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Abstract. We analyze the effect of varying East Asian (EA) be obtained using either sensitivity (i.e., varying emissions
sulfur emissions on sulfate concentrations in the Northernfrom a region to examine the effects on downwind concentra-
Hemisphere, using a global coupled oxidant-aerosol modetions) or tagging techniques. Our findings suggest that future
(MOZART-2). We conduct a base and five sensitivity simu- changes in EA sulfur emissions may cause little change in
lations, in which sulfur emissions from each continent arethe sulfate-induced health impact over downwind continents.
tagged, to establish the source-receptor (S-R) relationshiplowever, S@ emission reductions may significantly reduce
between EA sulfur emissions and sulfate concentrations ovethe sulfate concentrations and the resulting negative radiative
source and downwind regions. We find that from west toforcing over the North Pacific and the United States, thus pro-
east across the North Pacific, EA sulfate contributes approxviding a warming tendency.

imately 80%—20% of sulfate at the surface, but at least 50%
at 500 hPa. Surface sulfate concentrations are dominated by

local anthropogenic sources. Of the sulfate produced from

sources other than local anthropogenic emissions (defined Introduction

here as “background” sulfate), EA sources account for ap-

proximately 30%-50% (over the Western US) and 10%-—Sulfate aerosol is an important component of fine particu-
20% (over the Eastern US). The surface concentrations ofate matter (PMs, diameter<2.5um). PM, 5 concentra-
sulfate from EA sources over the Western US are highestions are associated, without a threshold, with increased risk
in MAM (up to 0.15ug/m®), and lowest in DJF (less than of adverse health outcomes including premature mortality
0.06ug/m%). Reducing EA S@emissions will significantly ~ (Pope et al., 2002; Pope et al., 2004; Schwartz et al., 2008).
decrease the spatial extent of the EA sulfate influence (repin addition, sulfate aerosols scatter sunlight, reduce visibil-
resented by the areas where at leasy@In3 of sulfate ity, affect regional climate, and harm ecosystems (Gunther,
originates from EA) over the North Pacific both at the sur- 1992; Giorgi et al., 2003; Park et al., 2004; Marmer et al.,
face and at 500 hPa in all seasons, but the extent of influenc2007; Koch et al., 2007a). Sulfate aerosols are produced
is insensitive to emission increases, particularly in DJF andby gas phase oxidation of $S®y OH radicals and by aque-
JJA. We find that EA sulfate concentrations over most down-ous phase oxidation of Sy H,O, (Martin and Damschen,
wind regions respond nearly linearly to changes in EASO 1981) and @ (Feichter et al., 1996). Since oxidation of 8O
emissions, but sulfate concentrations over the EA source releads to the production of sulfate aerosols and contributes
gion increase more slowly than $@missions, particularly to acid deposition, many industrialized nations have strin-
at the surface and in winter, due to limited availability of oxi- gently regulated S@emissions to protect human health and
dants (in particular of KOy, which oxidizes S@to sulfatein ~ ecosystems (Dutkiewicz et al., 2000; Moldan et al., 2001).
the agueous phase). We find that similar estimates of the S-Rlowever, the benefits of sulfur emission control partly de-
relationship for trans-Pacific transport of EA sulfate would pend on the linearity of the source-receptor (S-R) relation-
ship between S@emissions and sulfate concentrations (Op-
penheimer et al., 1985; Dutkiewicz et al., 2000). Generally,
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Fig. 1. The ten tagged continental source and receptor regions.

Table 1. Annual sulfur emissions from the ten tagged continental duces energy use), reducing S@missions by using low-

regions (Gmoles/yr). sulfur coal or scrubbers dpes not reduce other pollutants,
such as N@Q and VOCs (which are the precursors for atmo-
NA SA EU FSU AF IN EA SE AU ME spheric oxidants, such as OHzH,05) or carbon dioxide

(COy) the primary greenhouse gas. Therefore, in this study
we only change S®emissions and leave the emissions of
other chemical species unchanged.

Two techniques are used by the atmospheric modeling
major SQ sources because of limited availability of oxidants community to establish the effect of regional emissions on
(Hilst, 1992; Berglen et al., 2004). global concentration distributions, namely tagging tracers of

Due to rapid industrialization, anthropogenic Sémis- pollutant emissions (Liu and Mauzerall, 2005, 2007; Liu et
sions from East Asia (EA), particularly China, have in- al., 2005) and conducting sensitivity studies. In sensitivity
creased substantially in recent decades and between 19ggudies, emissions of a pollutant from a given region are var-
and 2030 are projected to increase by nearly another 50%gd to examine the effects on downwind concentrations (Park
(Klimont et al., 2001). However, China has realized that it €t al., 2004; Heald et al., 2006; Chin et al., 2007; Koch et
is urgent to mitigate S@emissions and has designed the al., 2007b). The results using these two approaches can dif-
Acid Rain and S@ Pollution Control Program to efficiently fer depending on the linearity of the chemical conversion of
control sulfur pollution (Hao et al., 2001). Therefore, future SO, to sulfate between the source and receptor regions. In
SO, emissions from EA are highly uncertain and significant this study, we use a coupled tagging-sensitivity approach to
increases or decreases are possible (Streets, 2007). The@eantify the S-R relationship and compare the difference be-
changes underscore the need to establish quantitative S-R réveen these two techniques. Our objectives are:
lationships between EA SCemissions and sulfate concen-
trations over source and downwind regions.

Typical methods for reducing SOemissions include
switching fuels or removing sulfur from fuels (e.g., replac-
ing high-sulfur with low-sulfur coal; removing sulfur from 2. to quantify the linearity of the S-R relationship between
gasoline) and reducing end-of-pipe emissions (e.g., installing  EA SO, emissions and sulfate concentrations globally
scrubbers) (Conrad and Kohn, 1996; NAPAP, 2005; Carlson (Sects. 4 and 3)
et al., 2000). These strategies have been widely used in the . i i
US to reduce S@emissions (Carlson et al., 2000), and are 3. to compare the source_—re_ceptor _relatlonshlps obtained
believed by the S@Pollution Control Program to be afford- using tagging and sensitivity studies (Sect. 5).
able strategies to mitigate $@missions in China (Hao et
al., 2001). Unlike improving energy efficiency (which re-

445 125 717 160 114 75 508 61 24 89

1. to determine the effect of potential future increases or
decreases in EA SOemissions on sulfate concentra-
tions over downwind regions (Sect. 3);
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Fig. 2. Scatter plot (left panel) and the relative difference (i.e., (model-obs)/obs, right panel) between the simulated (MOZART2, early
1990s) and observed annual mean sulfate concentration€{SQnit: xgm~3). Observations are from RSMAS (1980s—1990s average,
University of Miami, triangles), IMPROVE (1990-1992 average, circles), EMEP (1990-1992 average, diamonds), and EANET (2000-2004
average, squares).

2 Methods and aqueous reaction rate coefficients (Tie et al., 2005).
When the cloud pH is below 5, the reaction rate between

We use the three-dimensional global chemical oxidant-S@2 @nd Oz is much faster than that between 5&hd G

aerosol (fully coupled) transport model MOZART-2 (Model (Brasseur et al., 1999; ngfgld and Pandis, 1998). Removal
of Ozone and Related Tracers, version 2) (Horowitz et al.,PrOcesses fo.r sulfur species mchQe both d_ry deposition and
2003) driven with NCEP/NCAR reanalysis meteorology to et scavenging. The dry deposition velocities for,Sive
simulate inter-continental transport of sulfate aerosols. Thd"0m Feichter et al. (1996) and are much faster over ocean
model is configured with a T62 (1°81.9°) horizontal res-  (0-8c¢m/s)andland (0.6 cm/s) than over snow (0.2 cm/s). The
olution and 28 hybrid vertical levels from the surface to dry deposition velocities for sulfate are 0.2cm/s (Feichter
2.7mb. Standard MOZART-2 emission inventories are usect & 1996) over all surfaces. Wet deposition, including

which represent global emissions in the early 1990s (Olivier,P0th in-cloud rainout and below cloud washout, is parame-
1996: Horowitz et al., 2003). Table 1 summarizes the an-terized as a function of the effective Henry's law constant for

nual sulfur emissions from ten continental regions. The sul-68¢h species (Horowitz et al., 2003). In the case of, S8

fur emissions from EA account for approximately 21% of dissolution in cloud droplets and precipitation is enhanced
the global emission total. Detailed descriptions of the modelcOnsiderably over its physical solubility by acid dissociation
and model evaluation are provided by Horowitz et al. (2003,2"d by rapid aqueous-phase oxidation from S(IV) to S(V1)

20086), Tie et al. (2005) and Ginoux et al. (2006). (primarily by HO2). To reflect this enhanced solubility, wet
removal of SQ is calculating using an increased effective

Henry’s law constant, equal to that ob8,, as assumed by
(Tie et al., 2001, 2005; Horowitz, 2006). For sulfate, the wet
deposition rates are set to 20% of that for the highly soluble
gas HNQ (Horowitz, 2006).

MOZART-2 simulates sulfate production including both
gas phase oxidation of S(by OH radicals and aqueous
phase oxidation of SPby H,O, (Martin and Damschen,
1981) and Q@ (Feichter et al., 1996). In addition, naturally
produced dimethyl sulfide (DMS) is oxidized to $0y gas-
phase reactions with OH and N@adicals. Aqueous oxida- In this study, we quantify S-R relationships using a cou-
tion of SO to sulfate depends on cloud water content, cloudpled approach including tagged tracers and sensitivity simu-
pH, temperature, and abundance of oxidizing agents (hameliations. We first conduct a baseline simulation with standard
H202 and Q3). When clouds are present, MOZART-2 first sulfur emissions. We then conduct five sensitivity simula-
predicts the pH values based on the mixing ratios 05,SO tions with anthropogenic sulfur emissions from EA reduced
COy, HNOg, sulfate, and NH (the contribution of organic by 80%, 50%, 20%, and increased by 20% and 50% relative
acids to cloud acidity is not included in our calculation). It to the base simulation. In all cases, we tag the anthropogenic
then uses the predicted pH and temperature to calculate themissions of S@from the ten continental regions including
temperature dependent effective Henry’'s Law coefficientsNorth America (NA), South America (SA), Europe (EU), the
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Fig. 3. Horizontal distribution of EA sulfate concentrations (§Qnit: ©g m~3) at (a) 500 hPa andb) the surface in DJF, MAM, JJA, and
SON (letters correspond to the 12 months of the year).

Former Soviet Union (FSU, excluding part of Russia in the Protected Visual Environments (IMPROVE) in the United
European domain), Africa (AF), Indian Subcontinent (IN), Stateslittp://vista.cira.colostate.edu/IMPROVjEthe Coop-
East Asia (EA), Southeast Asia (SE), Australia (AU), and erative Program for Monitoring and Evaluation of the Long-
the Middle East (ME) as shown in Fig. 1 and track their con-range Transmission of Air Pollutants in Europe (EMEP:
version to sulfate (Sﬁj). Each simulation covers the 2-year http://www.emep.ift and the East Asian Monitoring Net-
period from 1990 to 1991 with the first year used for initial- work (EANET: http://www.eanet.cc We average observa-
ization. tions over 1980s—1990s for RSMAS data, over 1990 to 1992
for IMPROVE and EMEP data, and over 2000 to 2004 for

Since this study uses meteorological inputs from thegANET (however many EANET observation stations did
NCEP reanalysis (rather than MACCM-3 as in Horowitz et ot hegin to report data until 2003). Figure 2 compares the

al.,, 2003), we then evaluate simulated aerosol concentrationgi oz ART-2 simulated sulfate concentrations with global ob-
by comparing the model results with various observationsgeryation networks. The MOZART-2 results are generally in

for sulfate, including the data collected by the Rosenstielyqqq agreement with observations, with annual mean sulfate
School of Marine and Atmospheric Science (RSMAS) at the o centrations within a factor of 2 of observations at 80% of

University of Miami (Prospero, 1996) and by regional ob- ¢ gobal stations considered. In addition, the model tends to
servation networks, namely the Interagency Monitoring of

Atmos. Chem. Phys., 8, 3723433 2008 www.atmos-chem-phys.net/8/3721/2008/
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Fig. 4. Percent contribution of EA sulfate to total sulfate concentrations (using standard emissi@$0ithPa andb) the surface in the
same seasons as in Fig. 3.

underestimate sulfate concentrations over the Eastern US byalues are comparable to those obtained by other studies
nearly 25-50%. While the model shows little mean bias withwhich use a sensitivity approach to estimate the contribution
respect to the EANET observations (from the early 2000s),0f Asian sulfate to the Western US (Park et al., 2004; Heald
it is likely that the model would overestimate sulfate concen-et al., 2006; Chin et al., 2007). Vertical lifting by convection
trations over EA during the early 1990s (the period for which and frontal activities (e.g., warm conveyor belts) followed by
our emissions were estimated) because BMissions from  rapid transport in mid-latitude westerlies (or jet stream) are
East Asia are estimate to have increased between the eartitfe main mechanisms for transporting EA air pollution to the
1990s and the early 2000s (Klimont et al., 2001). North Pacific and North America (Kritz et al., 1990; Stohl,
2001; Stohl et al., 2002; Liu et al., 2003; Liu et al., 2005).
The contribution of EA to surface sulfate over the Western
3 Global contribution of sulfate aerosol from EA US is highest in Spring (MAM) (up to 0.15g/m3) and low-
. ) est in Winter (DJF) €0.06.g/m?). In our earlier work (Liu
The annual average simulated surface concentrations of Ef al., 2005: Liu and Mauzerall, 2005), we found that trans-

— -3
sulfate (SG~) range from more than %0y m OVerEAT0  pacific transport of an idealized tracer (with a fixed first-order
less than 0.2.g m~2 over the Western US (Fig. 3). These

www.atmos-chem-phys.net/8/3721/2008/ Atmos. Chem. Phys., 8, 37332008
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Fig. 5. Same as Fig. 4, but percent contribution of EA sulfate to North American (NA) background sulfate (Note: NA background sulfate is
the difference between total sulfate concentrations and sulfate originating from anthropogenic sources in NA).

decay lifetime of 2 weeks) to be strongest in winter-springand Chemical Transformation campaign) and modeling re-
and weakest in summer. The results here differ from thosesearch (e.g. Heald et al., 2006) has focused on spring. Our
of our earlier study because sulfate production is highly de-finding suggests that additional investigation of EA influence
pendent on the abundance of oxidants, which have differenbn sulfate concentrations over the Western US in summer and
seasonal variation than trans-Pacific transport. Comparindall may be worthwhile.

Figs. 3a and b, in summer the transport of EA sulfate to the ] o )

Central Pacific in summer is weak at the surface but relatively  1he fractional contribution of sulfate concentrations from
strong at 500 hPa where strong westerlies prevail. The sumEA in the base simulation during each season is shown in
mer high EA sulfate concentration over the Western US isFig- 4. From west to east across the North Pacific, EA sulfate

the net result of a series of processes, including stronger corfontributes from 80% to 20% of total sulfate at the surface,
vective transport over EA, faster sulfate production fasterbut contributes at least 50% at 500 hPa. This indicates that

wet removal, slower surface transport, and stronger subsiEA sulfate is the dominant source of sulfate over the Pacific
dence (within summer highs) over the Western US in sum-Ocean, particularly in the free troposphere. Sulfate aerosols
mer than in winter. Most recent field work examining trans- directly scatter solar radiation and increase the albedo of

Pacific transport (e.g. the 2002 Intercontinental Transporlouds. Thus, they cool the Pacific air mass which could
influence regional climate over the Western US. Investiga-

Atmos. Chem. Phys., 8, 3723433 2008 www.atmos-chem-phys.net/8/3721/2008/
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Fig. 6. Areas where at least Oulg m~3 of sulfate originates from EA (Aag.1) at(a) 500h Pab) the surface over the same seasons as in
Fig. 3 when EA sulfur emissions are 0.2, 0.5, 0.8, 1.0, 1.2 and 1.5 times standard EA emissions (indicated by colors).

tion into linkages between changing EA sulfate concentra-inventories and meteorological input, as well as the definition
tions over the North Pacific and their impact on US climate of “background sulfate” and “East Asian sources”, our result
would be valuable (e.g., Levy et al., 2008). Over the surfacediffers slightly from that of Park et al. (2004), who find that
of the US, EA sulfate contributes more than 10% of total sul-total Asian pollution accounts for 30% of background sulfate
fate over the Western US in MAM and JJA, but its influence over both Western and Eastern US, and Chin et al. (2007),
is negligible over the Eastern U {%) due to the domi- who find that Asian pollution accounts fer40% and~30%
nance of domestic sources (Fig. 4). of background sulfate over the Western and Eastern US, re-
spectively. At 500 hPa, EA sulfate accounts for more than

Figure 5 shows the fractional contribution of EA to back- .
'u W ! outl 50% of background sulfate over the US (Fig. 5a).

ground sulfate over North America (i.e., total sulfate concen-
trations minus sulfate from anthropogenic sources in NA). With standard EA S@ emissions, EA sulfate concen-
At the surface, EA sulfate accounts for 30%-50% and 10%-trations can exceed Oulgm—3 (Agao.1) over the Western
20% of background sulfate over the Western and Eastern USJnited States at 500 hPa (Fig. 3a) and even at the surface
respectively. Due to the differences in model use, emissiorn(Fig. 3b), particularly in MAM and JJA (for comparison,

www.atmos-chem-phys.net/8/3721/2008/ Atmos. Chem. Phys., 8, 37332008
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the Eastern US (150% EA emissions), particularly in MAM
A and SON. In addition, the spatial extent of & 1 at 500 hPa

is approximately twice as large as that at the surface in JJA.

These findings suggest that future changes in EA sulfur emis-

sions may cause little change in sulfate induced health effects
F over the US, but may cause a significant change in the sulfate

related climate impact over the North Pacific and the Western

us.

Ceod

4 Linearity of the S-R relationship

D B The linearity between Sfemissions and sulfate concentra-
— tions is of importance to both policymakers interested in re-
0 1 ESCE ducing the impacts of sulfate exposure and scientists eager

to understand the oxidation rate of $@hich depends on

Fig. 7. Schematic of the linearity of S-R relationships between the the concentrations of #D;, OH, and Q. Here we quan-
SO, emission scale factor g, the SQ emissions in each sensi- titatively investigate the linearity of the response of sul-
tivity run scaled to the baseline emissions) and the sulfate concenfate concentrations to changes in Sémissions. As S©
tration scale factor (€q,, the average sulfate concentration in each emissions increase, non-linearity may arise as oxidants are
sensitivity run scaled to the baseline concentrations). The straightonsumed increasingly quickly hence reducing the produc-
line OA shows the idealized perfect linear dependencegf,®n  tjon efficiency of sulfate (Berglen et al., 2004; Koch et al.,
Eso,, Wwhen B, varies_ betv\(een O and B. The convex curve OECF 2007b)

shows the actual relationship betweeg:and Eso,. The linear- Figure 7 shows the S-R relationship betweern, $is-

ity index L is defined by Eq. (1) in Sect. 4 (Note: "1" here indicates ;.\ &< cajad to the baseline SEmissions) and sulfate con-
standard emissions, and “O” indicates zero emissions or concentra- - . .
tion). centrations (scaled 'to thg pagelme sulfate concentratlpns).
When the S-R relationship is linear, sulfate concentrations
increase proportionally with the increase in S€missions
(following line OA). However, if the increase in S@mis-

the US EPA's annual average BM air quality standard is ~ SIOns decreases the availability of oxidants, the S-R relation-
1549 m-3). Figure 6 illustrates how the g1 changes ship will follow the OECF cur\./e,'wh|ch is non-llneqr. The.
with increases/decreases in EA S@nissions. At the sur- change of slope along OECF indicates the change in oxidiz-
face, the spatial extent ofgho.1 is constrained to the North N9 capacity of the atmosphere. To quantify the linearity of
Pacific and is sensitive to EA emissions between 20% andh€ oxidation process, we define a cumulative linearity index
80% of standard EA emissions. Therefore, a decrease of EAL) Which indicates the percentage departure from linearity:
SO, emissions will significantly decrease the spatial extent Soec + Scra

of EA sulfate over the surface of the North Pacific, but anL = ————— x 100% 1)
increase in emissions will not significantly increase the hori- AB

zontal extent of EA sulfate at the surface. The eastern boundSoag is the area of the triangle OAB associated with a linear
ary of Agap.1 reaches the Western US at the surface onlyS-R relationship (Fig. 7)Soec (Soecp — Socp) and Scra
when EA SQ emissions increase by more than 50% beyond(Scagp — Screp) are the shaded areas in Fig. 7, indicating
the standard emissions (especially in MAM and JJA). Sincedeparture from linearity. When L=0, the S-R relationship
most EA sulfate is efficiently removed from the lower tropo- is perfectly linear and the atmospheric oxidation power for
sphere by wet and dry deposition during transport over theSO, is unchanged. A larger L-value implies stronger non-
North Pacific, further increases in EA sulfur emissions will linearity, resulting from lower oxidant availability. In reality,
not significantly increase the surface concentrations and dethe S-R relationship is rarely perfectly linear. This is because
position of sulfate over the US. These results are supportedulfate is a secondary aerosol and an increase neds-

by the measurements reported in Jaffe et al. (2005) and Prosions will influence both oxidation power and photochem-
pero et al. (2003) which indicate that samples from Midway istry over both source and downwind regions. By comparing
Island in the North Pacific are significantly more influenced the shape of the OECF curve (in Fig. 7) to the L-index in
by Asian industrial sources of sulfur than measurements adifferent locations, we find that when<5%, the S-R rela-
Crater Lake in Oregon. At 500 hPa (Fig. 6a), where sulfatetionship is very close to linear. In contrast, whes 10%, a
removal is slower and oxidants are relatively abundant, in-non-linear S-R relationship can be easily identified (see plots
creasing EA emissions cause the eastern boundarggfA  in the supplementary materiaitp://www.atmos-chem-phys.

to expand from the Western Pacific (20% EA emissions) tonet/8/3721/2008/acp-8-3721-2008-supplemen}.pdf
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Fig. 8. Distribution of the Linearity Index (L) for the S-R relationship between EAySmissions and EA sulfate concentrations over the
northern hemisphere (based on Eq. (1) where low numbers indicate approximate linearity; EA sulfur emissions range from 0 to 1.5 times the
standard emissions) &) 500 hPa andb) the surface. Seasons are the same as in Fig. 3.

Figure 8 shows the distribution obL1 5 (i.e., the linearity ~ crease) of EA sulfur emissions is associated with 5-10% (1—
index obtained by varying EA emissions from 0 to 1.5 times 2%), 2-5% (0.5-2), and 1-2% (0.5-1%) change in surface
the standard EA sulfur emissions) for the S-R relationshipH2O», OH, and Q concentrations over EA (Eastern Pacific),
between EA S@emissions and EA sulfate concentrations in with the largest percentage changes occurring in winter for
the Northern Hemisphere. In regions where,Sissions OH and G and in summer for KO, (plots are given in the
are large, oxidant limitation results in incomplete conversionsupplementary materiaitp://www.atmos-chem-phys.net/8/
to sulfate, limiting the increase in sulfate concentrations as3721/2008/acp-8-3721-2008-supplemenipdis shown in
SOy emissions are increased. This results in the convex curv&ig. 8b, over the Western Pacific thg_ls s5-values in JJA are
seen in Fig. 7 and a positive value for L. Over EA, high low (<5%), indicating a higher atmospheric oxidation power
Lo_15-values &10% and more than 20% over Southeast- for SO, than in other seasons. In addition, over the Eastern
ern China) are found at the surface in all seasons, indicatingPacific and North America, thegl 1 5-values are low£5%)

a persistent non-linear S-R relationship over EA and signifi-in most seasons except winter (at high latitudes where oxi-
cant variations of atmospheric oxidation power for,S©or dant levels are low). At 500 hPa (Fig. 8a), the_ks-values
example, in this study a 50% change (either increase or deare relatively low even over the EA source region. There-
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Fig. 9. Direct (a) and indirect(b) effects on surface sulfate concentrations (upigzm=3) from 50% increase of EA SOemissions (note:
different color scales). Direct effects refer to changes in sulfate produced from EA emissions, while indirect effects refer to changes in sulfate
concentrations produced from pollutant emissions in other regions.

fore, the S-R relationships between EA S€missions and change in EA sulfate concentrations (due to production and

EA sulfate concentrations are close to linear everywhere extransport of sulfate from SfOemitted in EA). We also iden-

cept at the surface over EA. tify an indirect effect: the response of non-EA sulfate (i.e.,
the sulfate produced and transported fromp &@itted in re-
gions other than EA) to the change in EA S@missions.

5 Direct and indirect effects of the change in EA SGQ The negative indirect effect results from a reduction in the

emissions concentration of oxidants (particularly,B2) which in turn

slows down the oxidation of non-EA SO

Changing S@ emissions in EA leads to a direct change

in EA sulfate and an indirect change in sulfate from other Figure 9 shows the direct and indirect changes in surface

sources, which cannot be distinguished using sensitivitysulfate concentrations that result from increasing EA SO

studies alone. Usually sensitivity studies represent the totaémissions by 50%. Raising EA $S@missions has the di-

change in sulfate concentrations between a perturbation rurect effect of increasing EA sulfate concentrations across the

in which EA SGQ emissions are changed and the base runPacific Ocean (Fig. 6a) and the indirect effect of decreasing

Using our tagged regional sulfur tracers we identify a directnon-EA sulfate concentrations over East Asia (Fig. 6b). As
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shown in Fig. 9, the direct and indirect effects are both largesbver downwind continents but might significantly influence
over the source region and diminish downwind. However, thethe sulfate related climate change over the North Pacific and
direct effect exceeds the indirect effect by more than a factothe Western US.
of 10 over the source region and North Pacific (particularly ~We quantify the degree of linearity in the S-R relationship
between 20N-5C°N). Therefore, very similar trans-Pacific between EA S@emissions and EA sulfate concentrations in
EA sulfate S-R relationships are obtained using tagging andhe northern hemisphere by defining a linearity index. We
sensitivity techniques. At 500 hPa, the magnitudes of thefind that EA sulfate concentrations respond nearly linearly
direct effect are 0.1-0g m—3, 0.05-0.1ugm3, and less  (within 5%) to changes in EA SOemissions everywhere
than 0.05ug m~3 over the Western Pacific, Eastern Pacific except over the EA source region (where non-linearities ex-
and the United States (not shown). The indirect effect is negceed 10%, particularly at the surface during winter). Sulfate
ligible (<0.01gm™3). concentrations over EA increase proportionately less than the
EA sulfur emissions because the conversion of 8ulfate
reduces the availability of atmospheric oxidants (particularly
6 Conclusions H205), which in turn slows down the production rate for sul-
fate aerosol. However, even under low-oxidant conditions,
We analyze the source-receptor relationships between sulfonversion to sulfate occurs more quickly than transport to
emissions from East Asia and the resulting sulfate concengther continental regions.
trations over both source and downwind regions using the \ye compare the direct effect (i.e., the change in sulfate
global oxidant-aerosol model (MOZART-2). We conduct a produced from EA S@emissions) and indirect effect (i.e.,
base simulation and five sensitivity simulations in which EA response of non-EA sulfate) of changing EA Semis-
sulfur emissions are varied. In each simulation, we tag sulfursions.  We find that raising EA SCemissions leads to a
species from EA and other continental regions. positive direct effect and a negative indirect effect on sulfate
We find that the concentrations of EA sulfate in surface concentrations, particularly over the source region. However,
air over the Western US (resulting from trans-Pacific trans-the magnitude of the direct effect is more than 10 times larger
port) is highest in MAM and JJAX0.1ugm %) and is low-  than the indirect effect over the mid-latitude Pacific. We
est in DJF 0.06ugm-3). This spring (summer) maxi-  therefore conclude that the tagging and sensitivity techniques
mum in EA sulfate over the US is caused by the efficientyij| produce nearly identical estimates of the source-receptor
production and frontal (convective) lifting of sulfate aerosols re|ationship of trans-Pacific transport of sulfate aerosols.
over the EA source region followed by relatively rapid trans-
Pacific transport in the free troposphere. Our findings indi- AcknowledgementsiVe thank the Geophysical Fluid Dynamics
cate that for environmental policy (e.g., risk to human healthLaboratory for computational resources. We are pleased to
due to sulfate’s contribution to PM), summertime trans- acknowledge funding from Princeton University and a NASA New
Pacific transport of East Asian sulfate to the Western US ignvestigator Program grant to D. Mauzerall.
as important as that in spring. _
We find that present-day EA SGemissions account for Edited by: F. J. Dentener
at least 50% (20%) of total sulfate concentrations over the
North Pacific at 500 hPa (at the surface). EA ;S€nis-
sions account for approximately 30-50% and 10-20% o
?aigﬁ?g?#r,llis::]ﬁtgéizzz?gsiﬁi::) g{t?]jilzﬁgcrglgysr?EleBerglen, T. F., Berntsen, T. K., Isaksen, I. S._A., and Sl_Jndet_, J.
: K.: A global model of the coupled sulfur/oxidant chemistry in
Western_ and Eastern US, respectively. At 500 hPa, the EA the troposphere: the sulfur cycle, J. Geophys. Res.-Atmos., 109,
SO, emissions account for at least 50% of background sul-  p19310, doi:10.1029/2003JD003948, 2004.
fate over even the Eastern US. Brasseur, G. P., Orlando, J. J., Tyndall, G. S., and National Cen-
Using a series of sensitivity simulations, we compare ter for Atmospheric Research (US): Atmospheric chemistry and
the areas over which EA sulfate concentrations are at least global change, Topics in environmental chemistry, Oxford Uni-
0.1u9 m-3 (Aea0.1). We find that reducing EA S emis- versity Press, New York, USA, 18, 654 pp., 1999.
sions will significantly decrease the spatial extent ghdy ~ Carlson, C., Burtraw, D., Cropper, M., and Palmer, K. L.: Sul-
over the North Pacific at both the surface and 500 hPa, but If;ddelgxfepmgoéggnelefégc f;'ggeié;’gaztoa(;g the gains from
the spatial extent is insensitive to emission increases except, . T BN ' R ' : .
for s;)ring and fall at 500 hPa. In addition, the spatial extent%h'n‘ M., Dienl, T., Ginoux, P, and Malm, W.: Intercontinental
. . : transport of pollution and dust aerosols: implications for regional
of Agao1 at 500hPa is approximately twice as broad as at 4 quaiity, Atmos. Chem. Phys., 7, 501-5517, 2007,
the surface in JJA, indicating the efficient trans-Pacific trans- . /aww.atmos-chem-phys.net/7/5501/2007/
port of EA sulfate in the free troposphere in summer. Theseconrad, K. and Kohn, R. E.: The US market for S@rmits: policy
findings suggest that future changes in EA sulfur emission implications of the low price and trading volume, Energy Policy,
may cause little change in the sulfate induced health impact 24, 1051-1059, 1996.
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