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a b s t r a c t

Our objectives are to evaluate inter-continental source-receptor relationships for fine aerosols and to
identify the regions whose emissions have dominant influence on receptor continents. We simulate
sulfate, black carbon (BC), organic carbon (OC), and mineral dust aerosols using a global coupled
chemistry-aerosol model (MOZART-2) driven with NCEP/NCAR reanalysis meteorology for 1997–2003
and emissions approximately representing year 2000. The concentrations of simulated aerosol species in
general agree within a factor of 2 with observations, except that the model tends to overestimate sulfate
over Europe in summer, underestimate BC and OC over the western and southeastern (SE) U.S. and
Europe, and underestimate dust over the SE U.S. By tagging emissions from ten continental regions, we
quantify the contribution of each region’s emissions on surface aerosol concentrations (relevant for air
quality) and aerosol optical depth (AOD, relevant for visibility and climate) globally. We find that
domestic emissions contribute substantially to surface aerosol concentrations (57–95%) over all regions,
but are responsible for a smaller fraction of AOD (26–76%). We define ‘‘background’’ aerosols as those
aerosols over a region that result from inter-continental transport, DMS oxidation, and emissions from
ships or volcanoes. Transport from other continental source regions accounts for a substantial portion of
background aerosol concentrations: 36–97% for surface concentrations and 38–89% for AOD. We identify
the Region of Primary Influence (RPI) as the source region with the largest contribution to the receptor’s
background aerosol concentrations (or AOD). We find that for dust Africa is the RPI for both aerosol
concentrations and AOD over all other receptor regions. For non-dust aerosols (particularly for sulfate
and BC), the RPIs for aerosol concentrations and AOD are identical for most receptor regions. These
findings indicate that the reduction of the emission of non-dust aerosols and their precursors from an RPI
will simultaneously improve both air quality and visibility over a receptor region.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Human exposure to fine aerosols (particles with diameters less
than 2.5 mm, PM2.5), including sulfate (SO4

2�), black carbon (BC),
organic carbon (OC), and fine dust, and the associated adverse
impacts on public health are of concern around the globe (Davidson
et al., 2005; TF-HTAP, 2007). In addition, the release and transport
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of those aerosol species will change the optical properties of the
atmosphere, resulting in the reduction of visibility and changes in
regional and global climate (Park et al., 2004; Koch et al., 2007a,b;
Levy et al., 2008).

Both observational and modeling studies show that aerosol
concentrations are influenced by long-range transport as well as by
domestic anthropogenic and natural emissions (Jacob et al., 2003;
Jaffe et al., 2003; Park et al., 2003; Derwent et al., 2004; Heald et al.,
2006; Chin et al., 2007; Liu and Mauzerall, 2007; TF-HTAP, 2007).
Foreign anthropogenic emissions are considered to be part of
background concentrations – the concentration in the absence of
local emissions. Rising global emissions (particularly in developing
countries), combined with meteorological conditions favorable for
inter-continental transport, may make domestic efforts to control
aerosol concentrations alone inadequate. For example, Park et al.
(2004) found that trans-Pacific transport of Asian emissions
accounted for nearly 30% of background concentrations of sulfate
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Table 1
Global budget of mineral dust.

Size
(diameter), mm

Annual emissions,
Tg year�1

Avg.
load, Tg

Avg. lifetime,
days

Dust1 0.2–2.0 111 5.1 17
Dust2 2.0–3.6 210 6.0 11
Dust3 3.6–6.0 322 4.2 4.8
Dust4 6.0–12 581 2.0 1.3
Dust5 12–20 437 0.46 0.4

Dust1–5 0.2–20 1661 17.8 3.9
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over the US and suggested that national visibility standards will be
difficult to achieve without international controls. In addition, Liu
et al. (2005) and Chin et al. (2007) described how air pollution
emitted from Africa and Europe can travel eastward, merging with
Asian pollution and crossing the North Pacific to influence air
quality over western North America.

In order to understand the extent to which local air quality is
compromised by foreign emissions, policymakers are increasingly
interested in the source-receptor (S–R) relationships of inter-
continental transport of air pollutants (Grennfelt and Hov, 2005),
which are mostly quantified by atmospheric chemistry transport
models (Park et al., 2004; Heald et al., 2006; Chin et al., 2007;
Hadley et al., 2007; Koch et al., 2007b; Liu and Mauzerall, 2007; Liu
et al., 2008; Saikawa et al., 2009). Recently, as coordinated by the
United Nations’ Task Force on Hemispheric Transport of Air Pollu-
tion (TF HTAP, http://www.htap.org), multi-model studies are being
conducted to quantify and examine uncertainties in inter-conti-
nental S–R relationships for O3, nitrogen deposition, aerosols, and
other pollutants (TF-HTAP, 2007; Sanderson et al., 2008; Shindell
et al., 2008; Fiore et al., 2009).

Our study uses a global 3D atmospheric chemistry transport
model to simulate inter-continental transport of fine aerosols,
including sulfate, black carbon, organic carbon and mineral dust
aerosols (sea-salt and nitrate aerosols are neglected due to lack of
a land source and negligible contribution to inter-continental
transport, respectively (Malm et al., 1994; Park et al., 2004; Chin
et al., 2007)). This paper is the first of two companion papers. Here,
we first describe our model configuration (Section 2) and evaluate
the simulations with global networks of aerosol observations
(Section 3). We then present aerosol inter-continental source-
receptor relationships for surface air quality and aerosol optical
depth among ten continental regions (Section 4). Conclusions are in
Section 5. In the companion paper (Liu et al., submitted for publi-
cation), we evaluate the impact of inter-continental transport of
fine aerosols on global premature mortality.

2. Methods

2.1. Model description

We use the three-dimensional global chemical transport model
MOZART-2 (Model of Ozone and Related Tracers, version 2) driven
with NCEP/NCAR reanalysis meteorology from 1997 to 2003
(provided every 6 h) to simulate the global distribution of sulfate,
BC, OC (with no secondary organic aerosols), and mineral dust
aerosols. MOZART-2 includes a detailed photochemical mechanism
for ozone, nitrogen oxides and hydrocarbons which is described
and evaluated by Horowitz et al. (2003). In addition, several aerosol
species have been added to MOZART-2 to represent the mass
concentration of sulfate, BC, OC, ammonium nitrate and mineral
dust (Tie et al., 2001; Tie et al., 2005). The model is configured with
a T62 (1.9� �1.9�) horizontal resolution and 28 hybrid vertical
levels from the surface to 2.7 mb (including 5 levels in the
boundary layer and 7 levels above 100 hPa).

MOZART-2 includes sulfate production both by gas-phase
oxidation of SO2 by OH radicals and by aqueous phase oxidation of
SO2 by H2O2 (Martin and Damschen, 1981) and O3 (Feichter et al.,
1996). In addition, naturally produced dimethyl sulfide (DMS) can
be oxidized to SO2 by gas-phase reactions with OH and NO3 radi-
cals. Aqueous oxidation of SO2 to sulfate depends on cloud water
content, acidity of cloud water, temperature, and abundance of
oxidizing agents (namely H2O2 and O3). When clouds are present,
MOZART-2 first predicts the pH values based on the mixing ratios of
SO2, CO2, HNO3, sulfate, and NH3. It then uses the predicted pH and
temperature to calculate the temperature dependent effective
Henry’s Law constants and aqueous reaction rate coefficients (Tie
et al., 2005). When the cloud pH is below 5, the reaction rate
between SO2 and H2O2 is much faster than that between SO2 and O3

(Seinfeld and Pandis, 1998; Brasseur et al., 1999).
Black carbon (BC) and organic carbon (OC) are each represented

by two model species, namely hydrophobic (BC1/OC1) and hydro-
philic carbon (BC2/OC2) (Cooke et al., 2002). Emissions from
combustion and biomass burning are initially a mixture of hydro-
phobic and hydrophilic carbon; hydrophobic carbon is gradually
coated by sulfate and other components to form hydrophilic carbon
(Tie et al., 2005). We convert hydrophobic to hydrophilic carbon
with a 1.6-day timescale as an approximation for the above
processes which are not explicitly represented in the model (Tie
et al., 2005). The simulation of dust from natural sources generally
follows (Ginoux et al., 2001; Zender et al., 2003; Ginoux et al.,
2006). Five bins are used to resolve the size distribution of dust
(diameter ranges of 0.2–2 mm, 2–3.6 mm, 3.6–6 mm, 6–12 mm, and
12–20 mm, see Table 1). The simulation of dust entrainment
depending on wind speed follows the microphysical approach
developed by Marticorena and Bergametti (1995).

Removal processes for aerosols include both dry deposition and
wet scavenging. The dry deposition velocities for SO2 are from
Feichter et al. (1996) and are much faster over ocean (0.8 cm s�1)
and land (0.6 cm s�1) than over snow (0.2 cm s�1). The dry depo-
sition velocities for sulfate and carbonaceous aerosols are
0.2 cm s�1 (Feichter et al., 1996) and 0.1 cm s�1 (Cooke and Wilson,
1996) over all surfaces, respectively. Dry deposition for dust
aerosols includes both vertical gravitational settling (Seinfeld and
Pandis, 1998) and dry turbulent mixing out at the surface (Giorgi,
1986). Wet deposition includes both in-cloud rainout and below
cloud washout (Horowitz et al., 2003). In MOZART-2, the wet
deposition rate for SO2 is set equal to that of H2O2 (Tie et al., 2005;
Liu et al., 2008). For sulfate and hydrophilic carbon (BC2/OC2), the
wet deposition rates are set to 20% of that for the highly soluble
gas HNO3 (Horowitz, 2006). Wet deposition for dust is based on
scavenging efficiencies from Zender et al. (2003).

In MOZART-2, sulfate and carbonaceous aerosols are simulated
as SO4

2� and carbon mass. In order to calculate the total mass of
these aerosols, we assume that sulfate aerosols are composed of
ammonium sulfate and that the ratio of organic mass (OM) to
organic carbon is 1.3 for hydrophobic and 1.7 for hydrophilic OC
(Ming et al., 2005). We compare simulated and observed OC
concentrations in the model evaluation section but report OM
(OM¼ 1.3$OC1þ1.7$OC2) in the results section of the paper. The
mass fraction of PM2.5 is calculated online, assuming lognormal
size distributions with dry mode mean diameters and geometric
standard deviations for sulfate, BC and OC from Chin et al. (2002). In
addition, hygroscopic growth (i.e., aerosol growth by absorbing
ambient moisture) for hydrophilic aerosols (i.e., sulfate, BC2, and
OC2) is calculated online using growth factors (as a function of
relative humidity) from Chin et al. (2002) and influences the
amount of aerosol particles below 2.5 mm diameter. Hygroscopic
growth of dust particles is ignored. PM2.5 mass concentrations for
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dust are obtained by summing the first (0.2–2 mm) and 29% of the
second (2–3.6 mm) dust size bins.

2.2. Emissions

Anthropogenic emissions (including SO2, NOx, CO, NH3, and
NMVOCs) are based on the RAINS (Regional Air Pollution Informa-
tion and Simulation) model CLE (i.e., Current Legislation) emission
inventory for the year 2000, which was developed at the Interna-
tional Institute for Applied Systems Analysis (IIASA) using the global
version of the RAINS model. These emissions include industrial,
residential, and road emissions. The CLE inventory was used by
Dentener et al. (2005) to evaluate the response of tropospheric
ozone and radiative forcing to the change of emissions from 1990 to
2030. In addition, Dentener et al. (2006) and Stevenson et al. (2006)
used the CLE inventory in 26 global atmospheric chemistry models
to assess the change of the global atmospheric environment
between 2000 and 2030. Biomass burning emissions are from van
der Werf et al. (2003, 2004), based on an average of their 1997–2002
emissions. DMS emissions are from the Global Emissions Inventory
Activity (GEIA) (Benkovitz et al., 1994; Benkovitz et al., 1996). Black
and organic carbon emissions are from Bond et al. (2004) and
include 1996 emissions from fossil fuel combustion and biofuels and
open field biomass burning (representative of the mid-1990s).
However, BC and OC emissions in the Bond et al. (2004) inventory
only account for aerosols with diameter less than 1mm. We scaled BC
emissions by 1.15 and OC emissions by 1.4 to account for total BC and
OC emissions (Cooke et al., 1999; Bond et al., 2004). We assume 80%
of BC and 50% of OC are emitted as hydrophobic carbon with the rest
emitted as hydrophilic carbon, similar to Cooke et al. (1999). We
neglect the production of secondary organic aerosols (SOA), which
are estimated to contribute an additional 20–30 Tg year�1 (Heald
et al., 2008; Henze et al., 2008).

Dust entrainment is calculated online, depending on land type
and surface wind stress (Ginoux et al., 2001; Zender et al., 2003).
The dust source function which estimates the fraction of alluvium
available for wind erosion is from Ginoux et al. (2001). The clay
fraction is set to 0.2 (suggested by Zender et al. (2003)) for dust
sources which are characterized by deposits of alluvium. A tri-
modal lognormal size distribution for wind-carried dust is config-
ured as recommended by d’Almeida et al. (1991).
Fig. 1. The ten continental regions tagg
In order to compare the relative importance of regional aerosol
emissions, we define ten continental regions as shown in Fig. 1:
North America (NA), South America (SA), Europe (EU), the Former
Soviet Union (FSU, excluding part of Russia in the European
domain), Africa (AF), Indian Subcontinent (IN), East Asia (EA),
Southeast Asia (SE), Australia (AU), and the Middle East (ME). Fig. 2a
compares the magnitudes of total sulfur (excluding DMS), BC, OC
and fine dust emissions from these ten continental regions. Glob-
ally, the dominant source of aerosols is fine dust which comes
primarily from Africa. In addition, OC emissions from biomass
burning in AF and SA, as well as anthropogenic SO2 emissions from
EA, NA and EU are much higher than from other regions.

In this study, biomass burning and industrial emissions are
distributed vertically above the surface, with other emissions
released at the surface. Specifically, we distribute biomass burning
emissions up to 5000 m (>99% below 2000 m) from the surface
using the vertical profile from van der Werf et al. (2003). For
industrial emissions, according to United States Good Engineering
Practices (GEP), stack heights should not be lower than 65 m. Other
countries may have different standards for the height of industry
stacks. In order to represent an average situation for the stack
height as well as account for plume buoyancy, we assume that all
industrial emissions are evenly distributed between the surface
and 500 m (the heights for the tops of the eight lowest levels in
MOZART-2 are approximately 80 m, 210 m, 380 m, 580 m, 840 m
and 1160 m, 1550 m, and 2020 m).

The anthropogenic emissions as well as BC and OC emissions
described above lack seasonality. In this study, we seasonalize
anthropogenic SO2 and NOx emissions according to Global Emis-
sions Inventory Activity (GEIA). The seasonality of BC and OC
emissions are treated separately by source. For emissions from fossil
fuel combustion, we use the seasonality of anthropogenic CO
emissions. For open burning, the seasonality of BC and OC emissions
is based on CO2 emissions from biomass burning from the IMAGES
model (Muller, 1992; Muller and Brasseur, 1995). For biofuel emis-
sions, seasonality is based on Heating Degree Days (HDD) (Cabada
et al., 2002). In addition, no diurnal or week day/weekend variations
are included. The resulting seasonal variation of anthropogenic BC
emissions (including fossil fuel and biofuel sources) from the ten
continental regions is shown in Fig. 2b, and is comparable to the
seasonality used by Park et al. (2003).
ed in our MOZART-2 simulations.
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2.3. Tagged regional tracers

We tag aerosols and their precursors (i.e., SO2, sulfate, mineral
dust, BC1, BC2, OC1 and OC2) by region and source type when they
are emitted. The ten continental regions are shown in Fig. 1. In
addition, we use the ROW (rest of the world) tracer to represent the
emissions from ships and untagged regions in Fig. 1. For SO2 and
sulfate, only anthropogenic emissions are tagged because SO2 is
dominated by anthropogenic sources. To characterize the contri-
bution of DMS to sulfate concentrations, we use two additional
tracers to account for SO2 and sulfate formation from oxidation of
DMS. For carbonaceous aerosols (i.e., BC1, BC2, OC1 and OC2), we
tag both anthropogenic and biomass burning emissions because
substantial quantities of BC and OC emissions originate from
biomass burning (much of which is of anthropogenic origin). For
mineral dust, we tag dust particles in each of five size bins. Tagged
tracers do not perturb the chemistry of the system, but follow the
physical and chemical evolution of each process. We evaluate our
tagging procedure by comparing the sum of the tagged tracers of
a specific species with the concentration of the same untagged
species. In general, the difference in most locations is less than 1%,
with up to 3% discrepancies in a few locations likely due to
numerical errors and nonlinear calculations in model parameteri-
zations (e.g. advection, convection, diffusion, and heterogeneous
reactions).
2.4. Aerosol optical depth

In this study, we calculate the aerosol optical depth (AOD) at
550 nm, using the methodology of (Ginoux et al., 2006). For each
aerosol species, the aerosol optical depth is the product of aerosol
Tagged regional
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Fig. 2. Regional emissions. (a) Annual total emissions from ten continental regions of sul
(PM2.5, 1013 g year�1). (b) Monthly emissions of anthropogenic black carbon (including fos
dry mass concentrations and the specific extinction coefficients
(which depend on the relative humidity (RH)). Specific extinction
coefficients at any RH are precalculated from Mie theory on the
basis of aerosol size distributions, refractive indices, particle
density, and hygroscopic properties (these properties for sulfate
and black carbon are described in detail by (Haywood and Ram-
aswamy, 1998)), and are provided as a ‘‘look-up’’ table. The total
AOD is calculated by summing the AOD in each model layer for each
aerosol species using the assumption that they are externally
mixed. A more detailed description of the AOD calculation is given
by Ginoux et al. (2006).
3. Model evaluation

Aerosol distributions simulated by MOZART-2 driven with the
Middle Atmosphere Community Climate Model (MACCM-3) winds
and EDGAR-2 emission inventories are described by Horowitz
et al. (2003) and Tie et al. (2005) and are evaluated with obser-
vations by Ginoux et al. (2006). Simulated aerosol concentrations
are generally within a factor of 2 of the observations (Ginoux
et al., 2006). This study uses meteorological fields from the NCEP
reanalysis (rather than MACCM-3) and the RAINS-CLE-2000
emission inventory (rather than EDGAR-2). We evaluate our
simulated aerosol concentrations by comparing a 7-year average
of model results with various observational data for sulfate, BC,
OC, and dust, and then place our results in the context of previous
modeling studies. The annual total emissions, average atmo-
spheric mass loading, and average lifetimes of dust, sulfate, BC, OC
aerosols are listed in Tables 1 and 2. Due to paper length limits,
detailed model evaluation (including both annual mean and
seasonal variability) is given in the auxiliary material (see Part-II
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Table 2
Global budget of sulfate, BC and OC aerosols.

Annual Emissions,a Tg year�1 Avg. load, Tg Avg. lifetime, days

Sulfate 40.2b 0.61 5.4
BC 9.2 0.17 5.8
OC 48c 0.83 5.3

a Unit Tg means Tg S for sulfate, and Tg C for BC and OC.
b Total sulfate sources (SO4

2�), including 1.1 TgS year�1 from direct emissions, 9.6
TgS year�1 from gas-phase SO2 oxidation, and 29.5 TgS year�1 from heterogeneous
oxidation of SO2.

c Secondary organic aerosols are not simulated in this study.
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Detailed Model Evaluation). Here we briefly summarize the model
evaluation.

The total sulfur emissions in this work are comparable to Chin
et al. (2002). In addition, the average atmospheric mass loading and
average lifetime for sulfate is 0.61 TgS and 5.4 days, close to Chin
et al. (2002) (0.65 TgS and 6.1 days).

Fig. 3 compares simulated and observed annual mean sulfate
concentrations. Observations were collected by the Rosenstiel
School of Marine and Atmospheric Science (RSMAS) at the
University of Miami (Prospero, 1996) and by three regional obser-
vation networks, namely the Interagency Monitoring of Protected
Visual Environments (IMPROVE) in the United States (http://vista.
cira.colostate.edu/IMPROVE/), the Cooperative Program for Moni-
toring and Evaluation of the Long-range Transmission of Air
Pollutants in Europe (EMEP: http://www.emep.int), and the East
Asian Monitoring Network (EANET: http://www.eanet.cc). We
average observations over the 1980s–1990s for RSMAS data, over
1997–2003 for IMPROVE and EMEP data, and over 2000–2004 for
EANET (since many EANET observation stations did not begin to
report data until 2003). The simulated sulfate concentrations are in
general within a factor of 2 of the observations, but tend to
underestimate the observations at stations in California, along the
US-Mexico border, eastern Russia and some tropical areas, and to
overestimate summer sulfate concentrations in some European
countries (e.g. Ireland, Iceland, Norway, Sweden) and Southeast
Asian countries as well as most sites in the southern hemisphere
(Fig. 3). Possible explanations include the biases from wet deposi-
tion (Horowitz, 2006) as well as that some of the RSMAS
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annual mean sulfate concentrations (SO4

2�; mg m�3). Measurements are from RSMAS (1980s–
United States, red circles), EMEP (1997–2003 average, Europe, green diamonds), and EANET
as described above, indicate the network from which the measurements originate.
observations include data from the early 1980s, when global
emissions were quite different than those in 2000. Between the
1980s and 2000s substantial decreases of SO2 emissions occurred in
Europe and the United States while SO2 emissions increased rapidly
in South and East Asia as well as the developing countries in the
Southern Hemisphere. For example, observations from Hedo, Japan
(based on both RSMAS and EANET data) indicate that the change in
sulfate concentrations over Japan likely reflects both increases in
SO2 emissions from mainland EA and decreases in local Japanese
SO2 emissions from the early 1990s to the early 2000s (see detailed
discussion in the supplementary material). Furthermore, high
sulfur concentrations over Southeast Asia are partly due to frequent
volcanic emissions which are treated as surface emissions in
MOZART-2.

The BC and OC emissions used in this study (from Bond et al.
(2004)) are approximately half those of Chin et al. (2002) and Park
et al. (2003). As a result, the mass loading of BC and OC is in general
lower than other studies by 40–50%. The average lifetimes of BC and
OC are 5.8 and 5.3 days in this work, comparable to Chin et al.
(2002) (6.2 days for BC, and 5.1 days for OC).

Simulated BC and OC concentrations are compared with both
IMPROVE (Fig. 4a and c) and EMEP observations (Fig. 4b and d).
Simulated BC and OC concentrations in general agree within
a factor of 2 with the IMPROVE observations (including fine
elementary carbon and fine organic carbon) but tend to be
systematically underestimated in many places, particular over
California and in the southeastern U.S. This is probably due to errors
in the BC and OC emissions (particularly in biomass burning
emissions). In addition, the underestimate of OC concentrations
may also be caused by the lack of secondary organic aerosols in our
simulation (Cooke et al., 1999; Heald et al., 2005). BC and OC data
from EMEP are from July 2002 to June 2003. As shown in Fig. 4b, our
simulated BC concentrations generally agree within a factor of 2
with the EMEP observations. However, our model systematically
underestimates OC concentrations over the EU by a factor of 2
(Fig. 4d), probably due to the lack of secondary organic aerosols
(Cooke et al., 1999).

The annual total dust emissions in this study are 1661 Tg year�1,
comparable to those of other studies (Ginoux et al., 2001; Chin
et al., 2002; Zender et al., 2003). However, the average dust loading
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(1:2) lines, indicating the modeling results are twice (2:1) or half (1:2) of the measurements.
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is 17.8 Tg, which is lower than Chin et al. (2002) (21 Tg) and Ginoux
et al. (2001) (35.9 Tg). The lower dust loading is because we include
larger dust size bins which lead to a shorter dust lifetime than the
earlier work. Our average lifetime for dust particles is 3.9 days, close
to Zender et al. (2003) (4.3 days), but lower than Chin et al. (2002)
(5.1 days) and Ginoux et al. (2001) (7.1 days), mainly because they
are using smaller dust sizes (i.e., 0.2–12 mm in diameter).

Fig. 4e compares simulated dust concentrations with observed
dust concentrations collected by the University of Miami (compiled
by Mahowald et al. (2006)). The simulated dust concentrations in
general agree within a factor of 2 of the observations, except that
they underestimate dust concentrations in Florida and Bermuda in
summer by a factor of 2–3. We also compare simulated submicron
dust concentrations with the IMPROVE observations (Fig. 4f). Model
simulations in general agree within a factor of 2 of the observations
and capture the seasonal cycle of submicron dust concentrations.
More detailed model evaluation is in the auxiliary material.

4. Source-receptor relationships

We quantify and compare the source-receptor relationships for
fine surface aerosol concentration (SAC) and aerosol optical depth
(AOD, based on total aerosol concentrations) due to the inter-
continental transport of aerosols among ten continental regions.
Surface concentrations indicate the relative importance of the
inter-continental transport of aerosols on a region’s surface air
quality. Aerosol optical depth is an indicator of the reduction in
incoming solar radiation (at a particular wavelength) due to the
scattering and absorption of sunlight by aerosols. It is the basis from
which changes in visibility and radiative forcing can be calculated.
We average the simulated aerosol concentration distributions
between 1997 and 2003 to represent an average distribution
around 2000. Global distributions of SAC and AOD of sulfate, BC,
Organic Mass (OM) and dust aerosols from each continental region
are shown in the auxiliary materials (see Figs. A1–A4 for SAC and
Figs. A5–A8 for AOD).

4.1. Surface aerosol concentrations (SAC)

In this study, we define the background concentration to be the
total concentration over a receptor region resulting from all sources
Table 3
Contributions to annual average area-weighted fine aerosol (PM2.5) surface aerosol conc
aerosol (PM2.5) concentrations including ammonium sulfate, black carbon (BC), organic m
local emissions (a list of domestic sources is in Section 4); Background is the difference
aerosol species to each category (i.e., ‘Total’, ‘Domestic’, ‘Background’) is also quantified.
‘Background’ category represents sulfate contributed from ROW (ROW¼ ships, airplanes

Sources Unit Receptors

NA SA EU

Total mg m-3 4.4 6.1 7.6
Sulfate % 49 18 48
BC % 5 5 7
OM % 33 49 27
Dust % 14 28 18

Domestic mg m-3 3.6 5.0 5.2
Sulfate % 50 10 53
BC % 5 6 9
OM % 39 59 38
Dust % 5 25 0

Background mg m-3 0.8 1.1 2.4
Sulfate % 28 37 28
BC % 1 0 1
OM % 4 5 5
Dust % 52 42 58
DMS % 15 16 8
except emissions from the receptor region. Domestic emissions are
defined here to be those from a particular source region and include
only anthropogenic sulfur emissions, natural dust emissions, and
both anthropogenic and biomass burning emissions for carbona-
ceous aerosols. Therefore, for a receptor region background sources
include contributions from inter-continental sources (i.e., the nine
foreign regions), as well as emissions from ships, volcanoes,
biomass burning (sulfate only), and DMS (sulfate only) which are
denoted as ROW (rest of world). (Note: the definition of background
concentration in this study is different from that of Park et al.
(2004) and Chin et al. (2007).)

4.1.1. Relative importance of source regions and aerosol types
Table 3 summarizes the area-weighted (A-W, see definition in

Equation (1)) simulated fine aerosol (PM2.5: including fine sulfate,
BC, OM and dust) surface concentrations for each receptor region,
including contributions from domestic and background sources. In
addition, for each receptor region, the percent contribution of each
aerosol type to the total is also provided.

CAW ¼
PK

i¼1 Ci,Si
PK

i¼1 Si

(1)

where CAW is the area-weighted aerosol concentration over
a receptor region R; Ci is the aerosol concentration in grid box i in R;
Si is the area of grid box i in R. K is the total grid boxes covered by R.

Among the ten receptor regions, the A-W annual average SAC of
PM2.5 ranges from more than 4 mg m�3 (over NA) to around
26 mg m�3 (over AF). NA, FSU, SE, AU, SA and EU are among the
receptors with low PM2.5 levels (<8 mg m�3); while PM2.5 is much
higher in the AF, ME, EA and IN regions (>16 mg m�3), mostly due to
fine dust aerosols.

Over NA and EU, nearly 80% of the total PM2.5 is attributed to
anthropogenic sulfate and OM aerosols. In contrast, for AF and the
ME, more than 80% of surface PM2.5 is fine dust. Emissions from
within the region account for more than 90% of total PM2.5 in AF
and AU, around 80–85% in NA, SA and EA, and less than 70% in the
EU, FSU, ME, IN, and SE regions. For background PM2.5, fine dust is
usually a dominant component (w40–80%) and sulfate aerosol
ranks second (w30–50%). Contributions from carbonaceous aero-
sols (5–15%) and sulfate from DMS oxidation (w2–15%) are small in
most receptor regions. For all receptors except SA and AU, inter-
entrations (SAC) (units: mg m�3) over each receptor region. ‘Total’ indicates total fine
ass (OM), and fine dust; ‘Domestic’ indicates aerosol concentrations resulting from

between ‘Total’ and ‘Domestic’ concentrations. The percent contribution from each
Note: ‘‘DMS’’ represents sulfate aerosols derived from DMS, while ‘‘Sulfate’’ in the

, volcanoes, etc.).

FSU AF IN EA SE AU ME

4.6 25.9 16.4 17.7 5.0 5.8 25.2
25 5 20 29 40 13 12

2 1 5 6 6 2 1
22 12 30 22 41 21 4
50 82 45 43 13 64 83

3.2 24.3 9.7 15.1 2.8 5.2 15.2
18 1 28 29 31 7 12
2 1 8 7 8 2 1

28 12 48 23 61 23 4
51 85 16 41 0 68 83

1.5 1.7 6.7 2.6 2.2 0.6 10.0
36 42 8 30 48 17 11

2 1 0 2 3 1 1
10 9 4 15 15 9 3
46 41 87 51 30 27 84

5 7 2 2 3 46 1
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continental sources account for more than 60% of background
PM2.5 with the remainder coming from ships, airplanes, volcanoes
and DMS oxidation. Background PM2.5 concentrations are 0.8, 2.4,
2.6, and 6.7 mg m�3 over NA, EU, EA and IN regions, respectively,
with 63% (NA), 76% (EU), 85% (EA) and 97% (IN) of background
PM2.5 attributed to ‘‘inter-continental’’ sources. Fine dust domi-
nates (>75%) the inter-continental sources, particularly in NA, SA,
EU, IN and the ME (see Table 3 as well as Table A1 in the supple-
mentary material).

4.1.2. Region of primary influence (RPI)
For environmental policy it is useful to understand which

foreign region’s emissions have the largest effect on a receptor
region’s air quality. Here we define this source region as the Region
of Primary Influence (RPI) on that receptor region. The inter-
continental influence patterns depicted by the RPIs are intended to
illustrate key trans-boundary air pollution transport patterns and
thus inform discussion on the design of possible future regional,
hemispheric or global environmental agreements to address them.

Fig. 5 illustrates the inter-continental influence pattern based on
the RPI for SAC. AF is the dust RPI for all other regions and partic-
ularly for the ME (more than 70% of dust in the ME of inter-conti-
nental origin is from AF), IN, EU (most of the influence occurs over
the southern EU), SA (mostly over northern SA) and NA (with
largest influence on southern NA, particularly on the Southeastern
U.S. Using A-W concentrations over a continental region to deter-
mine RPI will mask sub-regional variability in the foreign contri-
butions; see Fig. A4 in the supplementary material for sub-regional
dust distributions). EA is NA SAC RPI for sulfate, BC and OM aerosols
(with the largest influence on the western U.S.) indicating that the
trans-pacific transport of EA aerosols (excluding dust) is the major
a b

c d

Fig. 5. Inter-continental influence patterns based on RPI, Region of Primary Influence (
concentrations) of (a) sulfate (b) black carbon (c) organic carbon and (d) fine mineral dust. A
the magnitude of area-weighted surface concentrations (contributed from RPI) in the recep
foreign source of non-dust PM2.5 to NA. This is consistent with
findings from (Park et al., 2004; Liu and Mauzerall, 2005; Chin et al.,
2007; Liu and Mauzerall, 2007; Liu et al., 2008). The RPI is the same
for sulfate, BC and OM aerosols for EU / FSU (i.e., EU is the FSU’s
RPI), EU / AF, ME / IN, EA / SE, and AF / AU (Fig. 5, sub-
regional distribution is illustrated in Fig. A1–A4 in the supple-
mentary material). However, for the SA, EU, EA and ME receptors,
each aerosol species (i.e., sulfate, BC or OM) can have a different RPI.
For example, the RPI for EA SAC is the FSU (for sulfate and OM) and
IN (for BC). More detailed inter-continental source-receptor rela-
tionships for aerosols are in Table A1 of the supplementary
material.

4.2. Aerosol optical depth (AOD)

To establish the source-receptor relationships for AOD, we
calculate the AOD resulting from the inter-continental transport of
aerosols (as described in Section 2.4). Table 4 summarizes the
composition of AOD averaged over each receptor region. The
horizontal distribution of AOD for each aerosol species from each
source region are shown in Figs. A5–A8. The total AOD due to all-
size sulfate, carbonaceous and fine dust aerosols is in the range 0.04
(over AU) to 0.16 (over EA). Background aerosols are a larger frac-
tion of AOD than of SAC over most receptor regions. For example,
over NA and EA, about 42% and 32%, respectively, of the total AOD
originates from background aerosols. This is more than twice that
of SAC for the same regions because after long-range transport the
aerosol maximum occurs in the free troposphere above a receptor,
while aerosols emitted domestically dominate SAC. For the FSU, ME
and SE receptors, background AOD is larger than domestic AOD (i.e.,
approximately 60% of total AOD), mainly because those regions are
the largest foreign source region to influence a receptor) for SAC (surface aerosol
rrows point in the direction of influence from RPI to a receptor region. Colors indicate
tor region (unit: mg m�3).



Table 4
Same as Table 3, but for area-weighted aerosol optical depth (AOD).

Sources Unit Receptors

NA SA EU FSU AF IN EA SE AU ME

Total 0.069 0.070 0.113 0.077 0.119 0.136 0.161 0.064 0.042 0.121
Sulfate % 64 36 68 64 19 41 57 56 36 41
BC % 6 8 7 5 6 9 10 8 7 5
OM % 23 47 17 19 36 31 23 30 40 15
Dust % 7 9 9 11 39 19 10 6 17 39

Domestic 0.040 0.044 0.061 0.020 0.091 0.080 0.110 0.027 0.022 0.049
Sulfate % 67 16 72 53 5 44 61 41 19 44
BC % 6 12 9 5 6 12 11 11 7 4
OM % 26 69 19 32 40 39 21 48 48 8
Dust % 1 3 0 10 48 5 7 0 26 44

Background 0.029 0.026 0.052 0.057 0.028 0.056 0.051 0.037 0.021 0.072
Sulfate % 45 47 51 61 50 30 45 59 26 36
BC % 5 2 4 6 5 5 6 6 6 5
OM % 18 11 14 15 20 19 27 17 31 20
Dust % 15 19 19 11 11 40 17 11 8 36
DMS % 16 20 12 7 13 7 5 7 28 4
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located directly downwind of major aerosol source regions (i.e., EU,
AF, and EA, respectively).

Sulfate aerosols dominate (w60%) total AOD over NA, EU, FSU,
EA and SE (Table 4). OM accounts for nearly 40% of total AOD in SA,
AF and AU, but is relatively small in other regions (�31%; Table 4).
Compared to SAC, the contribution of dust aerosols to the total AOD
is relatively small (�19%) in most regions except AF and the ME
(where they account for nearly 40% of AOD). For all regions, less
than 10% of total AOD is contributed from BC.

Inter-continental transport of aerosols contributes substantially
to each receptor’s background AOD (>60% except SA and AU, see
Table 4 and Table A2 in the supplementary material). Unlike SAC
a b

c d

Fig. 6. Same as Fig. 5, but for the
(where dust dominates most regions’ background SAC), sulfate
accounts for nearly half of background AOD over NA, SA, EU, FSU,
AF, EA and SE. To describe the key influence patterns, Fig. 6 illus-
trates each receptor region’s RPI (i.e., the largest foreign source
region to influence a receptor’s AOD) based on inter-continental
AOD for each aerosol species. Comparing Figs. 6–5, for each
receptor region, the RPI is usually identical for AOD and SAC for dust
or sulfate aerosols (except for the EA receptor, whose sulfate RPI is
FSU for SAC, but is IN for AOD). However, for carbonaceous aerosols,
the RPI differs for SAC versus AOD in the EU, AF, IN, EA, and SE
receptors. For example, over the EU receptor, the RPI for SAC is ME
for both BC and OM, but for AOD it is NA for these species. Similarly,
aerosol optical depth (AOD).
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the ME (AF) carbonaceous aerosols (BCþOM) have the largest
foreign influence on SAC (AOD) over IN. NA, SA, FSU, AU and ME
receptors all have identical RPI for both AOD and SAC carbonaceous
aerosols. Therefore, the dominant factor determining inter-conti-
nental influence patterns (based on RPI) is emission for dust
aerosols, but is a combination of emission and transport efficiencies
for other aerosol species.

5. Conclusions

Concerns are growing about the influence of inter-continental
transport of air pollution, however a quantitative understanding of
the contribution of foreign emissions to air quality is lacking. Here,
we examine the source-receptor relationships between 10 conti-
nental regions for surface aerosol concentrations (SAC) and aerosol
optical depths (AOD). We use the global chemical transport model
MOZART-2 with both gas-phase and aerosol species, anthropogenic
emissions for 2000 and meteorology for the period 1997–2003, to
quantify the SAC of fine aerosols (diameters less than 2.5 mm
(PM2.5)) and the AOD resulting from aerosols contributed by both
emissions within the region and by inter-continental transport. We
tag emissions of aerosol precursors and aerosol species from the
continental source regions to track aerosol transport. We evaluate
our model results by comparing simulated aerosol concentrations
with observations from networks around the world. In general, the
simulated aerosol concentrations agree within a factor of 2 with
observations and capture the seasonal variation of aerosol
concentrations in many parts of the world. An extensive model
evaluation is presented in part two of the auxiliary material.

For each continental region, we establish source-receptor rela-
tionships in terms of area-weighted SAC and AOD resulting from
domestic and inter-continental transport of sulfate, black carbon
(BC), organic mass (OM) and fine dust aerosols. However, when
interpreting these results it’s important to realize that using large
spatially averaged concentrations may mask sub-regional vari-
ability in the foreign contributions. The annual average fine aerosol
concentrations (PM2.5) are largest in AF (26 mg m�3), ME
(25 mg m�3), EA (18 mg m�3), and IN (16 mg m�3) due to large dust
emissions (from AF, ME and EA) as well as large SO2, and carbo-
naceous aerosols emissions (from EA, IN and AF), and are relatively
small in other regions (<8 mg m�3). More than 80% of the SAC in AF,
AU, EA, SA and NA occur as a result of emissions from domestic
sources. Conversely, more than 40% of the SAC in SE, IN and the ME
are transported from foreign regions.

The total AOD in each receptor due to all sulfate, carbonaceous
and fine dust aerosols ranges from 0.04 (over AU) to 0.16 (over EA).
For most receptors, background aerosols contribute a larger frac-
tion of total aerosols to AOD than SAC, reflecting the free tropo-
spheric maximum in inter-continental transport. For the FSU, ME
and SE regions, background AOD is larger than domestic AOD.
Sulfate and OM aerosols play dominant roles (w60%) in total AOD.
Unlike SAC where fine dust is the major component for background
aerosols, sulfate is the dominant contributor to background AOD in
most receptor regions except IN (where dust dominates back-
ground AOD) and AU (where OM dominates background AOD).

Inter-continental transport of foreign aerosols dominates most
receptors’ background SAC and AOD. In order to highlight key
source-receptor relationships and highlight the region from which
emissions have the largest impact on a receptor’s air quality (or
solar radiation), we name this source region the Region of Primary
Influence (RPI). Focusing on RPI will allow policymakers to identify
key S–R influence patterns when considering possible future
environmental agreements. We find that for each aerosol species,
a receptor region usually has identical RPIs for SAC and AOD,
particularly for dust, sulfate and BC aerosols. This indicates that
reducing aerosol sources in RPI will simultaneously improve both
surface air quality and visibility over the receptor region. For dust
aerosols, AF is the RPI for all receptors for both SAC and AOD. For all
non-dust species (i.e., sulfate, BC and OM), each receptor usually
has only one or at most two RPIs for both SAC and AOD for different
aerosol species. The following source-receptor pairs describe the
key influence patterns for inter-continental transport of non-dust
aerosols: EA / NA (i.e., EA is the RPI for NA for both SAC and AOD
for all sulfate, BC and OM aerosols), (NA or AF) / SA (i.e., for each
non-dust aerosol species, either NA or AF is SA SAC (or AOD) RPI),
(NA or ME) / EU, EU / FSU, (EU or SA) / AF, (ME or AF) / IN, (IN
or FSU) / EA, (EA or IN) / SE, AF / AU, and (EU or AF) / ME.

Unlike other aerosols, black carbon is not only an important
component of PM2.5, but also strongly absorbs solar radiation (the
single scattering albedo for black carbon is approximately 0.2–0.3)
and hence contributes to both regional warming and dimming over
a receptor region. The RPIs for BC in most receptors, including NA,
SA, FSU, EA, SE, AU and ME, are identical for SAC and AOD. There-
fore, the reduction of BC emissions from the RPI will not only
improve the receptor’s air quality and visibility, but may also reduce
the warming effect of BC on the global atmosphere. International
efforts which strengthen bilateral cooperation between receptor
regions and their RPI to reduce black carbon emissions have the
potential to simultaneously address the problems of air quality,
regional dimming and potentially global warming as well (Levy
et al., 2008). These types of agreements could be a first step in
a global treaty to mitigate black carbon emissions.
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