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Abstract. As a component of fine particulate matter (P, exposure is excluded. We estimat8 times more avoided
black carbon (BC) is associated with premature human mordeaths when BC and organic carbon (OC) emissions are
tality. BC also affects climate by absorbing solar radiation halved together, suggesting that these results greatly under-
and reducing planetary albedo. Several studies have exanestimate the full air pollution-related mortality benefits of BC
ined the climate impacts of BC emissions, but the associatedhitigation strategies which generally decrease both BC and
health impacts have been studied less extensively. Here, wOC. The choice of concentration-response factor and health
examine the surface P\ and premature mortality impacts effect thresholds affects estimated global avoided deaths by
of halving anthropogenic BC emissions globally and individ- as much as 56 % but does not strongly affect the regional
ually from eight world regions and three major economic sec-distribution. Confidence in our results would be strength-
tors. We use a global chemical transport model, MOZART-4,ened by reducing uncertainties in emissions, model param-
to simulate PM s concentrations and a health impact func- eterization of aerosol processes, grid resolution, and £M
tion to calculate premature cardiopulmonary and lung can-concentration-mortality relationships globally.

cer deaths. We estimate that halving global anthropogenic
BC emissions reduces outdoor population-weighted average

PM;5 by 542 ng T3 (1.8 %) and avoids 157 000 (95% con- 1 |ntroduction

fidence interval, 120 000—-194 000) annual premature deaths

globally, with the vast majority occurring within the source Black carbon (BC) is a component of fine particulate mat-
region. Most of these avoided deaths can be achieved byer (PMys) produced by incomplete combustion of fuel
halving emissions in East Asia (China; 54 %), followed by and is mainly emitted by residential, transportation, and in-
South Asia (India; 319%), however South Asian emissionsdustrial sources (Bond et al., 2004). PMis associated
have 50 % greater mortality impacts per unit BC emitted thanwith negative health impacts, including premature mortal-
East Asian emissions. Globally, halving residential, indus-ity (e.g. Krewski et al., 2009), and some evidence suggests
trial, and transportation emissions contributes 47 %, 35 %that PM s mixtures containing high BC fractions may have
and 15% to the avoided deaths from halving all anthro-larger mortality effects than other mixtures (Smith et al.,
pogenic BC emissions. These contributions are 1.2, 1.2, and009). BC also warms the atmosphere by absorbing solar
0.6 times each sector’s portion of global BC emissions, ow-radiation (e.g. Horvath, 1993), indirectly impacts cloud life-
ing to the degree of co-location with population globally. We time and reflectivity (Koch and Del Genio, 2010), and de-
find that reducing BC emissions increases regiona) 8-  posits on snow and ice, reducing albedo and quickening melt-
centrations by up to 28 % of the magnitude of the regionaling (e.g. Hansen and Nazarenko, 2004). Although the net ef-
BC concentration reductions, due to reduced absorption ofects of BC on climate remain uncertain, mitigation of BC
radiation that drives photochemistry. Impacts of residentialemissions offers an opportunity to address climate change
BC emissions are likely underestimated since indoobBEM  and air pollution simultaneously (e.g. Jacobson, 2002; Bond
and Sun, 2005; Ramanathan and Carmichael, 2008; Kopp
and Mauzerall, 2010). Both climate and health benefits
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While several recent studies have examined the climateeactions. The representation of tropospheric aerosols in-
impacts of BC emissions (e.g. Koch et al., 2007; Reddy anccludes sulfate (Sg assumed here to exist as ammonium
Boucher, 2007; Levy et al., 2008; Shindell et al., 2008; Fu-sulfate), BC, OC, secondary organic aerosol (SOA), ammo-
glestvedt et al., 2010), the associated health impacts haveium nitrate (NQ), and sea salt (Emmons et al., 2010b).
been studied less extensively. In contrast with direct atmo-Here, MOZART-4 is configured with a horizontal resolution
spheric warming by BC absorption of sunlight, which de- of 1.9° x 1.9°, 28 vertical levels, and is driven with meteorol-
pends on total column BC concentrations, BC health impactogy from the NCEP/NCAR reanalysis (6 h timestep; Kalnay
depend on population exposure at the surface, where humaret al., 1996; Kistler et al., 2001) for the year 2002 with six
breathe. In addition, the net climate impacts of BC emit- months of spinup starting in July 2001. An online photoly-
ting sources can be offset by co-emitted Mcomponents  sis scheme accounts for the impact of aerosols on photolysis
that reflect radiation, such as organic carbon (OC) and sulrates, affecting production of photochemical oxidants (Tie et
fate (SQ; Unger et al., 2010), but all Py components al., 2005; Emmons et al., 2010b), however, aerosol feedback
are thought to be damaging to health (e.g. Krewski et al.,on meteorology (including atmospheric circulation and inter-
2009). Since the drivers for climate and health impacts ofactions with clouds) is excluded. BC and OC are initially
BC emissions differ, mitigation strategies that achieve theemitted as 80% and 50 % hydrophobic and are converted
greatest near-term climate benefits may not yield the greatedb hydrophilic with a time constant of 1.6 days to simulate
co-benefits for public health, and vice versa. the gradual coating of hydrophobic particles with sulfate and

Previous studies of the health impacts of outdoor air pollu-other compounds (Emmons et al., 2010b). Dry deposition
tion have found that the greatest burden of outdoor air pollu-of BC and OC is set to 0.1 cnt$ and wet deposition of hy-
tion on human health occurs in Asia, where large populationgrophilic BC and OC is set to 20 % of the wet deposition rate
are exposed to high ozone and Ptoncentrations (Cohen of HNOs (Tie et al., 2005; Emmons et al., 2010b).
et al., 2004; Anenberg et al., 2010), and that biofuel combus- Anthropogenic BC and OC emissions for the year 2000
tion causes eight times more premature deaths globally thaare from the inventory developed for the Intergovernmen-
fossil fuel emissions, largely because biofuel combustion octal Panel on Climate Change Fifth Assessment Report (IPCC
curs mainly in very populated regions of the world (Jacob- ARS5), based on Bond et al. (2007) and Junker and Liousse
son, 2010). Surface BC concentrations, specifically, havg2008) with updates described by Lamarque et al. (2010).
also been found to be highest over East Asia, South AsiaSince this inventory includes only submicron particles, we
and Southeast Asia (e.g. Koch et al., 2009). The co-locatiormultiply BC and OC emissions by 1.15 and 1.4 to include all
of high BC concentrations and large populations may transparticles up to 2.5um in diameter for these species (Cooke
late into a substantial impact on global public health, andet al., 1999), as in Liu et al. (2009a). The IPCC AR5 in-
significant potential benefits of BC mitigation. ventory reports emissions from the residential, transporta-

Quantifying the health benefits of BC emission reductionstion, and industrial sectors (includes non-road transporta-
and their variation by source region and sector may informtion), and smaller sectors, such as waste treatment, agricul-
strategies to mitigate near-term climate change and air poltural waste burning, and shipping. The residential, indus-
lution simultaneously. Here, we calculate the surface airtrial, and transportation sectors together compris#0 %
quality and premature human mortality impacts of halving of the total anthropogenic BC inventory (Fig. 1). As BC
anthropogenic BC emissions globally, regionally, and fromand OC are generally co-emitted with CO (e.g. Dickerson
three major economic sectors. We also examine a scenario i@t al., 2002), we vary these emissions monthly by scaling
which BC and OC emissions are reduced together, as the{o the monthly profile of CO from the RETRO emissions
are co-emitted and likely to both be affected by BC miti- inventory fittp://retro.enes.org/datmissions.shtr) which
gation strategies. We simulate B¥iconcentration changes does not include BC and OC, in each grid cell and sector
with a global chemical transport model (CTM) and calculate (Figs. S1-S2).
mortality changes using a health impact function based on Anthropogenic emissions of all other species are those

epidemiologically-derived concentration-response relation-used by Emmons et al. (2010b), which are from the POET
ships. (Precursors of Ozone and their Effects in the Troposphere;

Olivier et al., 2003; Granier et al., 2005) inventory for the
year 2000, with Asian emissions replaced by the annually

2 Methods varying Regional Emissions Inventory in Asia (REAS; Ohara
et al., 2007) (Table S1). Biomass burning emissions for all
2.1 Model setup species are from the Global Fire Emissions Database ver-

sion 2 (GFED2; van der Werf et al., 2006) for the specific
We simulate a base case and several sensitivity cases usimgonths in 2001 and 2002 modeled here. To account for emis-
the global CTM MOZART-4 (Model of Ozone And Related sion altitude and plume buoyancy, we distribute all biomass
Tracers, version 4; Emmons et al., 2010b). MOZART-4 hasburning emissions vertically up to 6 km above the surface
85 gas-phase species and 39 photolysis and 157 gas-phassing the vertical profile from Dentener et al. (2006). All
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Fig. 1. Anthropogenic BC emissions by region and sector after the

IPCC emissions are scaled by 1.15 to account for particles larger

than 1 um in diameter. World emissions are shown divided by 10t02 »  Evaluation of base case surface concentrations

fit on the scale.

Simulated annual average BNlconcentrations are highest

in EA and IN, due to large anthropogenic and biomass burn-
Ing emissions (Table 1 and Figs. S4-S8). BC is 3-5% of
Fotal PM5 among world regions and OM is 14-46 % (Fig. 2
and Table S2). Spgenerally contributes the most to BM
except for IN and EA, where OM and NQlso contribute
significantly, and SE/AU, where OM is high due to wildfires.
Population-weighted average concentrations of all species
are 1.2-3.3 times larger than simple average concentrations,
reflecting co-location of emissions and concentrations with

other emissions are injected at the surface, including powe
generation €1 % of global BC emissions) and industrial
emissions, which include non-road transportation and smal
sources with no smokestacks.

Relative to this base case, we calculate changes insPM
concentration and mortality for 12 sensitivity cases wherein
anthropogenic BC emissions are halved globally, individu-
ally in eight major world regions (North America, South
America, Europe, the Former Soviet Union, Africa/Middle .
East, South Asia (India), East Asia (China), and SoutheasPOpUIat'On (Table S2). ) )
Asia/Australia) and individually in three major economic . IOZART-4 has been evaluated extensively against satel-
sectors (residential, industrial, transportation). These region_g,te data and measurements at altitude and at the surface by

are defined in Table 1 and Fig. S3. The 50 % reductions=MMons et al. (2010b) and Tie et al. (2005), who compre-

are chosen to simulate realistic but ambitious policy targets"€nsively evaluated the aerosol scheme specifically. Here

while producing changes in PM that are sufficiently large Wedfor(]:us ;)n chan(i;es n PM lcorr(;ponents at the surface,
to be analyzed in all reduction scenarios. We also exam@nd therefore evaluate simulated BC, OC, and; $0n-

ine a scenario in which global anthropogenic BC + OC emis-Centrations in the first vertical level. Since modeled con-

sions are halved together, since they are co-emitted. pegentrations are volume averages over Iarge grid cells, they
e expected to represent concentrations in remote locations

cause each emissions source emits BC and OC in di]‘fererﬁ]r h b han 1 b Wi
ratios and each control measure may reduce them in di1‘fer!h":lt e;re more Omogen?usd etter than In urban ar(faas. be
ent percentages, this experiment is meant to be illustrativd €"€fore compare simulated concentrations to surface ob-
of including OC reductions and does not represent the im_servgnqns mainly in remoFe Iocanons from the Interagency
pacts of actual mitigation measures. Finally, to isolate theMomtormg C?f Protected V'S“","I Environments (IMPROVE;
impact of emissions in the United States (US), we exam_http.//wstg.mra.colostate.edullmpro)/ei_etvv_ork for the US_

ine a scenario in which BC emissions are halved in the US(134 monitors) and the European Monltonng and Evaluation
only and compare the results with the North American reduc- "09ramme (EMEPhttp://www.emep.iny/ network for Eu-

tion in the Supplement. We use simulated concentrations irfOpe,(13 monitors for BC and OC, 75 for 0 Although )
the first vertical level (height =80 m) as surface concentra- V& simulate 2002 for our base case, for the model evaluation

tions. We multiply simulated hydrophobic and hydrophilic ©NlY: We ran the base case through 2003 to leverage addi-
OC concentrations by 1.3 and 1.7 to account for associate onal observations from IMPROVE (available for both 2002

species other than carbon (Ming et al., 2005) and add this t@nd 2|003) and EMEZ(?Vgilable fzr July .2?]02;]“”9 .2003)'
SOA to give total organic mass (OM). We estimate F\s We also compare modeled BC and OC with observations at

BC + OM + SQ, + NOz, assuming that these species exist en-1_5 locations in China (Zhang et al., 2008) and eight il"l In-
tirely as PNb s and ignoring other species (dust and sea salydi2 (Béegum et al., 2009) from 2006. All of these monitor-
that are dominated by natural emissions and are unaffectel{' networks_ report elemental carbon (EC)’ Wh'ch 'S mea-
by changing BC and OC emissions. sured by optical rather than thermal-optical techniques and

may be between 30 % and 100 % of BC; since the emissions

www.atmos-chem-phys.net/11/7253/2011/ Atmos. Chem. Phys., 11, 72632011
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Table 1. Simple and population-weighted annual averageBNhg n3) concentrations for the base case andRNeduction, avoided
cardiopulmonary and lung cancer deaths (in thousands), and percent of these deaths from cardiopulmonary (CP) disease due to halvin
global anthropogenic BC emissions and BC + OC emissions. Confidence intervals (95%, in parentheses) reflect uncertainty in the CRF only.

Base Case Pk Global 50% BC Reduction Global 50% BC + OC Reduction
Concentration (pg m3)
Simple  Population- Simple  Population-
Population-| Average weighted Avoided Average weighted Avoided

Receptor Simple weighted APM; 5 APMy 5 Deaths %| APMas APMy 5 Deaths %
region Average Average (ngm3) (ngm3) (x1000) CP| (ngm3) (ngm3) (x1000) CP
North America 3.54 8.28 43 150 4 873 151 655 14 87.8
(NA) (3-5) (11-18)
South America 3.84 6.02 44 130 1 949 218 735 8 951
(SA) (1-2) (6-9)
Europe 9.77 13.4 147 230 8 0911 772 1116 41 92.1
(EV) (6-10) (31-51)
Former Soviet 5.87 12.29 60 177 5 96.1 466 1582 45 96.1
Union (FSU) (4-6) (34-55)
Africa/Middle 5.32 7.21 64 126 5 974 454 941 36 975
East (AF/ME) (4-6) (28-43)
South Asia 19.28 36.29 420 732 48 96.7 3533 6409 399 96.7
(India; IN) (37-59) (312-482)
East Asia 27.98 70.17 453 1201 81 92.8 3483 9938 622 93.0
(China; EA) (61-100) (480-755)
Southeast Asia/ 4.81 9.55 54 247 6 942 361 1713 40 94.3
Australia (SE/AU) 4-7) (31-49)
World 2.75 29.7 33 542 157 94.1 221 4379 1205 944

(120—194) (932-1463)

inventory is more representative of EC than BC, comparingulated SQ is generally higher than observations (Fig. S12).
modeled concentrations with EC is most appropriate (VignatiFor the few observations available from China and India,
et al., 2010). For OC, we compare observations with simu-simulated concentrations are within a factor of two of obser-
lated concentrations prior to conversion to OM, and includevations in remote locations, but are often lower than obser-
SOA. We compare SPprior to mass conversion to ammo- vations in regional and urban locations (Figs. S13 and S14).
nium sulfate. See the Supplement for comparisons of simSome of these discrepancies may be due to differences be-
ulated monthly concentrations with IMPROVE and EMEP tween volume averaged modeled concentrations in large grid
observations (Figs. S9 and S10). cells and point measurements (Swall and Foley, 2009; Gi-
Compared with observations from IMPROVE (average lardoni et al., 2011), or the mismatch between 2006 mea-
2002-2003) for the US (Figs. 3 and S11), BC is generallysurements in Asia and 2002 simulated concentrations. Mea-
simulated within a factor of two (inside the dashed lines), Surement methods may also cause overestimation of ambi-
with some simulated concentrations higher than observa€nt EC concentrations (Fig. 3; Novakov et al., 2005), with
tions in the Northwest US, California, and Northeast US, the reflectance method for IMPROVE potentially measuring
and lower than observations in the South. Simulated Oc idigher EC concentrations than the transmittance method used
generally lower than observations, particularly in the South-by EMEP (Chow et al., 2001).
east, likely due to unrealistically low simulated SOA concen- Simulated simple (population-weighted) regional aver-
trations, consistent with previous studies using MOZART-4@ge surface N® concentrations range as high as 10.6
(Dunlea et al., 2009; Emmons et al., 2010a). However, sim{30.6)ugnT® in EA and 6.3 (15.1)pgm’ in IN (Fig. 2
ulated OC is higher than observations in the Northwest Usand Table S2). While a lack of global NOneasurements
Simulated SQ generally matches observations in the East-limits our ability to evaluate simulated concentrations, these
ern US, but is higher than observations in the Western ugsoncentrations are consistent with those simulated by other
(Fig. S12). Compared with observations from EMEP in Eu- 9lobal CTMs (e.g. Park et al., 2004). Any biases in sim-
rope (average July 2002 to July 2003), simulated BC concentllated NQ@ concentrations would not significantly affect
trations are lower than observations, particularly in Westernour results, since Ngvaries little among the BC emission
Europe (Figs. 3 and S11). As for IMPROVE, simulated OC is Scenarios.
lower than observations in Europe (Figs. 3 and S11) and sim-
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(@) ‘ ‘ (b) , plying the AF by the baseline mortality rate)§ and exposed
| r=0.42 o0, A R=047 population (Pop), as shown in Eq. (2).

AF = (RR—1)/RR=1—exp #2X (1)

\ oy 7 AMort = yo(1—exp #2X)Pop ()

T
Model

Some evidence suggests that air pollution mixtures with high
BC fractions, “black smoke,” “diesel Pp4,” and “traffic
PMgz5,” have stronger associations with mortality than other
) mixtures (Cooke et al., 2007; Brunekreef et al., 2009). Some
001 010 100 o 10 studies that use ambient BC concentrations as a marker for
© e @ e . air pollution mixtures also find stronger associations with
Re0.66 100 4 =063 4 mortality than those using total PM (Ostro et al., 2007,
g 2008; Bell et al.,, 2009; Peng et al., 2009; Smith et al.,
2009). However, these studies are subject to large measure-
ment and exposure error since BC is very spatially hetero-
geneous (Bell et al., 2011). Furthermore, many,BMon-
stituents are correlated, subjecting single-pollutant risk es-
o ' IR timates to confounding by co-pollutants and often prevent-
_ S ing definitive conclusions about their relative importance to
o h o o risk (Smith et al., 2009). The body of evidence for differen-
o 10 01 10 100 tial risk of PMp 5 components, including BC, is not as robust
Measurements Hessurements as for long-term PMjs (Smith et al., 2009; IEc, 2010). We
Fig. 3. Comparison of simulated annual average surface concentratherefore assume that all mixtures of Plare equally po-
tions (ug n3) with the IMPROVE surface monitoring network for ~ tent in causing premature mortality, and use the change in
remote locations in the United States (average of 2002 and 2003)otal PMp 5 in Eq. (2).
for (a) BC and(b) OC (includes SOA), and with the EMEP sur- We calculate CRFs using estimates of RR of chronic mor-
face monitoring network for Europe (average for July 2002 to Junetality due to total PMs. The impacts of chronic Ppk ex-
2003) for(c) BC and(d) OC (includes SOA). Dashed lines repre- posure on mortality are established by a large body of epi-
sent the 1:2 and 2:1 lines indicating agreement within a factor Ofdemiology studies and include impacts of both short-term
2. and long-term exposure. We use RR estimates from Krewski
et al. (2009), the latest reanalysis of the American Can-
2.3 Health impact function cer Society PM5 studies (e.g. Pope et al., 2002) and the
largest among long-term PM mortality studies (e.g. Laden
We calculate avoided premature deaths in each grid cell uset al., 2006). For a 10 ugni increase in PMs, RR was
ing the change in simulated P concentration between the 1.06 (95% CI, 1.04-1.08), 1.13 (95% ClI, 1.10-1.16), and
base case and the emission reduction scenario and a heafthl4 (95% ClI, 1.06-1.23) for total, cardiopulmonary, and
impact function (HIF). Global CTMs have been used pre-lung cancer mortality in adults age 30+. These RRs were
viously to estimate mortality due to total anthropogenic air determined for the observed range of concentrations, 5.8—
pollution (Anenberg et al., 2010), long-range transport of air22.2 ug n3, and the linearity of the concentration-response
pollution (Duncan et al., 2008; Anenberg et al., 2009; Liu relationship was also demonstrated up to 30 g§ raased
et al., 2009a; West et al., 2009), future changes in emissiongn different years of Plyls data (1979-1983; Krewski et al.,
(West et al., 2006, 2007; Selin et al., 2009), changes in on€009). Causes of death differ globally from those in the US,
sector’s emissions (Corbett et al., 2007; Barrett et al., 2010)and we estimate cardiopulmonary and lung cancer mortality,
fossil fuel and biofuel emissions (Jacobson, 2010), and ai®@s they are more comparable around the world than all-cause
pollution changes associated with carbon dioxide emissiongnortality. We assume these CRFs apply globally, despite dif-
(Jacobson, 2008). ferences in health status, lifestyle, age structure, and medical
Here we use a log-linear relationship between long-termcare among global populations.
PM,s exposure and relative risk (RR), following Anen-  We use baseline cardiopulmonary and lung cancer mortal-
berg et al. (2010). RR 1 indicates that PMs exposure ity rates from the World Health Organization (WHO, 2004,
increases risk of mortality. We use RR to calculgte  2008), population from the LandScan database (Oak Ridge
the concentration-response factor (CRF), and, as shown ifNational Laboratory, 2008) from 2006 (Fig. S15), and the
Eqg. (1), the attributable fraction (AF), the fraction of the fraction of the population age 30+ (WHO, 2004) to be con-
disease burden attributable to the change in annual averagéstent with Krewski et al. (2009), as described by Anenberg
PM25(AX). This HIF is applied in each grid cell by multi- et al. (2010; see Table S3).

Model
)
Model
=

o |

/ o
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300ng/m3

Fig. 4. Reduction in annual average surface f4\oncentration (ng m3) for the global, sectoral, and regional emission reductions relative
to the base case.

3 Results Fig. 6). These regions have large emissions and exposed
populations, and IN also has high baseline cardiopulmonary
3.1 Global emission reductions mortality rates. In all regions except NA which has a rel-

atively high baseline lung cancer mortality rate90 % of
Halving global anthropogenic BC emissions reduces theavoided deaths are from cardiopulmonary disease.
global annual average PM concentration by 33ngm Estimated reductions in PM concentrations are gener-
(1.2%), ranging among regions from 43 ngin NA to ally smaller than reductions in BC concentrations due to in-
453ngnT2in EA (Table 1 and Fig. 4). Population-weighted creased S@production (Fig. 5a). Aerosols affect gas-phase
average PMs concentrations decrease by 542ngPm chemistry by absorbing or scattering radiation that drives
(1.8%) globally, ranging from 126 ngmi in AF/ME to photochemistry (He and Carmichael, 1999; Liao et al., 1999;
1201 ngnT3 in EA. Regional BC concentrations decrease Castro et al., 2001). Previous studies using regional models
by 25-49 %, with smaller percentage reductions in regiongJacobson, 1998; Li et al., 2005) and global models (Mar-
with frequent wildfires (e.g. SA, AF/ME, SE/AU; Figs. 5a tin et al., 2003), including using the aerosol scheme used in
and S16). Wildfires are assumed to be natural and are therddOZART-4 specifically (Tie et al., 2005), find that high BC
fore excluded from the emission reduction. We estimateconcentrations lead to reduced photolysis rates foraad
that these PMls reductions would avoid-157 000 (95% CI,  nitrogen dioxide and, therefore, reduced €@ncentrations.
120000-194 000) annual premature deaths worldwide (TaHere, we find that reduced BC concentration increases pho-
ble 1), over 80% of which occur in EA (81000, 95% CI, tolysis and leads to increased concentrationsf@droxyl
61 000-100000) and IN (48000, 95% CI, 37 000-59 000;radical (OH), and hydrogen peroxide {6), as shown in
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(@) orld +— (0.3 %) as a result. of the BC emission reduction, but no ap-
/v [ preciable change in SOA. We include changes to albEM
EA species in our mortality calculation, but do not includg O
N increases.
AF/ME 1 Halving global anthropogenic BC and OC emissions to-
— .
FSU 4 gether _reduces B_C (_:oncentratlons by th_e same amount
EU as halving BC emissions alone, but OM is also reduced
SA |— (Fig. 5b), such that annual average PiMreductions are
NA + larger by a factor of four in NA to over eight in IN (Ta-
300 200 -100 O 100 200 300 400 500 600 ble 1). These PMs reductions are associated with8
) 1 times more (1.2, 95% CI, 0.9-1.5 million) global prema-
World | ture deaths than is estimated for halving BC alone (Table 1).
SE/AU f_ Here, changes in radiation absorption by BC and scattering
EA | | | | | by OM, which can increase-_ the pathlen_gth of solar radiation
.N_‘f | and accelerate photochemistry (e.g. Dickerson et al., 1997),
AF/ME have opposing effects on gas-phase chemistry. We find in-
FSU!- creases in OH (global annual mean increase of 0.81 %) and
EU r' O3 (0.44 %) concentrations but decreases s#@klconcentra-
A f_ tions (—0.34 %), resulting in mixed effects on $0-0.07 %
NA" globally; Fig. S18). We also find mixed directional changes
k in NOs (regional increase up to 200 ng#) 2.0 %) and SOA
500 0

500 1000 1500 2000 2500 3000 3500  (yp to 47 ngmS, 55%) that do not necessarily follow the
Concentration (ng/m3) directional change in S£XFig. 5b).

Estimated avoided deaths from halving anthropogenic BC
and BC +OC are consistent with estimates by Anenberg et
al. (2010) of the global burden of anthropogenic Fvbn
Fig. 5. Reduction in global and regional annual average concentramortality (~3.7 million deaths) when multiplied by the frac-
tions (ng rTT3) of PMy 5 species for halving global anthropogenic {jgn of PMs that is BC (9%, 300000 deaths) and OM
(a) BC emis_sions an(b_) B_C+O_C emissions, relative to the base (46%, 1.7 million deaths) in that study. The global bur-
case. Negative values indicate increases. den estimate is twice our estimated deaths from halving BC,

but only 1.6 times those from halving OC (1.2 million from

halving BC + OC minus 0.2 million from halving BC alone).
Fig. S17. As described by Tie et al. (2001), gas-phase prowhile both studies use the MOZART model, we use here an
duction of SQ in MOZART-4 occurs via R1, while aqueous updated version, MOZART-4, which includes aerosol chem-
phase (in-cloud) production occurs via Reactions (R2) andstry and interactions with radiation. Our methodology also
(R3), where S(1V) is total dissolved sulfur (Hg@nd SQ). differs for BC and OC emissions, assumptions for converting
OC to OM, and years of emissions and meteorology.

oM NO3 ®S0O4 mBC

SO, +O0H— SOy (R1) 3.2 Regional BC emission reductions

S(IV) + O3 — SOs + products (R2) We now examine the surface BM and mortality impacts
of halving anthropogenic emissions in eight world regions

S(IV) +H202 — SOy + products (R3) individually. EA contributes 32 % of global anthropogenic

BC emissions, more than double the contribution from any
Through these reactions, increased concentrations of Otéther region (Fig. 1). AF/ME and IN follow, with 13 % and
(global annual mean increase of 0.34 %} (0.03%), and 12 %.
H202 (0.12 %) in response to BC emission reductions lead We find the greatest reductions in population-weighted
to enhanced Sproduction (0.13 %). The resulting - PMos occur within the EA (1262ngm?) and IN
creases are very small percentages of tota) PMpt0 0.7 % (733 ngn13) source regions, due to high emissions (Ta-
regional average in EA; Fig. S16) but since Séncentra-  ble 2). For all regions, the contribution of BC emissions from
tions are much larger than BC concentrations, they can offsebther regions to surface R concentrations is very small,
up to 28 % (in EA) of regional BC reductions (Fig. 5a). O although some transport occurs between FSU, AF/ME, and
and SOA concentrations are also formed in the atmospher&U, which are close in proximity. For some regions, halving
by reaction with photochemical oxidants. We find changes inBC emissions leads to small increases in OH, &d B0,
regional annual average N@oncentrations up to 20 ngTa in distant regions, which enhance $@roduction where S®
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Fig. 6. Avoided annual cardiopulmonary and lung cancer deaths per 1000fenthe global, sectoral, and regional emission reductions
relative to the base case.

emissions are high, such as in EA (Figs. S19 and S20). SincéTable S3). The small SQncreases in distant regions result-
BC concentrations are not greatly impacted outside of thang from some regional BC emission reductions have very lit-
source region, small SQincreases in distant regions can tle impact on mortality. To compare mortality impacts of BC
lead to overall PMs increases (Table 2). For example, emissions across regions, we calculate the mortality impacts
halving BC emissions in IN increases population-weightedper unit BC emissions reduced (Fig. 7). Per unit emission,
average PMs by 20ngn73 in EA. The limited influence  the mortality impact of BC emissions is largest for IN (136
of extra-regional BC emissions on regional surfaceoBM premature deaths avoided per Gg BC emitted), followed by
concentrations is consistent with other studies finding thateA (90). Reducing BC emissions in IN is more effective at
BC comprises 0-3 % of background surface aerosol concenreducing within-region PMs (2.1 ngnm3 PM, 5 reduction
trations (Liu et al., 2009b) and that foreign BC emissions per unit BC emission reduced in IN versus 1.3 in EA; Fig. 1
contribute 0-5 % of regional surface BC concentrations (TFand Table 2). IN also has higher baseline cardiopulmonary
HTAP, 2010). mortality rates (Table S3).

Halving BC emissions in EA avoids 85000 (95% ClI,
64 000-105000) annual premature deaths globally, moré.3 Sectoral BC emission reductions
than any other region, followed by IN with 47 000 (95 % ClI,
36 000-58000; Table 2). EA and IN contribute 53 % and We next examine the impacts of halving global BC emis-
31 % to all avoided deaths from halving global BC emissions,sions from each major economic sector individually. Glob-
1.6 and 2.5 times greater than their contributions to globalally, 93 % of anthropogenic BC emissions are estimated to
anthropogenic BC emissions, owing to large populations inbe from three sectors: residential (38 %), industrial (includes
both regions and high cardiopulmonary mortality rates in IN non-road transportation; 29 %), and transportation (on-road
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Table 2. Reduction in population-weighted average $d/concentration (first row for each receptor region, mgnand annual avoided
premature cardiopulmonary and lung cancer deaths (second row, thousands) in each receptor region after halving anthropogenic BC emissior
in each source region. Confidence intervals (95%, in parentheses) reflect uncertainty in the CRF only.

Source Region

Receptor NA SA EU FSU AF/ME IN EA SE/AU
Region
NA 151 -1 -1 -1 -1 -1 -2 -1
4 (3-5) 0 0 0 0 0 0 0
SA 0 129 0 0 0 0 0 0
0 1(1-2) 0 0 0 0 0 0
EU 0 0 225 5 9 -1 -3 10
0 0 8 (6-10) 0 0 0 0 0
FSU -1 0 39 135 23 -1 1 0
0 0 1(1-1) 4(3-5) 0 0 0 0
AF/ME 0 0 7 5 116 1 0 0
0 0 0 0 4 (3-5) 0 0 0
IN -1 -1 -1 -1 0 733 4 0
0 0 0 0 0 49 (37-59) 0 0
EA -4 0 -9 -3 —6 -20 1262 -9
0 0 -1(-1--1) 0 -1(0--1) -2(-1--2) 85(64-105) —1(—1-—1)
SE/AU 0 0 0 0 1 8 9 230
0 0 0 0 0 0 0 5 (4-7)
120 . 10 g 91 000) annual avoided deaths (Table 3). Avoided deaths
g 100 120 4 are likely underestimated for the residential sector since we
E 100 §, exclude changes in indoor exposure. The global mortal-
S 80 g ity impacts of reducing industrial BC emissions are also
% 60 60 £ large, while those from reducing transportation emissions
S 40 w0 2 are fewer. Halving residential, industrial, and transportation
%” 20 . * . 20 % emissions contributes 47 %, 35 %, and 15 % to the avoided
< 0 = & M e - g 2 deaths from halving all anthropogenic BC emissions. These
NA-SAEUFSUAR/ME N EA SE/AU contributions are 1.2, 1.2, and 0.6 times each sector’s portion

Source region

of global BC emissions, owing to the degree of co-location
Fig. 7. Global annual avoided premature cardiopulmonary and IungWlth p_op;latlfon g:sbally. AS for B%%mISSIOES’ thg Gflatl\ée

cancer deaths (thousands; blue bars) and avoided premature deamg:lgnltu eoteac sectc_)rs lmp.act iers su stantlg yinde-
per Gg BC emissions reduced (red diamonds), for halving anthroV€loped versus developing regions. For example, in IN, res-
pogenic BC emissions in each source region relative to the basédential, industrial, and transportation emissions contribute

case. Confidence intervals (95 %) reflect uncertainty in the CRF66 %, 18 %, and 14 % of the PM decrease, while in NA
only. these sectors contribute 15 %, 20 %, and 60 %. Of the total

avoided deaths from halving global anthropogenic BC emis-

sions, 26 % occur in EA from the industrial sector, and 20 %

occur in each of IN and EA from the residential sector.
only; 26 %) (Fig. 1). Each sector’s contribution to total an-  The mortality impact per unit BC emitted (“mitigation ef-
thropogenic BC emissions differs considerably by region,ficiency”) in each region is similar regardless of the sector
with transportation emissions estimated to contribute most iy om which emissions were reduced (Fig. 8) and follows the
developed regions (55 % in NA and 53 % in EU), and the res-same ranking as for the regional reductions (Fig. 7). How-
idential sector contributing most in developing regions (62 %eyer, reducing BC emissions from the transportation sector
in IN and 56 % in both AF/ME and FSU). In EA, 50% and i, EA has a smaller per unit impact on mortality relative
35 % are from the industrial and residential sectors. to the residential and industrial sectors. While the indus-

Globally, halving residential BC emissions impacts trial and residential sectors in EA have the greatest BC emis-

population-weighted average BMland mortality most, with  sions (“mitigation potential”), all three sectors in IN have the
250ng nT3 PMy5 reduced and 74000 (95% CI, 57000 greatest overall mitigation efficiency. Outside of IN and EA,
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Table 3. Population-weighted reduction in annual averageBNhg n3) and annual avoided premature cardiopulmonary and lung cancer
deaths (in thousands) for halving global BC emissions from each sector, relative to the base case. Confidence intervals (95%, in parenthese:s
reflect uncertainty in the CRF only.

Residential ‘ Industrial Transportation
Population- Population- Population-

weighted Avoided|  weighted Avoided weighted Avoided
Receptor APMy g deaths APMy 5 deaths APMy 5 deaths
region (ngnT3) x1000 | (ngm3) x1000 | (ngni3) %1000
NA 22 1(0-1) 29 1(1-1) 88 2(2-3)
SA 28 0 (0-0) 30 0 (0-0) 65 1(0-1)
EU 50 2(1-2) 42 1(1-2) 124 4 (3-5)
FSU 99 3(2-3) 32 1(1-1) 33 1(1-1)
AF/ME 65 2 (2-3) 21 1(1-1) 31 1(1-1)
IN 480 32 (25-39) 135 9 (7-11) 105 7 (5-9)
EA 461 32 (24-39) 602 41 (31-50) 89 5(4-7)
SE/AU 115 3(2-3) 50 1(1-1) 71 2(1-2)
World 250 74 (57-91) 191 55 (42-68) 80 23(17-28)

imitigation efficiency is greatest for FSU, SE/AU, and EU, 1w
while mitigation potential is greatest for the residential sec- 0 fesigenta
tor in AF/ME and the transportation sector in EU and NA. & industral

¢ Transportation

100 =

4 Sensitivity of results to concentration-response
factors

A Receptor region:

hs per Gg BC emitted

. * H NA AF/ME
A "a < - :: . lENA

For the results presented above, we assume that the CREs ale arsU m SEAU
estimated for the US apply globally, although simulated con—§ " mte ¢ O global
centrations in some grid cells in Asia are much higher than® L e
the range included in the ACS study (Table S3). Current ev-
idence does not support the existence of low or high thresh- Uncertinty in Uncertaintyin
olds beyond which changes in BN concentration have no ) [ moitysmar BC emjssions
impact on mortality (Krewski et al., 2009). However, while 10 100 1000 10000
no long-term epidemiology studies have examined the rela- BC emissions (Gg)

tionship between Pl concentration and mortality athigher rig. 8. Annual avoided premature cardiopulmonary and lung can-
concentrations, the per-unit impact of PMon mortality  cer deaths per unit BC emissions reduced vs. total BC emissions
may be smaller at higher concentrations (Pope et al., 200%Gg) for particular source sectors within each region. Avoided
Smith and Peel, 2010). Without quantitative evidence de-deaths are estimated in the three simulations where global emis-
scribing the concentration-response relationship at a widesions in each sector are halved, and shown for each receptor region;
range of concentrations, we examine the effect of low ancdthese deaths are compared with emissions from each region, as-
high health effect thresholds on estimated deaths. suming that deaths from inter-regional transport are negligible (Ta-
For the case where BC emissions are halved globally, Elpple 2). Uncertqlntyln the.molrtallty estimates is gfaqtor 0f0.23 from
plying a high-concentration threshold of 50 ug(an as- the central estimate, which includes uncertainties in the cardiopul-

sumbtion consistent with previous studies. e a. Cohen et al monary and lung cancer CRFs only. Uncertainty in BC emissions
P P ' €.0. is assumed to be a factor of 2 from the central estimate (Bond et al.,

2004) reduces global avoided d,eaths by _56 % gompared to "9004, 2007). Since these uncertainties are factor differences from
threshold. Over 99 % of the difference in estimated deathshe central estimate, they are identical for each data point.

occurs in EA and IN (Fig. 9) where concentrations most fre-

quently exceed the threshold, but the majority (60 %) of esti-

mated avoided deaths still occur in these regions. Applyinga We also examine the effect of applying the significantly
low-concentration threshold of 5.8 ugm the lowest mea- higher CRFs from the latest reanalaysis of the Harvard Six
sured level in Krewski et al. (2009), reduces global avoidedCities cohort study (Laden et al., 2006) which found that
deaths by 2.1%, 33% and 22 % of which occur in AF/ME for a 10 ugnt? increase in PMs, RRs of cardiovascular
and SE/AU. and lung cancer mortality were 1.28 (95% CI, 1.13-1.44)
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180 spatial gradients of concentrations, particularly around ur-
160 ban areas. As BC and the primary component of OM are
140 directly emitted, this uncertainty may be particularly impor-

120 tant for this study. We found that BC and OC concentrations

are generally lower than observations in the US and Europe
and for the few available observations in China and India,
likely causing our calculated impacts of halving emissions to

100
80
60

0 be underestimates.
0 Several uncertainties are also associated with health im-
. . i ] i pact function parameters. We assume that alpBhixtures
j’i R i z z z
NA SA

Avoided deaths (thousands)

EU FSU AFMME IN EA SE/AU are equally toxic, despite substantial compositional variation
_ around the world and some evidence suggesting that BC-

= main results = HCT =50 ug/m3 .. . b . h h
LCT=58ug/m3 = Laden et al. (2006) containing mixtures may be more toxic than the average.

Additional research is needed to identify differential toxi-
Fig. 9. Sensitivity of estimated avoided annual premature car-City of air pollutant mixtures (e.g. Smith et al., 2009; Do-
diopulmonary and lung cancer deaths from halving global anthro-minici et al., 2010; Vedal and Kaufman, 2011). We also as-
pogenic BC emissions to a high concentration threshold (HCT) ofsume that CRFs found in the US apply globally, despite dif-
50 pg nT 3, a low-concentration threshold (LCT) of 30ugth and  ferences in concentration levels, populations, lifestyle, age
relative risk estimates from Laden et al. (2006; cardiovascular andstructure, and medical care. This assumption is supported
lung cancer mortality only). Confidence intervals (95 %) reflect un- by evidence suggesting that Bitmortality associations are
certainty in the CRF only. similar among different sub-populations in the US (Pope et

al., 2009), though different sub-populations around the world

and 1.27 (95% CI, 0.96-1.69). Consistent with the relative << Nave larger differences than those in the US, and by
similar findings among short-term P mortality studies

magnitudes of the RR estimates, using the RRs from Lade%round the world (HEI, 2010: Atkinson et al., 2011). We

et al. (2006) increases estimated global avoided deaths bg . . . :
SO mphasize cause-specific mortality which may be more com-
45.1 %, which is distributed around the world. )
parable around the world than all-cause mortality, but may
result in underestimates of the total mortality impacts since
5 Uncertainties other causes of death are likely also associated with 2M

While we quantify uncertainty for mortality impacts from

statistical error in the CRF, we are unable to quantify sev-
eral other important uncertainties. Uncertainty in global BC
emission inventories is estimated to be about a factor of 2
and could be comparatively larger for the residential and in-

dustrial sectors in developing regions, where emissions ar? . . )
o - ’ CTM) to simulate PM s concentrations and a health impact
more difficult to estimate (Bond et al,, 2004, 2007). Global function to calculate mortality changes. We find that halv-

anthropogenic BC emissions are also generally allocated t?ng global anthropogenic BC emissions would reduce global

grid cells according to population, an assumption that may be opulation-weighted average BM by 542 ng nt3 (1.8 %)

more accurate forsome regions and sectors than others. Smind avoid 157000 (95% confidence interval, 120000—
ulated BC concentrations vary widely among global CTMs . X
e ; A 194 000) annual premature deaths worldwide, corresponding
due to differing assumptions for emissions and parameteri-
X . to 4% of PMys-related deaths (Anenberg et al., 2010) and
zation of aerosol processes, such as aging and wet and d

b 0, I I I -
deposition rates (Koch et al., 2009; Vignati et al., 2010). Un—d3 % of all deaths. Since the chemical and physical pro

o - . _cesses governing BC concentrations in MOZART-4 and our
derestimation of deposition fluxes would cause overestima; . : : )
. . Lo . health impact function are approximately linear, these results
tion of PMp 5 concentration and mortality impacts, and vice

. . can be scaled to estimate the surface air quality and health
versa. While we include feedback of aerosols on phOtOIy'impactS of larger or smaller changes in BC emissions. We

SIS rat_es, we exclude the |mpacts of aerosols_ on meteorolog)éxclude the likely substantial morbidity benefits of reducing
including on the atmospheric lapse rate, which would affectBC due to lack of data on baseline morbidity rates. Mor-

circulation, and cloud condensation nuclei, which would af- bidity impacts mav not be directly probortional to mortalit
fect aerosol wet deposition rates. These model variations y Imp y y prop y

) o impacts because of differences in hospitalization rates and
may affect estimated mortality impacts more than uncer- - ical care around the world
tainty in the CRF, as has been shown for ozone (Anenberg '
et al., 2009). The coarse grid resolution of the global CTM
also contributes to uncertainty, since it does not capture fine

6 Conclusions

We have estimated the impacts of global, regional, and sec-
toral BC emission reductions on surface air quality and
human mortality using a global chemical transport model

www.atmos-chem-phys.net/11/7253/2011/ Atmos. Chem. Phys., 11, 72632011



7264 S. C. Anenberg et al.: Health impacts of global, regional, and sectoral black carbon emission reductions

The vast majority of surface PM and health benefits Supplementary material related to this
from BC emission reductions occur within the source region.article is available online at:
Some inter-regional transport occurs between FSU, AF/ME http://www.atmos-chem-phys.net/11/7253/2011/
and EU, which are close in proximity. Regional definitions acp-11-7253-2011-supplement.pdf
used here are very broad, encompassing many countries,
which obscures smaller-scale transport of pollution across
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