —0.10(-0.04,—0.20)
Energy-related 0.25:0.12 0.29+0.16 -0.03 (~0.01,—-0.06)
Global warming potential, 100-year

Global average 744 370 830+ 440 —46 (—18,-92)
Open biomass 836 330 880+ 370 —53 (—-20,-100)
Energy-related 690t 450 790+ 530 —30 (-12,-60)
Global warming potential, 20-year

Global average 26081300 2900t 1500 —160 (-60,—320)
Open biomass 29061100 310Gt 1300 —180 (—~70,—360)
Energy-related 2406: 1600 280Gt 1800 —110 (—40,—210)

(+0.05Wn1?) is smaller than IPCC’s estimate because it about 10%. This increase is regionally dependent, as can be

includes new, more physically based studies. inferred from Fig. 10.
Our value of GWPM is —46 with an uncertainty range
5.2 Comparison with Global Warming Potential of (—18, —92). The average value for open burnings@)

is 80% greater than for energy-related combustie®Q) be-

Previously, measures of forcing-per-emission have been precause of seasonality. Fuglestvedt et al. (2009) used the same
sented as GWP values. For comparison, Table 2 showsmulti-model ensemble as we did, so their 100-year GWP for
GWPs calculated for 100-year and 20-year time horizons byorganic matter should be directly comparable. They provide
dividing SFP by 1.4 103GJg! and 4.0x 1004GJg,  a value of—69 for organic carbon; assuming that organic
respectively (see Sect. 2.5). In this discussion, we refematter (which includes oxygen and hydrogen) is 1.4 times
mainly to 100-year GWP values. The ratio of 100-year organic carbon by mass, their value becomd$, very sim-
GWPs between two studies would be identical to the ratioilar to ours.
of 20-year GWP values. Reddy and Boucher (2007) reported a very large warm-

Compared with previous estimates of G¥Pby our ing contribution from snow albedo for European emissions —
group (Bond and Sun, 2005), the globally averaged value formabout a factor of two increase above atmospheric warming.
direct forcing is similar but slightly higher (7486370 vs.  This estimate is much higher than ours because they assumed
680). Uncertainties are about 50% of the total for BC. Directa global average snow forcing of +0.1 W) a relatively
GWPEC for energy-related emissions (fossil fuel and biofuel) high estimate. They also apportioned all snow forcing ac-
is somewhat lower than for open burning (690 vs. 830). Ourcording to Arctic deposition of energy-related emissions, al-
atmospheric 100-year GV#E from energy-related emis- though much of the albedo impact is caused by open biomass
sions is about 40% higher than the global mean average caburning (25%) and 80% of the remainder occurs outside of
culated by Reddy and Boucher (2007) and Fuglestvedt ethe Arctic. We find that adding snow forcing increases warm-
al. (2009), who provided values of 480 and 460, respec-ing by atmospheric BC by only 20-25% for Europe. Other
tively. The difference occurs largely because their modelsemissions, particularly energy-related emissions in the for-
did not include internal mixing of black carbon with other mer USSR and open biomass burning in Siberia (N Asia),
aerosol components. As with direct forcing, addition of the give much larger warming by snow deposition.
cryosphere component increases globally-averaged GWP by
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6 Outlook, challenges, and caveats Not present in our discussion is a recent model estimate of
very high atmospheric forcing by black carbon (Ramanathan
In this paper, we compare modeled estimates for atmospherignd Carmichael, 2008). Their reported total forcing of
and snow forcing of black and organic carbon, normalizing+0.9 W n12 is higher than many other modeled estimates.
to emission rates. Our measure is a simple combination oHowever, because the estimate was partly based on observa-
model outputs, the Specific Forcing Pulse. It quantifies thetions, the large observed forcing could also result from actual
impact per emission from a particular region, either for aemissions being higher than modeled emissions. Until the
global total or within a region, and can be easily translatedexact causes of difference are isolated, such estimates cannot
to other policy-relevant measures. We recommend a metho@le used to provide an “impact-per-emission” measure like
of combining model diversity with model improvements to the SFP. However, the great difference from modeled values
provide best estimates. should serve as a caution that emissions, model processes,
The discussion throughout this paper has demonstratedr both contain uncertainties that are not fully reflected in
that forcing values depend critically on emission rate for global simulations.
SLCFs. One should examine varying forcing estimates in
light of the emission inventory used to obtain them, as that
choice alone may account for large differences. For ex-Appendix A
ample, estimates of black carbon forcing for energy-related
emissions alone have been compared with estimates for affuantifying immediate radiative forcing by black
emissions, and anthropogenic forcing (which excludes emiscarbon and organic matter with the Specific
sions in 1750) has been compared with total forcing. Thesd-orcing Pulse
variations reflect disagreement about source strength as well
as model physics, and the sources of variation. Likewise,
observationally-based estimates of forcing (e.g. Sato et alAlthough global chemical-transport models usually do not
2003; Yu et al., 2006; Ramanathan and Carmichael, 2008}/Se pulse emission functions, SFP can be determined from
inherently include all emissions, not just those assumed irfheir output, with some limitations. In this section, we
the model used. When observed and modeled forcing estidemonstrate Why thisis so USing the Simple box model shown
mates differ, discrepancies could result from lifetime, nor-in Figure Al. In this box, a first-order process with rate con-
malized forcing, emissions, or some combination. Reducingstant 1% is responsible for all removal. The solution to
uncertainties will require isolating the underlying reasons forthe first-order differential equation describing the concentra-
disagreement and addressing them through focused measur#an has a familiar exponential form. After an emission pulse
ments. of magnitude; into the box, the integrated concentration
Because of continuing interest in SLCFs and their mitiga-from zero to infinity istS Mg. This integrated concentration
tion, model estimates of total, sectoral or individual-sourceis equivalent to the integral of burdeb®( over surface area
forcing are becoming common. To place new estimates inand time in Equation 1. If the mass that remains in the box
context of others’ work, individual model results should al- captures energy per time per mgss, the integrated energy
ways be accompanied by a comparison with model ensemfor a box is ¢5 fSMg), and the added energy per emitted
bles. Such comparisons should use normalized values, suahass is 5 f5). This would be the calculated SFP for the
as SFP, normalized forcing, or lifetime. material in the box model. A positive sign indicates net en-
The SFP presented here incorporates model estimates @fgy capture, retention, or increase; a negative sign indicates
atmospheric and snow forcing. Future analysis should focugnergy rejection, which may occur either by reflection of en-
on two improvements: ergy or increased re-emission. In the same box at steady state
Cloud changesChanges in aerosol emissions also causewith a continuous emission raté® (gs 1), the steady-state
differences in cloud albedo (“first indirect”), cloud lifetime concentration is{®>M?%) and the rate of energy addition (or
(“second indirect”), and cloud amount due to atmosphericloss) is given by €5 fSMS5). The latter is commonly called
heating (“semi-direct”). Such changes often result in nega-forcing, and the forcing per mass is%(f$), which also hap-
tive forcing (Chen et al., 2010; Koch and DelGenio, 2010), pens to be SFP. Figure Alb illustrates some of the relation-
which would reduce the magnitude of the SFP for black car-ships betweenS f$ (or SFP) and more commonly reported
bon, and make that of organic carbon even more negativemeasures such as column burden emission raté//$, and
There is a dearth of model studies examining cloud response®tal forcing.
to emission changes, rather than total impacts. Such studies After a change in emission, 95% of the change between
are needed before any measure can incorporate these impdhe initial value and a steady-state value is achieved within (3
tant effects. 7p. For SLCFs, atmospheric concentrations are always near
Incorporating observationsThe possibility that all mod-  equilibrium with respect to emission rates. The equilibrium
els could be incorrect is a serious one. Observational conrequirement is more challenging for longer-lived species. For
straints and uncertainties should be embedded in the SFRxample, about 27 years of constant emissions are required to
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Fig. Al. (a) Simple box model demonstrating factors that govern impacts on energy balance due to addition of aSspdeiesnergy
addition per massf{s) is shown by green arrows indicating incoming and reflected solar radiation, and red arrows indicating absorption and

dissipation as heat. Other interactions with radiation (e.g. re-emission of infrared energy, absorption by the species on the Earth’s surface)

can be framed in similar terms but are not presented here. First-order removal has rate constant 1/S (inverse of(life@alellation
flow for box in steady state, with blue “x” indicating multiplication (e.g., total burden = lifetime multiplied by emission rate). Energy added
(Specific Forcing Pulse) does not depend on emission rate.

achieve steady-state conditions for a pollutant with a lifetimewhere SFFJ%I. is the forcing in regiory due to an emission of

of 9 years. Thus, even if we chose to apply the SFP concepy in regioni, 1 is the ratio between effective forcing and
to methane, using global models to determine its value wouldadiative forcing and accounts for the “fast response” (Shine
require multi-decade simulations. et al., 2003; Forster and Taylor, 2006; Lohmann et al., 2010)

Of course, in the Earth system, /%, and emission tg speciess in region ;, andR} ; is the response in regidn
rate all vary in space and time. SFP derived from mOd'to a CGO-like forcing in regioﬁj after timer. The termy S

eled forcing-to-emission ratios could depend on the emis'encompasses some, but not all, of the effects that are tradi-
sion spatial and temporal distributions used in the mOdel’gonally called “efficacy” or “efficiency.”

among other factors. Annually-averaged concentrations an In matrix form

forcing from chemical-transport models can provide average . ’

values of SFP, but the same model experiments cannot iso — [ R().y5.SFP’.e5(t)dt (B2)

late seasonally-dependent values of SFP. Instantaneous val- Jo

ues of /5 can be derived from the ratio between total forcing wheref is a vector in which thé-th element represents im-

and column burden at any time during the simulation. How-pact in regionk, ande is a vector in which the-th element

ever,r¥ (the other component of SFP) cannot be obtained byrepresents emission in regien SFPis a matrix for which

dividing instantaneous values of burden and emission ratethe j-th row andi-th column represent forcing in regioh

Nevertheless, values of ande canaidin diagnosing rea- due to emission in region y is a diagona| matrix; an

sons for differences in SFP between seasons or regions. s a matrix for which the-th row andj-th column give the
response (temperature response or other chosen change) to
forcing in regionj. We note that the “regions” in the equa-

Appendix B tion could be smaller than the large regions presented in this
paper, even as small as a city. However, uncertainties in at-
SFP and temperature change mospheric transport and impact may preclude such detailed

) _ _ estimates of SFP.
Locatlo_n_s of SL_CF concentrations and forcing depend upon EquationsB1) and 82) explicitly represent the process in
the emitting region (Berntsen et al., 2006). Furthermore, réyangjent climate models. Models are diverse in their forcing
gional forcing is not proportional to regional temperature re- oqtimates and climate responses, but many models provide
sponse. As a first step in representing this complex situation, iy some elements of the equation. Some represent forcing
we propose the following equation: only, while some add climate response. Furthermore, there is
a wide range of predicted future emission trajectories. lden-

J 1
) = /zz R _yisz(sppf,i .e; (t)) dr (81)  tifying each component of the calculation from emission to
0 j=1 i ' climate response will allow many models to contribute to a
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final estimate of impact. Although Eq8B1) and 82) may Bond, T. C. and Sun, H.: Can reducing black carbon emissions
not capture nonlinearities, we suggest that it is better than counteract global warming?, Environ. Sci. Tech., 39, 5921-5926,
ignoring regional differences. 2005.

Some measures have been proposed to examine the tergond. T. C., Streets, D. G., Yarber, K. F., Nelson, S. M., Woo, J.-H.,
perature response to mitigation decisions. Most notable is 223 ';'r';%rl‘é f;rtﬁ) ;e‘:::ggg{];b?rsoenﬂ gggr?]i'u'g;i’s;‘m;y gg;‘ﬂ)‘/s
the Global Temperature Potential, which includes the tem- oo 09 '014503, doi:14210.11029/12003JD003697, 2004.
perature response to a pulse emission (Shine et al., 2005; Fy;

" o léond, T. C., Habib, G., and Bergstrom, R. W.: Limitations in the en-
glestedvt etal., 2009) or to a sustained emission cut (Boucher ancement of visible light absorption due to mixing state, J. Geo-

and Reddy, 2008). Both measures require assuming the “mit- phys. Res., 111, D20211, doi:20210.21029/22006JD007315,

igation” emission rate as a function of time, as well as a 200s6.

baseline rate for comparison. The difference between anond, T. C., Bhardwaj, E., Dong, R., Jogani, R., Jung, S., Roden,

two such trajectories is probably neither a pulse nor a con- C., Streets, D. G., Fernandes, S., and Trautmann, N.: Histori-

stant. Instead, a measure that reflects the near-instantaneouscal emissions of black and organic carbon aerosol from energy-

forcing resulting from emissions (such as SFP) can be con- related combustion, 1850-2000, Glob. Biogeochem. Cyc., 21,

volved with the time-dependent emission changét]] and GB2018, doi:2010.1029/2006GB002840, 2007.

the temperature response to radiative forcing to obtain a temBoUcher, O. and Reddy, M. S.: Climate trade-off between black
carbon and carbon dioxide emissions, Energ. Policy, 36, 193—

perature response to a particular measure, as was done by200 2008

Boucher and Reddy (2008). Chen, W.-T., Lee, Y. H., Adams, P. J., Nenes, A., and Se-
infeld, J. H.: Will black carbon mitigation dampen aerosol
indirect forcing? Geophys. Res. Lett, 37(9), L09801,
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