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Abstract. Anthropogenic sulfate aerosol is a major contrib- 1  Introduction

utor to shortwave radiative forcing of climate change by di-

rect light scattering and by perturbing cloud properties andAnthropogenic aerosols are thought to be influencing climate
to local concentrations of atmospheric particulate matter.py offsetting the radiative forcing of greenhouse gases (Pen-
Here we analyze results from previously published calculaner et al., 2001; Ramaswamy et al., 2001; Bellouin et al.,
tions with an Eulerian transport model for atmospheric sul-2005) via scattering and absorption of radiation (direct ef-
fur species in the Northern Hemisphere in June-July, 1997ect) and by enhancing the reflectivity and lifetimes of clouds
to quantify the absolute and relative contributions of spe-(indirect effect). Aerosol forcing is strongest in the indus-
cific source regions (North America, Europe, and Asia) andtrialized areas of North America, Europe, and Asia (Ra-
SO;-to-sulfate conversion mechanisms (gas-phase, aqueougmaswamy et al., 2001). Solar radiation reaching the sur-
phase and primary sulfate) to sulfate and>S©Olumn bur-  face of the Earth has decreased discernibly during the past
dens as a function of location and time. Although mate-50 years (Liepert, 2002; Stanhill and Cohen, 2001); these
rial emitted within a given region dominates the sulfate anddecreases also are more pronounced in industrialized areas.
SO, column burden in that region, examination of time se- Atmospheric aerosols also contribute to deterioration of air
ries at specific locations shows that material imported fromquality in industrialized areas affecting human health and
outside can make a substantial and occasionally dominankelfare. A major component of aerosols in these areas is
contribution. Frequently the major fraction of these exoge-sulfate resulting from the atmospheric oxidation of anthro-
nous contributions to the sulfate column burden was presenpogenically emitted sulfur dioxide (S®(U.S. Environmen-
aloft, thus minimally impacting air quality at the surface, tal Protection Agency, 2001). The long-range transport of
but contributing substantially to the burden and, by impli- anthropogenic sulfate aerosols (Perry et al., 1999; Piketh et
cation, to radiative forcing and diminution of surface irradi- al., 2002) suggests the need for quantifying the extent of the
ance. Although the dominant sulfate formation pathway ininfluence of source regions and source types on sulfate and
the domain as a whole is agueous-phase reaction in cloudsO, mixing ratios and column burdens.

(62%), in regions with minimum opportunity for aqueous- A variety of approaches have been used to determine the
phase reaction gas-phase oxidation is dominant, albeit withnfluence of source regions and source types on the bur-
considerable temporal variability depending on meteorolog-dens of atmospheric trace species. Simulations using Eu-
ical conditions. These calculations highlight the importance|erian models have been performed with and without emis-
of transoceanic transport of sulfate, especially at the westergjgns from certain source regions (Yienger et al., 2000); the
margins of continents under the influence of predominantlyjnfluence of those source regions is estimated as the dif-
westerly transport winds. ference in the atmospheric burden between the two simu-
lations. This method is suitable provided removing the se-
lected sources does not appreciably alter the chemistry of the
species being studied, but for species such as sulfur and ni-
trogen whose chemistry alters atmospheric concentrations of
oxidant species this method may result in approximate esti-
Correspondence taC. M. Benkovitz mates only. Lagrangian models that track emitted parcels in-
(cmb@bnl.gov) dividually have been used to model regional transport (Mal-
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ICOMPONENTS OF THE TRANSPORT AND TRANSFORMATION MODEL VERSIONZI

METEOROLOGY i TRANSPORT 1)
ECMWF_ Winds, precip, etc. Advection Bott/Easter
Derived fields: K, air den., Vertical Turbulent Mixi
cloud param, geopot, ertica B urbulen !X!ng
vertical velocity Convective Cloud Mixing Walcek-Taylor/Berkowitz
RESOLUTION GAS Phase Chemistry (Rate constants NASA, 1997)
horizontal: 19x1° SO2 + OH —» H2S0s4
27 vertical levels DMS + OH —» DMS chem Yin/Seinfeld
EMISSIONS HO2 + HO2 —» H202 (limited by Mozart)
EDGAR/GEIA Anthro ”~ )
S0,, primary sulfate AQUEOUS Phase Chemistry
BNL/KETTLE/LISS SOz + H202 —>HeS0s  gopyan,
Ocean DMS SO2+0s —>» H2S04
Lamb Land
DMS, HypS IN CLOUD Activation:
BNL VOLCANOS SO, Proportional to LWVF, max 0.5
OXIDANT DRY DEPOSITION
CONCENTRATIONS Time, location dependent Wesely
Monthly average
with diurnal cycle WET DEPOSITION
OH, HO,, H,0,,0, Exponential decay in cloud
Mozart (Brasseur et al)
. J

Fig. 1. Schematic of the processes included in the Global Chemistry Model driven by observation-derived meteorology (GChM-O). Here,
BNL/Kettle/Liss, Brookhaven National Laboratory, Kettle et al. (1999), Liss and Merlivat (1986); Lamb (Bates et al., 1992); Horowitz
(2003); Bott/Easter (Bott, 1989; Easter, 1993); Easter and Luecken (1988); Walcek-Taylor/Berkowitz (Walcek and Taylor, 1986); NASA
(1997); Yin/Seinfeld (Yin et al., 1990a, b); Schwartz (1988); Wesely (Sheih et al., 1986; Wesely, 1989), and Benkovitz et al. (1994).

com et al., 2000). Concerns with this approach include rep-sulfate and S@ burdens for four seasonal six-week peri-
resentation of the interactions among species from multi-ods in 1986-1987. Sulfate concentrations and column bur-
ple sources. Measurements coupled with air-mass back tradens exhibited rich temporal and spatial structure related to
jectory calculations have been used to determine potentiagxisting meteorological patterns for each season. For the
source regions of the measured species (Jaffe et al., 199@ctober-November 1986 simulation a pronounced variabil-
Martin et al., 2003; Perry et al., 1999; Allan et al., 2004). For ity was found in the contribution of the source regions to the
example, Allan et al. (2004) presented an instance at Trinidadulfate burden over oceanic areas; over the mid north At-
Head, California, in which appreciable non-seasalt sulfatelantic the variation over a six-hour period in the fraction of
was present in an airmass directly from the west that hadhe burden due to North American sources was between 25
had no discernible influence from North American sources.and 58% and the variation in the fraction due to European
However this method is limited to the times and locations sources was between 2 and 33%. Graf et al. (1997) carried
where measurements have been performed, and uncertaintiesit a five-year simulation with the Hamburg climate model
and limitations in the back trajectory analyses grow quickly European Centre Hamburg (ECHAM) global general circula-
with time and may identify different source regions depend-tion model (GCM) with a representation of the sulfur cycle to
ing on the type of back trajectory analysis performed. With estimate the contribution of volcanic emissions to the global
varying degrees of uncertainty all these methods are able tgulfur distribution. Material was attributed to specific sources
qualitatively represent the influences of various source re{anthropogenic, biomass burning, DMS and volcanic) by de-
gions on the amount of material at receptor locations of in-termining the ratio of the contribution of the various sources
terest; however, quantification of these influences is rarelyto the total sulfur budget and treating emissions from these
possible and subject to large uncertainties. sources as separate variables. Although the global annual

. . . contributions of anthropogenic sulfur emissions exceeded
Eulerian models with accurate representations of the sul;

¢ | d the ability to track sulfur b ) that of volcanic emissions by a factor of5, the fractional
ur cycle an € ability 1o track Sullur by Source regions ., i tions of the two sources to the total sulfate budget

and source types are capable of more rigorous quantitativsvere found to be similar. However, strong interhemispheric

studies (Benkovitz et al., 1994; Graf et al., 1997; Rasch et : . . e
al., 2000 Uno et al., 2003). Benkovitz et al. (1994) usedand seasonal differences were found in the relative contribu

Euleri b-hemispheric chemical t * model .thtions of the various sulfur sources. Uno et al. (2003) inte-
an tuerian sub-hemispheric chemica’ transport model Withy o104 5 chemical transport model within the Regional At-
emissions labeled by source type (anthropogenic, blogenlcg1

and source region (North America and Europe) to study the ospheric Modeling System (Pielke et al., 1992), which in-
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cluded anthropogenic sulfur, dust, black carbon, organic car- (@gq ¢
bon, CO from anthropogenic sources and from biomass burn- - &,
ing, sea salt, lightning NQ volcanic SQ, and radon. The E

influence of volcanic S@was mimicked using an unreac- 40t
tive tracer, which allowed qualitative knowledge of which air 20 ]

L. r ] 10000
masses were affected by these emissions. The sulfur chem- | ] [
istry was represented online as a simplified 19% bonver- )30 PIE ] T
sion rate; photochemical processes were calculated offline, 5o FEa 2, ¢° 100 3
using other models. This model was applied to the east Asia S 5 pacic 5
and western Pacific region and used for forecast and post-2 g -
experiment analyses during the ACE-Asia field experiment. = 20 F > -1 e
Rasch et al. (2000) used a global GCM with a representa- Ok ol =
tion of the sulfur cycle to perform a three-year simulation in ~ ©80 [ o
which sulfur emissions were identified by region of origin 60 5 L 0.01

(North America, Europe, Asia, rest of the world) and source 401
type (anthropogenic, biogenic). Substantial differences were '

found in the turnover time (mean residence time), sulfate po- 20 -

tential (defined as the ratio of the sulfate burden to the SO ot .
emissions), and contribution to the sulfate burden for the sey- ~ — 180120 =600 60 120 180
eral source regions. For example, North American sources Longitude

were the principal contributors to the annual averaged sulfate o ) ) )
column burden over the North Atlantic; Asian sources con-Fi9- 2. Sulfur emissions for the simulation perioda) anthro-
tributed over 50% of the burden over the north Pacific OcearP?98NIC sourcesb) average biogenic sourcds) average volcanic

to the west coast of North America. and also contributed u sources. All panels use the scale shown. Volcanic emissions were
! pdivided by the area of the model grid cell where the volcano is lo-

to ~40% of the burdep in the southern hemlsphgre. . cated and the surrounding grid cells have been given the same color
In the work described here a three-dimensional hemi-yey tg increase the visibility of the location of each volcano. The

spheric Eulerian chemical transport model for sulfur wasnorth-south lines in (a) delimit the anthropogenic source regions
used to simulate the June—July 1997 time period for thedistinguished in the model, North America (NA), Europe (Eu), Asia
Northern Hemisphere from the equator t6®8lland to ex-  (As). Locations marked in panel (b) are those at which detailed
amine the influence of source regions and source types ogource attribution was conducted for sulfate ang $8kct. 4).

the sulfate and Sgburdens. A six-week simulation was per-
formed; the first two weeks were considered model spinup

time and results were not analyzed. The model used in thi ) . .
0 1 _

study, the Global Chemistry Model driven by Observation- 2% day ,sulfate're3|dence't|mes 0f4.t0 9 days. Thes‘? C.“f
ferences were attributed to differences in the relative mixing

derived meteorological data (GChM-0O), a three-dimensional ~

Eulerian transport and transformation model for sulfate,_ratlos of SQ and F0, and to the fraction of SPand sulfate

methanesulfonic acid (MSA), and precursor species has prelp clouds for the various source regions and source types.
viously been described and extensively evaluated by com-
parison with observations (Benkovitz et al., 2004). A brief 2  attribution of sulfate and SO, burdens
description of the model is presented in Appendix A, a
schematic is presented in Fig. 1, and the geographical disThe geographic extent of the influence of individual source
tribution of sulfur emissions is presented in Fig. 2. regions and source types is first examined using the aver-
The model has been extensively compared with obserage fractional contribution to the total sulfate column burden
vations using mostly 24-h sulfate and S@ixing ratios  (Fig. 3) and to the total S©column burden (Fig. 4) for the
(Benkovitz et al., 2004, 2003). For sulfate #5000 eval-  entire simulation period; the column burden, the vertical in-
uation points 50% of the modeled 24-h mixing ratios were tegral of the concentration, is the pertinent quantity affecting
within a factor of 1.85 of the observations; for S@n aerosol light scattering and extinction. The average fractional
~12 600 evaluation points 50% of the modeled 24-h mixing contributionF, of material emitted in source regierat a lo-
ratios were within a factor of 2.55 of the observations. Thesecation of interest for a time period extending over multiple
results indicate that a fraction of model observation differ- model time periods is calculated as:

ates of 29 to 102% day, SO, dry deposition rates of 3 to

ences was due to subgrid variation and/or measurement with - Y B
the balance of the difference attributed to model error. Exam-F, = tT” Q)
ination of key diagnostic quantities calculated from model 21 Brots

results showed substantial variation for the different sourcewhereB, ; is the column burden at that location derived from
regions and source types, e.g.,Zs0ueous-phase oxidation emissions in source region r at model time peri@hd Brot

www.atmos-chem-phys.net/6/4723/2006/ Atmos. Chem. Phys., 6, 4738-2006



4726 C. M. Benkovitz et al.: Attribution of sulfate and 50

(€)go
60 S

Latitude
Latitude

(d)SO:

(e)SO:’ i, e
60 5 »
40 F “0L

20 B Ay }%

20 =

O: E i ; -
—-180-135-90 —=45 0 45 90 135 180
Longitude

OL e , : :
—-180—-135-90 —45 0 45 90
Longitude

[ [ [ I
f II 1 1 - 1 20 40 60 80 100

1 20 40 60 80 100 .
Fraction of SO, Burden, %
Fraction of Sulfate Burden, % I 2 BY

. . N .
Fig. 3. Average fraction (%) of the different source regions and Fig. 4. Average fractional contribution (%) of source regions and

source types to the sulfate column burden for the 6-week analysigo.urce types (o the total Qq\,olumn burden for the 6-week anal-
period as a function of location in the model domaif@) North ysis period,(a) North American sources(b) European sources,

American sources(b) European sourcesc) Asian sources(d) (c) Asian sources(d) biogenic sources, an@) volcanic sources.

L L 0
biogenic sources, an@) volcanic sources. White indicates areas White indicates areas where contribution was less than 1%.
where contribution was less than 1%.

NA; Europe, Eu; and Asia, As) was the principal contrib-
utor to the column burdens in its own region, reflective of
is the total column burden at that location at model timethe relatively short turnover time-(7 days) for sulfate and
period¢; fractional contribution of a source region to mix- the much shorter turnover time-{ day) for SQ (Benkovitz
ing ratio is evaluated similarly. As expected, each of theet al., 2004) as compared to the time needed for material
three major anthropogenic source regions (North Americato become distributed over the entire Northern Hemisphere.

Atmos. Chem. Phys., 6, 4728#38 2006 www.atmos-chem-phys.net/6/4723/2006/
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-180 -902 -05 892 179 -180 -90.2 -05 89.2 179
Longitude Longitude

980 990 1000 1010 1020 1035
MSL Pressure, hPa

Fig. 5. Mean sea level pressure (MSL, hPa) at 12:00 UT(#123 June 1997(b) 24 June(c) 25 June(d) 26 June(e) 27 June, andf) 28
June. Contours depict the height of the 500 hPa surface in decameters.

In addition, the influence of each source region is extended Sulfate distributions were relatively delocalized from
by the transport winds and other meteorological conditionssource areas because it is a secondary species with a mod-
(for example, clouds responsible for aqueous conversion o€rately long turnover time. In contrast, $@as much more
SO, to sulfate) experienced during the simulation time pe-localized over source areas (Fig. 4) because it is a primary
riod. For sulfate, the large=(50%) fractional contribution emitted species with a very short turnover time. As with
from NA sources was located in a geographically concen-sulfate, the areas of large-50%) fractional contribution
trated area (Fig. 3a), whereas large fractional contributiondrom NA sources to the SOburden (Fig. 4a) were more
from Eu and As sources extended over much greater aredsnited than those of Eu and As sources (Figs. 4b—c). The
(Figs. 3b—c). It is especially notable that the large influ- areas of large fractional contribution from As sources ex-
ence of As sources extended over the north Pacific to Alaskaended into the eastern Pacific Ocean (Fig. 4c), but the value
western and northern Canada, and the west coast of the U.8f the average S©burden in this region was very small
(Fig. 3c). The fractional contribution from biogenic (Bio) (~3umolm=2). Large fractional contributions from Bio
sources was small (between 10 and 20%) except for very limsources were found in areas not influenced by large anthro-
ited areas with small sulfate burden and small contributiongpogenic sources where the burdens were small, and in ar-
from other sources (Fig. 3d). The areas of large fractionaleas of large biogenic productivity (Fig. 4d). The areas of
contribution from volcanic (Vol) sources were southwest of large fractional contribution from Vol sources were directly
Popocatpetl volcano and west of Kilauea volcano, Hawaii downwind of the more active volcanos, such as Popbgett
(Fig. 3e). Although S@emissions from Etna volcano were (Mexico), Kilauea (Hawaii), Etna (Italy), and volcanos in
~40% of those from Popodgpetl, the fractional contribu- Japan, Indonesia, and the Kamchatka peninsula (Fig. 4e).
tion of sulfate from Etna is limited to~25% by the large  The “contrail’-like features over the oceans, such as the one
contribution to sulfate column burden from Eu sources. extending from northeast to southwest across the middle of

www.atmos-chem-phys.net/6/4723/2006/ Atmos. Chem. Phys., 6, 4738-2006
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the Atlantic Ocean (especially noticeable in Fig. 4a), are
due to emissions from air and ship traffic in these corridors
(Fig. 2a). These features are not evident in the sulfate distri-
butions.

3 Meteorological influences

Here the influence of transport meteorology on the fractional
contribution to the column burdens from emissions in the
several source regions is examined via the mean sea level
pressure, MSL, for 23 June to 28 June 1997 (Fig. 5); con-
ditions on these days were representative of the entire sim-
ulation period. On 29 June column burdens of,S&hd
sulfate (Fig. 6) were affected by four major features of the
global sea level pressure: large high pressure systems off
the coast of Japan and over Europe, a low pressure system
over northern Mexico and the eastern Pacific Ocean, and a
strong low pressure system over Siberia. Transport of Asian
emissions from sources located betweefi 2Gand 40 N
(Fig. 2a) to the north along the eastern coast of Asia and
then eastward over the northern Pacific Ocean is evident in
Fig. 6¢. This transport was driven by clockwise flow around
the high pressure system off the coast of Japan from 23 June
to 25 June (Figs. 5a—c). After 25 June this high pressure
system migrated northward, and a low pressure system de-
veloped in conjunction with an upper level cutoff low over
Siberia and Eastern Asia (Fig. 5d). The low pressure system
further enhanced northward transport of sulfate from emis-
sions in southeast Asia; this was followed by flow around
the high pressure system, which then transported the sul-
fate eastward across the Pacific at higher latitudes. From
23 June through 27 June (Figs. 5a—e) a large high pressure
system over western Europe generated light winds and lit-
tle vertical mixing, preventing transport of European emis-
sions and enhancing production of sulfate. On 25 and 26
June (Figs. 5¢c—d) there was a decrease in surface pressure
in phase with a deepening ridge-trough system at upper lev-
els over Spain and north of the Indian sub-continent; coun-
terclockwise flow around these systems transported sulfate
from European sources northward (by the system over Spain)
to Scandinavia and southward (by the system over India) to
the Middle East. The low pressure that formed over Siberia
on 25 June (Fig. 5¢) enabled the eastward transport of sulfate
from European sources to western and central Asia.

For several days preceding 28 June the North American

Fig. 6. Modeled sulfate column burdens for 29 June 1997 12:00 UTcontinent was dominated by a deepening low pressure system

from (a) anthropogenic sources in North Americfy) anthro-

over the southwestern U.S. and northern Mexico consistent

pogenic sources in Europég) anthropogenic sources in Asia, with divergence at the 500 hPa level (Figs. 5a—e). A surface

(d) biogenic sources(e) volcanic sources, anf) all sources.

high pressure system was located over the southeastern U.S.

White denotes areas where the sulfate column burden was less thgiirough 27 June; on 28 June (Fig. 5f) there were low pressure

1pmolm—2.

Atmos. Chem. Phys., 6, 4728#38 2006

systems over the Midwest U.S. and over the Gulf of Mexico.

Counterclockwise flow associated with these systems trans-
ported emissions from the major east coast sources over the
Atlantic Ocean (Fig. 6a). A deepening trough and associated

www.atmos-chem-phys.net/6/4723/2006/
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surface low pressure center in the Atlantic Ocean (Fig. 5f) @120
kept the maximum sulfate column burden south of 85 100k
until the eastern side of the pressure cente4® W) was
reached, when emissions were transported towards the north
Atlantic. These meteorological patterns assist in explaining sl
features seen in the average fractional contribution to the sul- 0
fate and S@ burden (Figs. 3 and 4) such as the abrupt de- 5. ®25
crease in the contribution of NA sources at the west coast < 200y
of the continent, the large influence of As sources over the * '°9¢
western and northern Pacific Ocean, and of Eu sources overs 00}
the Middle East, extending to central Asia and the Atlantic © 5o}
Ocean south of ZON and north of 60N for sulfate. 0
. . . . . © 20
In the interactive discussion of this paper one of the anony-
mous reviewers suggested that links between meteorology
and concentration or burden might be strengthened, perhaps 1o}
by the use of trajectory analysis. As noted in the introduc-
tion several investigators have in fact used trajectory calcula- Vg
tions to attribute modeled species to source regions, at least 16 23 30 7 14 21 16 25 30 7 14 21
qualitatively. Here, rather than using trajectory analysis we June July 1997 . dune July 1997
have taken the approach of attributing sulfate (an@)S© L
large source regions by labeling the sulfur species according
to several source regions. We take this approach for several
reasons: First, the labeling approach readily yields quanti-
tative estimates of contributions to concentration from the m ‘
several source regions; second, as the source regions con- sl Ao DU W
sidered here are continental in scale, they are not well suited pone iou‘/ I e Efu‘;mwf
to examination by trajectory analysis; third, the accuracy of
trajectories decreases markedly aftes days; fourth, the  Fig. 7. Time series of the sulfate column burden attributable to the
use of different assumptions and methodologies in trajecdifferent source regions and source types in magnitude (left) and
tory calculations can yield quite different results; and finally, as fraction of total (right) at several locations shown in Fig(&).
trajectory-based approaches cannot accurately represent nomodel grid cell that includes Seattle, WA, USA (E2&, 47 N),
linear chemical reactions, such as theQ4-SO, reaction,  (b) modelgrid cell thatincludes Sagres, Portugdi\@ 36° N), and
which is dominant in sulfate formation. As an alternative (Ch) model @!lrid :?e”that_inc'f“d?; Baél:())?dos 259"(1130 '\?- Pa“deKld) 'd
: : SNOwsS similar time series 1or tne umn burden at a moael gri
means of relating atmospheric burdens of sulfate angd SOCell i the mid north Pacific Oceaszn (170, 47 N). 9
to emissions regions, we would invite the reader to exam-
ine the animations of the column burdens of these substances
taken from the model output at 6-h intervals, available at
http://www.ecd.bnl.gov/steve/model/junejuly97.htmihich  tributions from the different source regions. At Seattle the
are an effective way to follow the transport of these sub-apportionment of the column burden for the entire model-
stances. ing period was As sources 42%, NA sources 32%, and Eu
sources 16%. Despite the long transit across the north Pa-
cific As sources were the principal contributors on two of
4 Attribution by source regions the three instances of largest magnitude of the total col-
umn burden (Fig. 7a). At Sagres the apportionment was
Three locations in areas in which there were substantial conEu sources 52%, NA sources 26%, and As sources 13%.
tributions to sulfate mixing ratios and burdens from two or The situation at Barbados (Fig. 7c) was much more com-
more source regions or source types (Fig. 2b) were selectedlicated; the apportionment here was Bio sources 27%, Eu
to illustrate the temporal variability and the vertical structure sources 26%, NA sources 17%, and Vol sources 17%. At
of these contributions: the model grid cells that include Seat-different time periods each of the different source regions
tle, WA, USA (122.20 W, 47.36 N, grid cell surface height and source types (except As sources) was the major contrib-
0.1km), Sagres, Portugal (898/, 36.98 N, grid cell sur-  utor to the column burden. Sulfate from NA sources reach-
face height<0.01km), and Barbados (59.4%/, 13.17 N, ing Barbados was transported east across the North Atlantic,
grid cell surface height0.01 km). Time series of the sul- south along the west coasts of Europe and Africa and west
fate column burden for these three locations (Figs. 7a—c) exto Barbados via the trade winds at lower latitudes. Sulfate
hibit substantial variation in the absolute and relative con-from Eu sources reaching Barbados was transported south
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Fig. 8. Vertical profiles of the sulfate concentration attributable to the different source regions and source types at several locations shown in
Fig. 7. Model grid cell that includes Seattle, WA, USA (22®, 47° N) on (a) 4 July 1997 12:00 UT(b) 7 July 00:00 UT, andc) 7 July

12:00 UT; model grid cell that includes Sagres, PortugaW836° N) on (d) 4 July 18:00 UT(e)5 July 12:00 UT, andf) 9 July 18:00 UT;

model grid cell that includes Barbados 3&, 13° N) on(g) 7 July 12:00 UT(h) 9 July 06:00 UT, andi) 23 July 12:00 UT. Vertical profiles

of the SO concentration attributable to the different source regions and source tyge8atbados on 9 July 06:00 UT, ark) a model

grid cell in the mid north Pacific Ocean (17%/, 47° N) on 17 July 06:00 UT. Note the individual scale for the concentration axis on each
panel.

along western Europe and Africa and west to Barbados viaconcentration was substantially displaced from the surface
the trade winds. Sulfate from As sources reaching Barba{~7 km) and quite isolated from low altitude processes; the
dos was transported east across the North Pacific, acrogwincipal contributors above 5km were As sources; below
North America, and then followed the same path as sulfatehis height several source regions and source types con-

from NA sources. Animations of the sulfate and S€l- tributed almost equally to a much smaller concentration. Just
umn burdens from each source region are available at URL12 h later (Fig. 8c) the picture was again quite different, with
http://www.ecd.bnl.gov/steve/model/junejuly97.hitmi considerably lower concentrations overall. The maximum

Vertical profiles of the sulfate concentration for these lo- concentration was in a shallow layer below 1 km, contributed

cations at selected times (Fig. 8) show marked differences irwOStIy by NA sources, but there was still substantial mate-

the distribution with height of the contribution attributable to rial from As sources aloft, and these sources continued to

the different source regions and types. At Seattle on 4 Jul ominate the column burden. The influence of As sources at
1997 (Fig. 8a) the maximum concentra.tion was near the sur>¢attle for these three dates is demonstrated using the sulfate

face and NA sources dominated below 3 km; above 6 km theCOIumn burden (Figs. 9a~c). On 4 July at 12:00 UT the Asian

principal contributors were As sources, with a smaller butplume entered the Seattle area from the southwest (Fig. 9a);

perceptible contribution from Eu sources. Sulfate from Euth(_a fugllbeffec(tj gf t;"i ﬁ)luTiz"Ygg LfJe'II'ttﬂn 7|Ju|y ﬁt 30:00 U(;I’t
sources reaching Seattle is transported east across Euror{g'g' ), and by 7 July at 12: € plume had passed to

Asia, and the North Pacific Ocean. A very different picture e east of Seattle (Fig. 9c).
is presented on 7 July, at 00:00 UT. On this date the largest
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Fig. 9. Sulfate column burden frorta) Asian sources on 4 July 1997 12:00 i) Asian sources on 7 July 00:00 U(E) Asian sources

on 7 July 12:00 UT(d) North American sources on 4 July 18:00 &) North American sources on 5 July 12:00 Uff, European sources

on 9 July 18:00 UT(g) North American sources on 7 July 12:00 W) biogenic sources on 9 July 06:00 UT, afi)}dEuropean sources on

23 July 12:00 UT. S@ column burden frongj) Asian sources on 17 July 06:00 UT. St= Seattle, Sa= Sagres, Ba= Barbados, P= mid north
Pacific Ocean location. White denotes areas where the column burden from individual source was lessithat12.

At Sagres the maximum sulfate concentrations varied byOcean at~40° N latitude, across North America at45° N,
almost a factor of eight413 to 100 nmol m?3) for the dates  across the Atlantic Ocean at50° N and finally southward
presented here. On 4 July 1997 at 18:00 UT (Fig. 8d) theover Sagres. The influence of NA and Eu sources on Sagres
concentration was small; NA sources were the principal condis shown in Figs. 9d—e. On 4 July 1997 at 18:00 UT (Fig. 9d)
tributors in a fairly deep layer between 6 and 8 km wherethe plume from NA sources had reached Sagres from the
the largest concentration-(L3 nmol nT3) was located. On  west via a wave pattern across the Atlantic Ocean (see anima-
5 July at 12:00 UT (Fig. 8e) the principal contributors be- tion). By 5 July at 12:00 UT the column burden from these
low 2.5km were Eu sources and the largest concentratiorsources had started to decrease (Fig. 9e), and on 9 July at
was at the surface~25 nmol nT3); in addition there was a 18:00 UT (Fig. 9f) the large column burden from Eu sources
plume between 3 and 12 km where the principal contributorshad advanced over Sagres from the east (see animation).
were NA sources. On 9 July at 18:00 UT (Fig. 8f) the princi- Barbados presented a more complicated picture because
pal contributors below 3 km were Eu sources and the larges$everal source regions and source types were the main con-
concentration was also at the surfacelQ0 nmolnt3); the  tributors or contributed about equally to the sulfate concen-
principal contributors above 4 km were As sources, and theration at different times. On the three dates shown the sul-
concentration{15 nmol nT3) was similar to that on 4 July fate concentration was similar~0 nmol nT3) but up to a
at 18:00 UT. The animation of the sulfate column burdenfactor of five to ten less than at Seattle and Sagres, mainly a
from As sources showed that the contribution from theseconsequence of this location being well removed from major
sources was transported in a wave pattern across the Paciféamission sources. An example of a very mixed picture is that
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for 7 July (Fig. 8g). On this date sulfate was present mostlycoastal European, and the trade winds of the North Atlantic,
in two distinct layers, one below 2 km to which Bio sources respectively. Clearly the temporal variability of the control-
contributed slightly over half and to which NA sources con- ling meteorology plays a large role in the absolute and rel-
tributed~30% of the concentration, and a second layer, be-ative contributions of distant and proximate sources to the
tween 4 and 6 km, to which NA, Vol, and As sources con- sulfate burden at a given location and time. Nonetheless the
tributed almost equally. On 9 July (Fig. 8h) most of the mate-cases examined here show that distant sources can make a
rial was in a deep layer extending from the surface km, substantial contribution to the column burden of sulfate at
to which Bio sources from the Atlantic ocean south of R5  the locations under examination.
(Fig. 2b) were the largest contributors below 6 km; how-
ever, about half of the concentration in this altitude range
was contributed by other source regions and types. On 2% Attribution of sulfate burden by formation process
July at 12:00 UT (Fig. 8i) three somewhat distinct layers
were evident; from the surface te2 km and also from 2km  Sulfur dioxide is converted to sulfate in the model by two dif-
to 4 km Eu sources contributed40% of the concentration, ferent processes: gas-phase oxidation by OH in clear (cloud-
with all other source regions and source types contributingfree) air and agueous-phase oxidation byOH and G in
about equally to the remaining 60%. All source types con-cloud water. As the model associates the sulfate formed by
tributed about equally to the third layer, centered-&tkm. different processes with different sulfate variables, it is pos-
The influence of NA, Bio, and Eu sources on Barbados issible to examine the amount of sulfate present at a given time
seen also in the sulfate column burden (Figs. 9g—i). and location that has been formed by one or the other process.
In contrast to the distribution of sulfate, time series of the For the entire simulation period62% of the sulfate present
SO, column burden at the selected locations showed that thén the model domain was formed by aqueous-phase oxida-
major contributors were always proximate sources: Northtion and~36% by gas-phase oxidation;2% was primary
American sources at Seattle96%), European sources at sulfate. However the fractional contributions by the two oxi-
Sagres £94%), and biogenic sources at Barbade$4%).  dation mechanisms varied considerably as a function of loca-
However, at Barbados some vertical structure was appareriton and, at a given location, as a function of time during the
during certain time periods, for example on 9 July 06:00 UT model run. For example, more than half the sulfate present in
(Fig. 8j) Bio and NA sources contributed almost equally at geographic regions with sparse cloudiness and precipitation,
the surface, but the NA contribution dropped rapidly with such as North Africa and the Middle East, and in regions
height whereas at the altitude of the maximum total concenwith sources at high altitude, such as Mexico, was formed
tration,~3 km, the SQ was contributed by Bio sources. by gas-phase oxidation. The spatial and temporal variation
The influence of Asian sources on the SBurden over in formation mechanism is due mainly to differences in me-
the mid north Pacific Ocean was examined at M)  teorological conditions, most importantly the presence and
47° N (Fig. 2b). At this location £4300km from Tokyo; liquid water content of clouds. While it must be recognized
~5700 km from Beijing, major source regions on the Asian that the sulfate present at a specific time and location is a mix
continent) As sources were responsible for more than halof material formed locally and material transported to that lo-
of the SQ burden for the entire simulation period. Time cation, nonetheless examination of formation mechanism of
series of the S@column burden at this location (Fig. 7d) the sulfate present at specific locations and times allows in-
showed that As sources were frequently the dominant conferences to be drawn about the reasons for the differences.
tributors. The distribution of the SOcolumn burden from Two contrasting locations (Fig. 2b) were chosen to study
these sources during one of the time periods of large influthe time variation of the sulfate formation processes. At a
ence (17 July 06:00 UT, Fig. 9j) showed a narrow plume semi-desert area of Algeria (&, 22 N, grid cell surface
that meandered across the north Pacific Ocean. The verticdleight 1.1 km)~58% of the sulfate present over the entire
profile of the S@ concentration (Fig. 8k) at the mid ocean simulation period was formed via gas-phase oxidation, and
location showed that almost all the 2®om these sources gas-phase oxidation was the principal contributor to the bur-
was quite elevated, in a layer at altitudes of betwe@mand  den at this location at all times during the model period ex-
11 km. At such altitudes S£s immune to removal by one of cept for a few days around 30 June, Fig. 10a. The animation
its major sinks, dry deposition and can thus persist for con-of the SG burden reveals that periods of larger contribution
siderable time. Compact aerosol layers have been observddom gas-phase oxidation occurred when large amounts of
to travel great distances in the upper troposphere (Damoah &0, from the European continent were transported over the
al., 2004; Jaffe et al., 2004; Ansmann et al., 2002; Wandingearid areas of North Africa, with the oxidation taking place
et al., 2002; Forster et al., 2001). over the Sahara region of Africa where the prevailing mete-
Because of the short time period examined in the presentrological conditions (strong solar radiation, abundant OH,
study it is not known how representative the instances choand low cloud water content) favor conversion to sulfate via
sen for detailed examination, Seattle, Sagres, and Barbaddhis mechanism. On days with little transport of Sftom
are of the northwestern North American coastal region, theEurope, such as 27 to 30 June, the sulfate present at the
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Fig. 10. Time series of the sulfate burden (@) Algeria (5’ E, 22 N), and(b) a location in the North Atlantic off the coast of Portugal
(122 W, 39° N).

North African location was formed en route (over the Euro-
pean continent and the Mediterranean Sea), where conditions
favored formation via aqueous-phase oxidation.

a

A contrasting situation is found over the western North At-
lantic Ocean (Fig. 2b). Here, in order to permit comparison
with measurements, we examined the model results in the
study area of the ACE-2 cloudy Lagrangian-2 experiments,
which were conducted 16 July to 18 July off the west coast
of Portugal and Africa (11to 15 W, 32 to 40° N, surface
height 0) (Johnson et al., 20004, b). At this location the dom-
inant formation mechanism throughout the entire simulation
period was aqueous-phase oxidation (Fig. 10b). The main
features of the modeled vertical profile of the sulfate con-
centration (Fig. 11) at the approximate time and location of
aircraft measurements during this study are consistent with
the measured profiles of accumulation mode aerosol concen- 0 I o
tration reported in Fig. 7 of Johnson et al. and with the mea- 0 10 20 30 40 50
sured concentration of total condensation nuclei in Fig. 7 of :
Osborne et al. (2000) which show these quantities exhibiting Sulfate Concentration, nmol m™
a maximum below 1 km and decreasing with increasing alti-
tude above. In addition, the larger contribution below 3 km Fig. 11. Vertical profile of the sulfate concentration atA®, 39° N
of sulfate formed by agueous-phase conversion supports th@" 16 July 1997 at 00:00 UT.
conclusions of Dore et al. (2000) that increases in the total
aerosol mass at these altitudes observed during their experi-
ment represented the net contribution to aerosol via conver; . .

. . . tpe frequent occurrence of maximum concentrations well
sion from gaseous precursors and that this conversion mos

robablv occurred via in-cloud aqueous-phase reaction aloft. Not infrequently, important contributions to the con-
P y q P " centration from remote sources were located in elevated lay-

Summarizing Sects. 4 and 5, the time series of the sulers; thus these source regions contribute more to column
fate column burden by source region and source type at spegsroperties such as optical depth than to surface air quality.
cific locations for the entire simulation period and vertical At Barbados, well removed from major sources and influ-
profiles of the sulfate concentration for specific times andenced by several source regions and source types, even sur-
locations demonstrate the large temporal variability, the fre-face concentrations were substantially impacted by remote
quently large fractional contribution by remote sources, andsources. The relative contributions of the gas-phase and the

@]

(&)}

Height Above Sea Level, km
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agqueous-phase oxidation pathways to the sulfate column buigas-phase oxidation was considerably enhanced, over 50%.
den at particular locations were influenced by meteorologicalAt locations of low cloudiness where gas-phase oxidation
conditions encountered during transport. was the main contributor to the sulfate concentration for cer-
The most important factors affecting the distribution of tain time periods agueous-phase oxidation was the main con-
both sulfate and SPwere the locations of emissions sources tributor in layers above the surface, as a consequence of long-
and predominant meteorological conditions. Because of itgange transport from cloudy areas.
longer turnover time of7 days (Benkovitz et al., 2004), It should be emphasized that the objective of the present
sulfate was transported further from the source regions thastudy was to examine the extent to which distant sources
was SQ (turnover time~1 day), with conversion taking contribute to the absolute and relative column burden of sul-
place concurrent with transport. Emitted species were generfate at specific locations at specific times, and the variabil-
ally transported from west to east, but substantial northwardty of these contributions during the time period examined,
transport was identified for emissions from Asian sourcesrather than to develop a statistically or climatologically ro-
and additional northward and southward transport was idenbust attribution. Here we relied on a set of model runs that
tified for emissions from European sources. In addition, in-had been rigorously evaluated by comparison with observa-
tercontinental transport of aerosols, already identified in spetions at specific locations and for short time periods, typi-
cific instances by measurements (Jaffe et al., 2003; Perry atally, for sulfate, 24 h, but was, perforce, limited to a rather
al., 1999; Prospero, 1999; Wotawa and Trainer, 2000) ancshort model run, six weeks of a single year. While this
satellite observations (Husar et al., 2001), has been illustratethther short time period necessarily limits any generalization
in the present modeling results. of the findings, the present findings nonetheless demonstrate
instances in which the sulfate column burden at a given loca-
tion was dominated by material that was transported across
6 Summary and implications major oceanic basins and also demonstrate the high temporal
variability of the relative and absolute contributions of this
Results from an Eulerian chemical transport model have beenlistant sulfate to the column burden at a given location.
analyzed to attribute sulfate and S@ncentrations and col- In summary the present study contributes to a growing
umn burdens to specific source regions, source types anbody of evidence indicative of the importance of long range
sulfate formation processes. Because of the relatively shorransport of submicrometer aerosols on scales of several
turnover times of these species proximate anthropogeni¢housand kilometers. This contribution is especially impor-
sources were the principal contributors to the burdens in theant in a relative sense in regions of low background aerosol,
several regions, but the influence of North American sourcesuch as over the North Pacific and North Atlantic where
was dominant over almost all of the North Atlantic Ocean, it might be expected to contribute strongly to aerosol in-
and likewise the influence of Asian sources was dominantdirect forcing in view of the low natural aerosol loading,
over almost all of the North Pacific Ocean. At a given lo- which leads to high sensitivity to incremental aerosol loading
cation not infrequently distant source regions contributed(Schwartz et al., 2002). Such loadings can also be substan-
widely differing fractional amounts of sulfate, especially tial in an absolute sense. For example in the calculations
when the peak of the vertical distribution of concentration presented here for Seattle, the contribution of Asian sources
was highly elevated. At Seattle, WA, U.S. Asian sourcesto sulfate column burden was commonly 2ol m~2 and
contributed 42% and European sources contributed 16% ofccasionally greater than 1@@nol m~2 (2—10 mg n72); for
the column burden for the simulation period as a whole; thea mass scattering efficiency of 5-8 gr! (Charlson et al.,
largest contribution from Asian and European sources 0c-1992) this burden would result in an optical depth of 0.01
curred in layers above-3km. At Sagres, Portugal, North to 0.08. In turn, for an aerosol radiative forcing efficiency
American sources contributed 26% and Asian sources conef —40 to —50 W n12 per optical depth (24-h; top of at-
tributed 13% of the column burden; when the total column mosphere; Anderson et al., 2005) this aerosol optical depth
burden was small North American sources were the largestvould result in a direct radiative forcing of 0.4 to 4 W
contributor, mainly in layers 5 km above the surface. Smallerin contrast, because the long-range-transported aerosol was
contributions from Asian sources were occasionally seen agenerally well elevated above the surface, it would appear
layers at altitudes above4 km; these layers had been trans- that this aerosol makes a relatively small contribution to sur-
ported eastward across the Pacific Ocean, North Americaface concentrations pertinent to air quality considerations.
and the Atlantic Ocean.
Overall, the average contribution to the sulfate burden for
the entire simulation period was 62% from aqueous-phase
oxidation, 36% from gas-phase oxidation and 2% was pri-
mary sulfate; however, in areas of low cloudiness, such as
north Africa and the Middle East, or areas at high altitudes,
such as parts of Mexico, the fraction of sulfate formed by

Atmos. Chem. Phys., 6, 4728#38 2006 www.atmos-chem-phys.net/6/4723/2006/



C. M. Benkovitz et al.: Attribution of sulfate and SO 4735

Table A1. Schematic of the different species defined as variables in the model. Superscriatgieous-phase oxidatiogrgas-phase
oxidation, p=primary emission. Subscripts: As=AsiB=biogenic, Eu=European, Ext=external (coming from outside the model domain),
NA=North American, Vol=volcanic.

Species 6 SQ Sulfate DMS MSA
Source 9 Primary Gas-phase Primary Gas-phase Aqueous- Primary Gas-phase
oxidation oxidation phase oxidation
oxidation
p p — g - -
NA i NASO2 NASOzzl NASOzzl KIASOzzl
Anthropogenic
(140° W to 30° W)
p p - g - —
Eu . EuSOZ Eusozzl Eusozzl CIlEusoézl
Anthropogenic
(30° W to 6(° E)
; p p — g - —
Asia . Asso2 Assoi Assozzl zssoézl
Anthropogenic
(60° E to 140 W)
Volcanic <)/ol SG €/ol 50421_ g/ol 80421_
Biogenic ¢ S0y Sl 4505~ PDMs ¢ MSA
External ExtSO2 Extsozzt_ EXtSOi— ?Extsozzl_ ExDMS
Appendix A The meteorological data used to drive the model, for the
modeling period 1 June—31 July 1997, were obtained from
Description of the Eulerian model the European Centre for Medium-Range Weather Forecasts

(ECMWF) (European Centre for Medium-Range Weather
The Eulerian model used in this work was developed fromForecasts, 2003). Mixing ratios (MRs) of oxidant species
the model described in (Benkovitz et al., 1994). The modelwere based on monthly average MRs for June and July cal-
represents emissions of sulfur dioxide 3@nd dimethyl  culated using Version 2 of the Model of Ozone and Re-
sulfide (DMS), transport, convective mixing, generation of |ated Chemical Tracers, (MOZART) (Brasseur et al., 1998;
hydrogen peroxide (kD) from the hydroperoxy radical Horowitz et al., 2003) driven by a GCM, the NCAR Commu-
(HO2) in the gas-phase, chemical conversion 0L3@sul-  nity Climate Model. Anthropogenic emissions of S®ere
fate by HO, and ozone (@) in the aqueous-phase and by based on the Emission Database for Global Atmospheric Re-
the hydroxyl radical (OH) in the gas-phase, chemical con-search (EDGAR) Version 3.2 (Olivier et al., 2002) inven-
version of DMS to S@ and MSA by OH, wet removal, and  tory, which represents annual emissions ca. year 1995. Sea-
dry deposition (Fig. 1). A hemispheric domain was used insonal emissions and the breakdown between release points
this study because it incorporates all industrialized areas obelow and above 100 m were calculated using the appro-
the Northern Hemisphere, allows studies of the relative in-priate fractions from the Global Emissions Inventory Activ-
fluences of the various source regions and source types arigy (GEIA) Version 1B inventory (Benkovitz et al., 1996);
minimizes import/export of material into/out of the model emissions for the Northern Hemisphere summer were used.
domain. Because the chemistry of sulfur species alters atmoEmissions of primary sulfate for 1997 were estimated from
spheric concentrations of oxidant species, the influence ofthe GEIA SQ inventory as 1% of the sulfur emissions (by
source regions and source types was obtained by defining mole) for industrialized regions (North America, Europe)
different variable for each source region/type (Table A1) andand 2% for the rest of the model domain. Sea surface DMS
performing only a single simulation; this method provides concentrations for June and July from Kettle et al. (1999)
accurate estimates of such influences. The model was initialwere combined with seawater DMS measurements made
ized with the mixing ratio of all species set to zero; material during the Aerosol Characterization Experiment-2 (ACE-2)
transported into the model domain was assigned representdield campaign (Raes and Bates, 1995) to calculate time-
tive background concentrations and was carried as a separagéd location-dependent oceanic DMS emissions using the
variable.

www.atmos-chem-phys.net/6/4723/2006/ Atmos. Chem. Phys., 6, 4738-2006



4736 C. M. Benkovitz et al.: Attribution of sulfate and 50

wind speed transfer velocity relationship of Liss and Mer-  Driven by Observation-Derived Meteorology, J. Geophys. Res.,
livat (1986). Seasonal emissions of DMS and hydrogen 99(D10), 20 72520756, 1994.

sulfide (HS) from land sources were calculated using the Benkovitz, C. M., Scholtz, M. T., Pacyna, J., TagasL., Dignon,
methodology of Lamb (Bates et al., 1992) gridded % 1° J., Voldner, E. V., Spiro, P. A., Logan, J. A., and Graedel, T. E.:
resolution (Benkovitz et al., 1994): these emissions were Global Grl_dded Inventories of Anthropogenic Emissions of Sul-
treated entirely as DMS in the model. Volcanic emissions are [ur and Nitrogen, J. Geophys. Res., 101(D22), 29239-29 253,

. . . . 1996.
quite variable temporally and there were substantial VOICan'%enkovitz C. M. Schwartz. S. E.. and Kim B.-G.. Evaluation

events du_rin_g the modeling period, so as fa_r_as pOSSib!e daily of a Chemical Transport Model for Sulfate using ACE-2 Ob-
sulfur emissions from volcanos were specific to the simula-  seryations and Attribution of Sulfate Mixing Ratios to Source

tion period and were treated entirely as:5T'he principal Regions and Formation Processes, Geophys. Res. Lett., 30(12),
sources of time-specific information were the Volcano Ac-  doi:10.1029/2003GL016942, 2003.

tivity Reports compiled by the Global Volcanism Program of Benkovitz, C. M., Schwartz, S. E., Jensen, M. P., Miller, M. A,,
the Smithsonian Institution available at web $itgp://www. Easter, R. C., and Bates, T. S.: Modeling atmospheric sulfur
volcano.si.edu/reports/bulletin/index.ctaccessed in spring ~ over the Northern Hemisphere during the Aerosol Characteriza-
1999) and personal communications from investigators con- tion Experiment 2 experimental period, J. Geophys. Res., 109,

ducting measurements at individual volcanos. D22207, d°i:_1_0'1029/2_004‘113004939' 2004. _
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