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Atmospheric sulfur cycle simulated in the global model 
GOCART' Comparison with field observations and 
regional budgets 

Mian Chin, •'2 Dennis L. Savoie 3 Barry J Huebert 4 Alan R Bandy, 
Donald C. Thornton, 5 Timothy S. Bates, • Patricia K. Quinn, • 
Eric S. Saltzman, 3'7 and Warren J. De Bruyn 3 

Abstract. We present a detailed evaluation of the atmospheric sulfur cycle simu- 
lated in the Georgia Tech/Goddard Global Ozone Chemistry Aerosol Radiation and 
Transport (GOCART) model. The model simulations of SO2, sulfate, dimethyl- 
sulfide (DMS), and methanesulfonic acid (MSA) are compared with observations 
from different regions on various timescales. The model agrees within 30% with 
the regionally averaged sulfate concentrations measured over North America and 
Europe but overestimates the SO2 concentrations by more than a factor of 2 there. 
This suggests that either the emission rates are too high, or an additional loss of 
SO2 which does not lead to a significant sulfate production is needed. The average 
wintertime sulfate concentrations over Europe in the model are nearly a factor of 2 
lower than measured values, a discrepancy which may be attributed largely to the 
sea-sak sulfate collected in the data. The model reproduces the sulfur distributions 
observed over the oceans in both long-term surface measurements and short-term 
aircraft campaigns. Regional budget analyses show that sulfate production from 
SO2 o:•idation is 2 to 3 times more efficient and the lifetimes of SO2 and sulfate 
are nearly a factor of 2 longer over the ocean than over the land. This is due to a 
larger free tropospheric fraction of SO2 column over the ocean than over the land, 
hence less loss to the surface. The North Atlantic and northwestern Pacific regions 
are heavily influenced by anthropogenic activities, with more than 60% of the total 
SO2 originating f•orn anthropogenic sources. The average production efficiency of' 
SO2 from DMS oxidation is estimated at 0.87 to 0.91 in most oceanic regions. 

1. Introduction 

The Georgia Tech/Goddard Global Ozone Chemistry 
Aerosol Radiation and Transport (GOCART) model 
has been used to simulate the atmospheric sulfur cy- 
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cle. In a companion paper [Chin ctal., this issue] we 
describe the model framework, summarize a 6-year sim- 
ulation of sulfate and its precursors, and estimate the 
anthropogenic contributions to the global sulfate bur- 
den. Here we compare the model results with field ob- 
servations in different regions of the world. These com- 
parisons help test the model's ability to capture the spa- 
tial and temporal variations of the sulfur species; they 
also enable us to apply the model to a regional and 
global analysis of the processes that control the sulfur 
distributions. 

One of the major advantages of using the GOCART 
model is its fitness to simulate concentrations of atmo- 

spheric constituents for an5' specific time period, thanks 
to its use of assimilated meteorological data from the 
Goddard Earth Observing System Data Assimilation 
System (GEOS DAS). This is particularly important 
for simulating observations in field campaigns, which 
are conducted in a relatively short period of time (from 
several days to several weeks). Since it is a global 
model that incorporates major atmospheric physical 
and chemical processes, GOCART can effectively place 
local observations into a regional and global context. 

24,689 
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Figure 1. Locations of the North American sites in the EMEFS network and European sites in 
the EMEP network. 

The focus of this paper is to evaluate model simula- 
tions of the atmospheric sulfur cycle. We begin with 
a brief description of the model (section 2), as details 
are given in the companion paper [Chin et al., this is- 
sue]. We then compare the model results with surface 
observations over North America and Europe (section 
3) as well as over the oceans (section 4). We further 
compare model-simulated vertical profiles with those 
measured in several field campaign programs (section 
5). The model-calculated budgets for several continen- 
tal and oceanic regions are also presented (section 6), 
followed by conclusions (section 7). 

2. GOCART Model 

The GOCART model is driven by the off-line mete- 
orological data from the GEOS DAS, with a horizontal 
resolution of 2 ø latitude by 2.5 ø longitude and 20-26 
vertical layers (vertical resolution depends on the ver- 
sion of GEOS DAS). The GEOS DAS fields are model- 
assimilated global analyses constrained by meteorolog- 
ical observations, with extensive prognostic and diag- 
nostic fields archived for chemistry transport model ap- 
plications [Schubert et al., 1993]. Some of the GEOS 
DAS fields are 6-hour instantaneous values, while oth- 
ers are either 3- or 6-hour averaged quantities. The 
GEOS DAS data start from January 1980. 

The model simulates four sulfur species: SO2, sul- 
fate, dimethylsulfide (DMS), and methanesulfonic acid 
(MSA). The following processes are included in sulfur 
simulations: advection, which is computed by a flux- 
form semi- Lagrangian method [Lin and Rood, 1996]; 
boundary layer turbulent mixing, which uses a second- 
order closure scheme [Helland and Labraga, 1988]; moist 
convection, which is calculated using archived cloud 
mass flux fields [Allen et al., 1996]; dry deposition, 
which uses a resistance-in-series algorithm [Wesely and 
Hicks, 1977] as a function of surface type and mete- 
orological conditions; wet deposition, which accounts 
for the scavenging of soluble species in convective up- 
drafts and rainout/washout in large-scale precipitation 

[Balkanski et al., 1993]; chemistry, which includes DMS 
and SO2 oxidation using prescribed oxidants (OH, NO3, 
and H_90_9 fields from Milllet and Brasseur [1995]); and 
emission, which incorporates SO_9 emissions from an- 
thropogenic (72.8 Tg S yr-•), biomass burning (2.3 
Tg S yr-•), and volcanic (varies with time) sources, 
and DMS emission from the oceans (13-16 Tg S yr -•). 
The anthropogenic emission encompasses SO_9 released 
from industrial activities, fuel combustion, and trans- 
portation [Olivier et al., 1996]. Volcanic emission ac- 
counts for SO_9 from both continuously erupting (4.8 
Tg S yr -•) [Andres and Kasgnoc, 1998] and sporadi- 
cally erupting (variable) volcanoes [Simkin and Siebert, 
1994]. DMS emission from the ocean is computed as 
a product of seawater DMS concentrations [Kettle et 
al., 1999] and the sea-to-air transfer velocity [Liss and 
Merlivat, 1986] which depends on the sea surface tem- 
perature and the surface wind speed. The surface winds 
used in the model are the remote sensing data from the 
Special Sensor Microwave Imager (SSM/I) operated on 
a series of satellites in the Defense Meteorological Satel- 
lite Program [Atlas et al., 1996]. 

The model time step is 20 min for advection, con- 
vection, and diffusion, and 60 rain for other processes. 
The model output of sulfur concentrations is saved ev- 
ery 6 hours. In the model-measurements comparisons 
presented in the next three sections, all the model re- 
sults are for the time periods when the observations 
were made. 

3. SO2 and Sulfate in the Polluted 
Continental Regions 

Anthropogenic sulfur emissions are concentrated in 
the northern hemispheric midlatitudes. To monitor the 
pollutant concentrations over the source regions, exten- 
sive surface monitoring stations have been established 
in the past few decades, such as the European Mon- 
itoring and Evaluation Program (EMEP) in Europe 
(http://www.nilu.no/projects/ccc/reports.html), and 
the Eulerian Model Evaluation Field Study (EMEFS), 
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Figure 2a. Daily concentrations of SO2 in 1989 at eight North American sites. Vertical grey 
lines are observations, and continuous black lines are the model results. 
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Figure 2b. Same as Figure, 2a, but for sulfate. 

which was conducted under the umbrella of the Na- 

tional Acid P.recipitation Program (NAPAP) and in- 
cluded several air quality and precipitation monitor- 
ing networks in North America [McNaughton and Vet, 

1996]. Here we compare model results with measure- 
merits taken from 123 EMEFS sites in 1989 and 73 
EMEP sites in 1990. Locations of these sites are shown 

in Figure 1. To evaluate the model's ability to repro- 
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Figure 3a. Monthly averaged concentrations of SO2 in 1989 at 16 North American sites. Solid 
circles are observations, and thick continuous lines are the model results. Standard deviation of 
daily values are plotted in vertical lines for observations and shaded grey area for the model. 
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Figure 3b. Same as Figure 3a, but for sulfate. 
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duce the observations on both short- and long-term 
timescales, we present the comparisons in daily and 
monthly averaged concentrations. 

Figure 2 shows the measured and calculated daily 
concentrations of SO2 (Figure 2a) and sulfate (Fig- 
ure 2b) at eight North American (EMEFS) sites. The 
model captures the large observed day-to-day variations 
of both SO2 and sulfate, but overestimates the SO2 lev- 
els and misses the high sulfate episodes in the summer. 
The seasonal variations at the North American sites are 

illustrated in Figure 3, which plots the monthly aver- 
aged concentrations of SO2 (Figure 3a) and sulfate (Fig- 
ure 3b) at sixteen EMEFS sites. SO2 exhibits a well de- 
fined seasonal cycle with a winter maximum and a sum- 
mer minimum at every location. This seasonal variation 
is controlled by the SO2 oxidation rates which are 2 to 
4 times faster in the summer than in the winter over the 

North American region. On the other hand, although 
there is a winter minimum and a summer maximum of 

sulfate at most sites, the observed summer maximum 
is often underestimated by the model, which tends to 
simulate a peak in August instead of July as seen in 
most observations at the EMEFS sites. Other observa- 

tions over the eastern United States [e.g., Husain and 
Dutkiewicz, 1990' Shaw and Pant', 1983] also reported 
a July maximum of sulfate. Furthermore, the model 
predicts a minimum sulfate concentration in June at 
the lower-latitude sites of Georgia and Texas, while the 
observations show only a small valley. This June min- 
imum of sulfate from the model is mainly caused by a 
strong wet convection over the United States in }Xlay 
and June, especially in the southeastern region. The 
convective scavenging efficiently removes not only the 
sulfate from the atmosphere but also its precursor S().2, 
thus reducing the sulfate production rates. In compar- 
ison, minimum sulfate concentrations in June or July 
have been observed at four Canadian sites and are re- 

produced by the model (last row in Figure 3b). 
Similar to Figures 2 and 3, the observed daily and 

monthly SO2 and sulfate concentrations in 1990 at Eu- 
ropean sites and the corresponding model results are 
shown in Figures 4 and 5. The magnitude of the sea- 
sonal variation of SO2 is generally reproduced in the 
model. This variation is controlled by the seasonal dif- 
ference in SO2 oxidation rates, transport patterns. and 
SO2 emissions in Europe (highest in winter, lowest in 
summer [see Chin et al., this issue]). However, model- 
calculated SO2 concentrations are typically a factor of 
2 too high compared with the observations. An earlier 
EMEP modeling study also showed an overestimation of 
SO2 concentrations in 1989 [Iversen, 1993], attributed 
to an overestimation of SO2 emission. On the other 
hand, model-calculated sulfate concentrations and daily 
variations agree with the observations well within their 
ranges of standard deviation. except in winter when the 
simulated sulfate concentrations are much lower than 

the observed values, especially at higher latitudes. Un- 

derestimation of wintertime sulfate over Europe has 
been reported in several previous model studies with 
various explanations for the discrepancy [e.g., Kasib- 
hatla et al., 1997; Koch et al., 1999; Barth et al., 2000]. 
These explanations include too much wet deposition or 
vertical ventilation, and too little SO•. oxidation. While 
all of the above are possible, none of them seems suffi- 
cient to account for sometimes a factor of 10 difference 
between the model and the measurements. The same 

discrepancy was also reported in the EMEP modeling 
and measurements comparison studies [Schaug et al., 
1993; Iversen, 1993], with a systematic low bias in the 
model at coastal sites. It was suggested that contri- 
butions from uncounted sources could be one possible 
explanation [Schaug et al., 1993]. 

Here we suggest that a sea-salt component in the 
data is likely an important source of the discrepancy, 
as the EMEP sulfate data have not been corrected for 

sea spray (A.-G. Hjellbrekke, personal communication, 
1999). Some observations in Europe reported that the 
airborne sea-salt concentrations vary from 10 to 100/zg 
m -3 near the coast and about 3 l•.g m-3 at a distance 
of 350 km inland [Rossknecht ctal., 1973; Gustafsson 
and Franz•n, 2000]. If 7-8% of the sea-salt mass is sul- 
fate, based on the typical sodium mass concentrations 
(0.3) and the sodium/sulfate mass ratio (0.25) in sea- 
salt, then there could be 0.7-8/zg m -3 sea-salt sulfate 
in the air near the coast and about 0.2/•g m -3 inland. 
The sea-salt contribution is expected to be most signif- 
icant in winter when sea-salt emissions over the North 

Atlantic are higher due to strong winds. The precipi- 
tation measurements in the EMEP network also indi- 

cate that sea-salt sulfate could contribute up to 50-90% 
in winter at some locations. To test the possible sea- 
salt contrib•tion to the sulfate aerosol data, we use the 
preliminary results of the GOCART model simulated 
monthly averaged sea-salt concentrations below 800 m 
for 1990 (P. Ginoux, unpublished results, 2000), assum- 
ing that 7% of the sea salt mass is sulfate. The modified 
model results, that is, non-sea-salt sulfate plus sea-salt 
sulfate, are shown in the dash-dotted lines in Figure 
5. This simple modification res•llts in a much better 
agreement between the modeled and observed sulfate 
in winter at, for example, High •h•fftes (United King- 
dom). Vanhill (Sweden), and Faeroeme-Akraber (Den- 
mark). It should be noted. however. that what we try to 
demonstrate here is a possible magnitude rather than a 
quantitative assessment of the sea-salt sulfate amount in 
the EMEP data. A quantitative correction will require 
airborne sea-salt measurements at the EMEP sites. 

Figures 6 and 7 summarize an overall comparison of 
the model results with observations at all EMEFS and 

EMEP sites in Figure 1. in seasonally and annually av- 
eraged quantities. The major' discrepancy between the 
modeled and the observed SO• is that the model overes- 
timates the SO.: levels at a large fraction of these sites, 
that is. 1/3 of the EMEFS sites and 2/3 of the EMEP 
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Figure 5a. Monthly averaged concentrations of SO2 in 1990 at 16 European sites. Solid circles 
are observations, and thick continuous lines are the model results. Standard deviation of daily 
values are plotted in vertical lines for observations and shaded grey area for the model. 
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Figure 5b. Same as Figure 5a, but for sulfate. The dash-dotted lines are the model results 
modified to reflect sea-salt contributions. See text for details. 
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Figure 6. Comparison of seasonally and annually av- 
eraged (left) SO2 and (right) sulfate concentrations in 
1989 at 123 North American sites. Site locations are 
shown in Figure 1. Solid line indicates a perfect match 
of the model results with observations, and dotted lines 
denote a factor of 2 departure. Correlation coefficients 
are indicated in the parenthesis. 

sites. On average, the modeled SO2 concentrations are a 
factor of 2.4 and 2.? too high for the EMEFS and EMEP 
sites, respectively. By contrast, the simulated sulfate 
concentrations agree with the observations on average 
to within 30%, despite the overestimation of SO2. This 
is because the production of sulfate in the polluted re- 
gions is mainly controlled by the H2 02 concentrations in 

cloud, rather than by SO2. The overestimation of SO2 
and the good simulation of sulfate levels suggest that 
either the SO2 emission rates used in the model are too 
high, or that there is an unaccounted or underestimated 
loss of SO2 which does not lead to a significant sulfate 
production. Such a loss could include an increase of the 
calculated SO2 dry deposition rates or, alternatively, an 
additional deposition of SO2 on large aerosol particles 
(such as dust or sea-salt near the coast). On the other 
hand, the discrepancies between the modeled and ob- 
served SO2 may be partially explained by the location 
of the measurements. The samplers are usually located 
close to the surface, often below the shallow inversion 
layer not resolved in the model, while most SO2 is re- 
leased from the smoke stacks above the local inversions. 

The summertime sulfate deficit over North America in 

the model (a factor of 1.5 too low on average), caused 
by the excessive wet scavenging, is clearly revealed in 
Figure 6. The comparison in Figure 7 demonstrates 
that when the model results are modified with sea-salt 

contributions, the winter low bias in the model disap- 
pears. 

Figure 8 shows the comparisons of annually averaged 
wet deposition of non-sea-salt sulfate at the EMEFS 
and EMEP sites. While the model and observations 

agree within a factor of 2 at a majority of the sites, 
there are about 6% of the EMEFS sites and 20% of the 

EMEP sites where the modeled sulfate in precipitation 
are more than a factor of 2 too low. However, since 
precipitation intensities and duration vary highly with 
space and time, the 3-hour and grid area averaged pre- 
cipitation rates in the model may not be representative 
of the actual precipitation rates at individual EMEP 
sites. 

4. Sulfate and MSA Over the Oceans 

Sulfate and MSA over the oceans have been mea- 

sured in the University of Miami network over the past 
2 decades [e.g., Savoie and Prospero, 1989; Savoie et 
al., 1993]. These measurements have been conducted 
mainly on islands or at the coast. In addition, long- 
term sulfate records are also available at the Mauna 

Loa Observatory in Hawaii [Huebert et al., 2000]. Fig- 
ure 9 shows the location of the stations. The monthly 
average values of sulfate and MSA for 16 stations are 
shown in Figure 10, together with the model results av- 
eraged over 6 years of 1989-1994. The sulfate data in 
Figure 10 are non-sea-salt sulfate; that is, they have 
been corrected for sea spray. 

The first row in Figure 10a compares sulfate at four 
North Atlantic sites. The model has difficulty reproduc- 
ing the observed seasonal variations at Barbados and 
Bermuda, mainly caused by the excessive convective 
scavenging in May to July: the same problem as seen in 
the simulation of the EMEFS data in section 3. In con- 

trast, the model-calculated seasonal cycles at the higher 
latitude sites of Mace Head and Heimaey agree well with 
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Figure 7. Comparison of seasonally and annually averaged (left) SO2 and (middle and right) 
sulfate concentrations in 1990 at 73 European sites. Site locations are shown in Figure 1. Solid 
line indicates a perfect match of the model results with observations, and dotted lines denote a 
factor of 2 departure. Correlation coefficients are indicated in the parenthesis. The model results 
in the middle column are non-sea-salt sulfate concentrations, while those in the right column are 
modified to reflect sea-salt contributions. See text for details. 

the observations. Comparisons of sulfate concentrations 
at four northern Pacific sites are shown in the second 

row of Figure 10a. These sites are along the transport 
route of pollutants from East Asia, with Cheju Island lo- 
cated the closest to the continental source and Oahu lo- 

cated the farthest. Sulfate concentrations decrease from 

Cheju to Oahu, as expected. Both the model and ob- 
servations show a springtime maximum at Midway and 
Oahu from the maximum influence of Asian pollutant 

transport during that season. One interesting feature is 
the summer minimum in both model and observations 

at Cheju and Okinawa, contrary to the North Atlantic 
sites of Barbados and Bermuda where the model shows 

a summer minimum while the observations do not. This 

indicates that the wet convection in summer is overesti- 

mated in the model at low latitudes near North Amer- 

ica, but is probably realistic near Asia. 
Sulfate concentrations and seasonal cycles at the Ant- 
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arctic coast of Mawson and Palmer Station are well sim- 
ulated by the model (first two plots in the third row of 
Figure 10a), except in December and January when the 
model underestimates the sulfate at Mawson and over- 
estimates that at Palmer by nearly a factor of 2. The 
sulfate levels over the remote oceans reflect the DMS 
emission rates, which may be too high in December and 
January near the Palmer Station due to very high sea- 
water DMS concentrations in the model [Chin et al., 
this issue]. The sulfate levels and temporal variations 
at other southern hemispheric ocean sites are also re- 
produced by the model within the range of standard 
deviation, except at American Samoa where the model 
underestimates sulfate concentrations by nearly a fac- 
tor of 4. The model underestimation of both sulfate and 

MSA (see Figure 10b) at American Samoa is linked to 
a low DMS emission rate in the tropical Pacifc [Chin et 
al., this issue, Figure 1]. 

The last two plots in Figure 10a show the free tro- 
pospheric measurements at the high elevation of Izafia 
(2367 m above sea level) and the Mauna Loa Obser- 
vatory (3397 m above the sea level). While Mauna 
Loa receives long-range transport of Asian pollutants 
in spring, Izana is influenced by the nearby European 
sources, an influence which is at its maximum in sum- 
mer due to the convective process. The transport of 
pollutants to these free tropospheric sites is reproduced 
by the model, although the concentrations at Mauna 
Loa in the model are higher than observed values, which 
may be explained by the fact that the data at Mauna 
Loa were sorted to eliminate local influences [Huebert 
et al., 2000]. 

Figure 10b compares MSA concentrations at the same 
sites as sulfate in Figure 10a. The only known MSA 
source is from DMS oxidation by OH, and the major 
removal process is wet scavenging. As a result, the con- 
centrations and temporal variations of MSA are directly 
related to DMS emission rates as well as wet scavenging. 
Similar to the case of sulfate, the modeled summer min- 
imum of MSA at Barbados and Bermuda is caused by 
the excessive wet scavenging. Modeled MSA concentra- 
tions are too low at Cheju Island in late spring and early 

summer. This is due to the DMS emission being too low 
rather than the wet scavenging being too high because 
the modeled sulfate agrees with the observations at the 
same site where most sulfate is of anthropogenic origin. 

Comparisons of the seasonally and annually averaged 
sulfate and MSA concentrations at all 29 sites in Fig- 
ure 9 are shown in Figure 11. The model in general 
agrees with the observations to within a factor of 2 for 
all seasons with only a few exceptions. Considering the 
large uncertainties in DMS emission rates and oxida- 
tion product yields, it is remarkable that the model re- 
produces quite well the observed spatial and temporal 
variations of sulfate and MSA over the oceans. This 

indicates that the processes of DMS emission, oxida- 
tion rates and yields, as well as deposition parameters 
in the model are climatologically representative of the 
atmospheric processes. 

Unlike the rich database for sulfate and MSA, there 
are only a few places where long-term DMS and SO2 
records are available, such as Cape Grim [Ayers et al., 
1991, 1995] and Amsterdam Island [Putaud et al., 1992]. 
We plot in Figure 12 the monthly averaged data in 1989 
together with the corresponding model results. The 
model overestimates DMS concentrations in fall and 

winter for both sites, and produces a minimum in Oc- 
tober instead of August as seen in the data. Modeled 
SO2 concentrations at Amsterdam Island in summer 
are higher than the observations, although they overlap 
with the data within the uncertainty range. 

5. SO2, Sulfate, DMS, and MSA from 
Field Campaigns 

While the fixed station data provide the best records 
of temporal variations and long-term trends, aircraft 
measurements are the only means to obtain the verti- 
cal distributions of individual species. Here we com- 
pare the model results with the aircraft measurements 
from the International Global Atmospheric Chemistry 
(IGAC) coordinated programs of Pacific Exploratory 
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Figure 9. Locations of the oceanic sites in the Univer- 
sity of Miami network and the Mauna Loa Observatory. 
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Figure 10a. Monthly averaged concentrations of sulfate at 16 oceanic sites. Solid circles are 
observations, and thick continuous lines are the model results. Standard deviation of daily values 
are plotted in vertical lines for observations and shaded grey area for the model. The data are 
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from 1989 to 1994. 

,,• 0.30 

0.24 
018 

0.12 

0.06 

0.00 

0.15 

012 

0 O9 

0.06 

0.03 

0.00 

ø15l Ragged Point Barbados 50 015[ Bermuda J50 0.50 Mace Head Irelend ] 0 30 t He,maey Iceland 
0.12[ 13.17N 59.43W3m 40 012[ 32.42N 67.87W10m t40 0.40 ,3.33N .owom .10041 63.25N 20.15W100m 0.09 30 0 09 30 0.30 • 120 0 18 

0.03 0 0 03 0 0.10 .... - 30 0 
0.00 0 00 0.00 0 0 00 

030 __ C_heju'••ø••i•offia 010 35 0.10 ! 010[ 
100 

t 0 08 0 24 33.52N 126.4E 20m 80 28 0.08 0 08 21.33N 157.7W 17m 

0.18 t60 006 21006 0.06 t •.0.12 + I• 40 0.04 14 0.04 0 04 
o.o6oO ; o.o •0.00 0.00 0.00 0.00 

0 30/ I 0.30• • 0.15 
Mawson Antarctica 100 [I Palmer Antarctica t 100 [ Prince Ed. Isl. t 100 Reunion Isl. France 

0.24I. L 64.92S 64.05W20m • 0.241 46.92S 37.35E10m J 012 2117S 55.83E60m 67.60S 62.50E 20m 80 80 80 ' 

60 0.18•_?•:•, :)i 60 0'12I :• q40 006 
.......... 40 012 •40 •.. % •q 20 0.06 20 0.06 20 0 03 

0 0001 --•-• -- -'- - -•"' /0 0001 •-n•-- /0 000 , , , , , , , , , , , , ß , i , T , , , ] .w- , , ß , , , , , , , , , , , , 
i i i i I i I i i i t i 

Yate New Caledonia 
22.15S 167.0E 10m 

J FMAMJ J ASOND 

0.10[' ' ' A'. •ar•o'a t•S,,• ' ' ' 
5o ø'ø8I 14.25S 170.5W25m 
40 0.06 I 3o 

20 0.04 •- 
10 oo2ISeee©ee$ ß 

J FMAMJ J ASOND 

35 0.030 Izana Spain 
28 0.024 28.30N 16.48W 2367m 

21 0.018 

140'012 7 0.006 

0 0.000 

JFMAMJJASOND 

J F M A M J J A S O N D 

Figure 10b. Same as Figtire 10a, but fur MSA (no MSA data at Mauna Loa). 

lOO 

8o 

6o 

4o 

2o 

o 

35 

28 

21 

14 

7 

o 

5o or) 

4o 

3o 

2o 

lO 

o 



24,700 CHIN ET AL.' EVALUATION OF GOCART SULFUR MODEL WITH OBSERVATIONS 

0.1 

0.01 

0.1 

0.01 

0.001 

0.1 

0.01 

1 

0.1 

0.01 

0.001 

• JJA'(r= 0.9'•//',, .,,•• • lO 

"• o.1 

o O.Ol ....... , ........ , . , 

O.Ol 

• 0.001 

0.1 

0.01 

1 

o.1 

O.Ol 

o.ool 

10 Annual (r '"- '- 0.9', ,7,X• • 
1 ,•' 

0.1 

0.01 

0.01 0.1 1 10 

Observed Sulfate (ug/m3) 

O. 1 Annual ( 'J- "0•2),,• 
0.01 

o.0ol 

0.0Ol o.01 0.1 1 

Observed MSA (ug/m3) 

Figure 11. Comparison of seasonally and annually av- 
eraged (left) sulfate and (right) MSA concentrations at 
29 oceanic sites. Sites locations are shown in Figure 9. 
Solid line indicates a perfect match of the model results 
with observations, and dotted lines denote a factor of 2 
departure. Correlation coefficients are indicated in the 
parenthesis. 

Missions (PEM) and Aerosol Characterization Experi- 
ment (ACE). To evaluate the model's capability of cap- 
turing the spatial and temporal variations of tracer con- 
centrations on a short timescale, we sample the model 
results at the closest geographic location and time to 
the aircraft measurements. The most desirable mea- 

surements, however, would be those with a horizontal 

scale of 200-250 km, which is comparable to the model 
grid scale. 

The NASA PEM-West Phase A (PEM-West A) was 
conducted in September-October 1991, a period when 
the Asian outflow was expected to be at a minimum 
[Hoell et al., 1996], and PEM-West Phase B (PEM- 
West B) was conducted in February-March 1994, a pe- 
riod when Asian outflow was at the maximum [Hoell et 
al., 1997]. Another major difference between these two 
P EM-West experiments is that the free tropospheric 
SO2 and sulfate measured in PEM-West A were heav- 
ily influenced by the volcanic emissions from Mount 
Pinatubo, which erupted in June 1991 injecting 20 
Mtons of SO2 into the stratosphere. Hence SO2 and 
sulfate over the Pacific Ocean from PEM-West A and 

P EM-West B have distinct origins and distributions. 
Figure 13 shows the aircraft flight routes during PEM- 
West A and B. Comparisons of the modeled DMS, SO2, 
and sulfate vertical profiles with the aircraft data are 
shown in Figure 14. The data used here are 30-rain 
merged quantities in the NASA Global Tropospheric 
Experiment (GTE) data archive. These data were inte- 
grated over a distance of roughly 200 kin, which is very 
similar to the model grid scale. 

The seasonal contrast of Asian outflow is clearly illus- 
trated in the top two rows in Figure 14, where both the 
model and the data show much higher SO2 and sulfate 
concentrations in PEM-West B than in PEM-West A, 
due to a much stronger advection of pollutants in spring 
than in fall. The Pinatubo influence in SO2 and sulfate 
concentrations at high altitudes is evident in the PEM- 
West A data over the open ocean (third row in Figure 
14). This influence is captured by the model, although 
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Figure 12. Monthly averaged concentrations of DMS 
at Cape Grim and DMS and SO2 at Amsterdam Island 
for 1989. Solid circles are observations, and lines are the 
mode] results. Shaded areas are the standard deviation 

of daily values in the model. 
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the modeled sulfate concentrations are about a factor 

of 2 higher than the data above the marine boundary 
layer. The discrepancy between the modeled and ob- 
served sulfate concentrations above the boundary layer 
exists for most of the flights in Figure 14. This differ- 
ence may be partially attributed to the potential loss of 
aerosol particles in the inlet system used to collect the 
sulfate [Huebert et al., 1990]. The model does not cap- 
ture the DMS vertical profiles over the open oceans. a 
problem which is most likely associated with the model- 
estimated D MS emission rates. 

Another NASA PEM mission, PEM-Tropics A, was 
conducted during August-September 1996 in the trop- 
ical Pacific region, which is relatively free of direct an- 
thropogenic influences IHoell et al., 1999]. Figure 15 
shows the flight routes of two aircraft, a DC-8 and a P- 
3B, and the model results are compared with the data 
in Figure 16. As mentioned above, one difficulty in the 
aircraft measurements of aerosol is the possible loss in 
the inlet. This loss was minimized in the P-3B mea- 
surements since the aerosols were collected with an ex- 

ternal sampler that does not suffer from inlet artifacts 
[Huebert et al., 1990]. The data collected by the two 
aircraft in their common measurement area near Tahiti 

and Easter Island are shown in the top two rows in Fig- 
ure 16. Concentrations of sulfate and MSA recorded by 
the P-3B are in general higher than those taken by the 
DC-8, and the model agrees better with the P-3B data. 
Concentrations near Fiji and New Zealand (DC-8) and 
Christmas Island (P-3B) are shown in the last two rows 
in Figure 16. The model overestimates SO• concentra- 
tions at altitudes above 6 km, but is consistent with the 
observed DMS profiles. 

From October to December 199• the First Aerosol 

Characterization Experiment (ACE 1) was conducted 
in the Southern Ocean south of Australia to study the 
formation and characterization of marine aerosols in a 

minimally polluted environment [Bates et al., 1998a 1. 
A majority of the 33 flights was devoted to intensive 
studies (November 16 to December 13). In addition, 
there were transect measurements covering a latitudi- 
nal range of 76øN to 59øS. Figure 17 shows the flight 
tracks in the intensive study area. Major sulfur gas and 
aerosol species in the marine boundary layer, together 
with several key parameters for calculating DMS emis- 
sion flux. such as surface wind speed, sea surface tem- 
perature• and seawater D MS concentration, were mea- 
sured on board the National Oceanic and Atmospheric 
Administration (NOAA) R/V Discoverer ship during 
the ACE I intensive period [Bates et al.• 1998b; De 
Bruyn et al.• 19981. The ship track is superimposed in 
Figure 17 (dotted line). Most samples were from 30-rain 
circular legs, with a diameter of roughly 60 kin. This 
is less than half the dimension of a model grid scale. 
Aerosols were sampled through the National Center for 
Atmospheric Research's (NCAR's) Community Aerosol 
Inlet. Recent measurements have shown that the col- 
lection efficiency of this type of inlet is low for particles 
larger than 2-3 pm [Blomquist et al., 2000], so these 
aerosol data are biased by the exclusion of most super- 
micron non-sea-salt sulfate and MSA. The bias will be 
more for MS A than •br sulfate because of the larger 
particle size of MSA IHuebert et al., 1993]. 

We compare the model results with four groups of 
ACE I flight data in Figure 18: The first group includes 
the data from transect flights from Hawaii to 59øS south 
of New Zealand, the second group includes data from 
the flights designed to study new particle production in 
cumulus clouds outflow, and the last two groups include 
data from the two Lagrangian experiments A and B. 
The model reproduces both the concentrations and the 
vertical distributions for all sulfur species in these four 
groups, except for MSA which is more than a factor 
of 2 too high in the model. Possible explanations for 
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Figure 14. Vertical profiles of SO2, sulfate, and DMS from the DC-8 aircraft during PEM-West 
A (PWA) and PEM-West B (PWB). Grey circles are observations, and crosses are the model 
results. Flight numbers in each data group are shown in parenthesis. 

the discrepancy of MSA include a high MSA yield from 
DMS oxidation in the model, or the low bias in the data 
as mentioned earlier. The model does not capture the 
relatively high SO2 concentrations at 5.5 km and misses 
a few high sulfate values du, ring Lagrangian B. 

Figure 19 compares the R/V Discoverer shipboard 
measurements of surface wind speed, sea surface tem- 
perature, and seawater DMS concentrations with those 

used in the model. The surface winds and the sea sur- 

face temperatures in the model match very well with 
the, local observations. The monthly averaged seawa- 
ter DMS concentrations are also close to the in situ 

measured data except for a few days (e.g., days 332, 
333, and 338) when high DMS concentrations (up to 6 
nmol L -z) in the seawater were measured. The DMS 
emission fluxes calculated using the measured parame- 
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ters versus those using the model input parameters are 
shown in the last panel of Figure 19. 

Modeled atmospheric concentrations of sulfur species 
are compared with observations on the Discove•e• in 
Figure 20. Note that all the model results are at the 
grid box and time closest to the center of the 3-hour av- 
eraged measurement locations and time, while DMS and 
SO2 data were taken every 30 rain and sulfate and MSA 
were typically integrated over a 1-day period. Thus the 
scale of the model is larger than that of the gas mea- 
surements but smaller than that of the aerosol mea- 

surements. The range of DMS concentrations measured 
on the ship (30 to more than 300 ppt) is generally re- 
produced by the model. However, the observed DMS 
concentrations on days 332 and 333 are much higher 
than calculated by the model, reflecting an underesti- 
mation of the calculated DMS emission. As shown in 

Figure 19, the measured seawater DMS concentrations 
on days 332 and 333 are much higher than those from 
the monthly averaged values used in the model. Both 
the model and observations show less than 30 ppt of 
SO2 and about 50 ppt of sulfate under the typical back- 
ground conditions (panels 2 and 3 in Figure 20). There 
were four episodes on days 330, 332,333, and 343 when 
the ship encountered air flowing off the Australian con- 
tinent [Bates et al., 199861. During these episodes, el- 
evated SO2 concentrations were observed reaching up 
to 1000 ppt [De Bruyn ctal., 1998]. These high SO2 
episodes are clearly captured by the model, as shown 
in Figure 20 (top panel). High concentrations of sulfate 
during these episodes are also predicted by the model 
but are missing in the observations. This is partly a re- 
sult of the relatively long integration sampling time of 
sulfate on the ship. As reported by Quinn ctal. [19981, 
measurements of the aerosol absorption coefficients at 
higher temporal resolutions responded well with differ- 
ent air mass. 

6. Regional Budget 

The generally good simulations of sulfur species pro- 
vide the base for analyzing the regional budgets with the 
GOCART model. We summarize here the annual bud- 

get for several regions where the model results have been 
evaluated with the observations in the previous sections. 
These regions include North America (NAM), Europe 
(EUR), northwestern Pacific (NWP), southwestern Pa- 
cific (SWP), tropical eastern Pacific (TEP), and North 
Atlantic (NAL). We also report the budget of eastern 
Asia (EAS) here because it is coupled with NWP, even 
though we have few data in the EAS region. The bor- 
ders of these seven regions, together with the 1990 an- 
nual sulfur emission flux, are shown in Figure 21. Our 
purpose is to reveal the general features of the regions 
and compare them with the global budget presented in 
the companion paper [Chin et al., this issue]. Here all 
the budgets are based on the 1990 simulation, that is, 
a normal year before the Pinatubo eruption. Detailed 
data analysis for individual field campaigns will be pre- 
sented elsewhere. 

6.1. Sulfur Budget in the Polluted Continental 
Regions 

Table 1 shows the column budget of SO2 and sulfate 
in the polluted regions of NAM, EUR, and EAS, defined 
in Figure 21. Anthropogenic emission is the predomi- 
nant source of SO2 there, with the highest emission rate 
over Europe. However, nearly half of the SO2 emitted is 
dry-deposited to the surface. Dry deposition dominates 
the removal of SO2 over the continent particularly in 
winter when SO2 oxidation is slow. The sulfate pro- 
duction efficiency, which is defined as the amount of 
sulfate produced relative to the amount of SO2 emit- 
ted, produced, or imported [Chin et al., this issue], is 
found to be 0.27, 0.24, and 0.33 over the NAM, EUR, 
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Figure 16. Vertical profiles of SO2, sulfate, DMS, and MSA from the DC-8 and P-3B aircraft 
during P EM-Tropics A. Grey circles are observations, and crosses are the model results. Flight 
numbers in each data group are shown in parenthesis. 

and EAS regions, respectively. These values indicate 
that only 1/4-1/3 of the SO2 emitted is oxidized to sul- 
fate within the region, the rest being either removed by 
deposition or transported out of the region. In-cloud 
oxidation of SO2 accounts for roughly 2/3 of the to- 
tal sulfate production across the three regions, a value 

which is comparable to the global mean of 64% [Chin et 
al., this issue]. Both SO2 and sulfate are much more ef- 
ficiently removed within the polluted column than out- 
side the column because most of the burden is at lower 

altitudes near the sources (Table 1). This can be seen in 
the loss frequency, which is the quantity of the loss rate 
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Figure 17. C-130 aircraft flight tracks (solid thin lines) 
in ACE I intensive (November-December 1995) study 
area. Flight numbers are shown next to the tracks. 
The R/V Discoverer ship tracks are shown in thick grey 
dotted line. 

in the individual process divided by the column burden 
[Chin et al., this issue]. For example, the loss frequency 
for SO2 dry deposition is 0.47-0.53 day -• and for sul- 
fate wet scavenging is 0.24-0.36 day -• in the polluted 
regions, while the corresponding global mean values are 
0.25 and 0.16 day -•, respectively [Chin et al., this is- 
sue]. The lifetime is 1.1-1.4 days for SO2 and 2.8-3.6 
days for sulfate in these regions. 

If the difference between the total source and total 

sink is used to infer the net outflow to the neighboring 
regions, then about 16%, 23%, and 11% of the anthro- 
pogenically emitted SOx (S02 plus sulfate) are trans- 
ported out of the NAM, EUR, and EAS regions, with 
2/3 of it as SO.• (Table 1). The export flux is much 
lower than that estimated for eastern North America 

in previous studies ranging from 30% to 59% [Wojcik 
and Chang, 1997; and references therein]. The major 
difference is that the dry deposition loss for SO2 in this 
study is much higher (50%) than that in the previous 
estimates (17-36%). However, as we have discussed in 
section 3, the model results of SO2 over the polluted 
regions suggest that a higher SO• loss rate is required. 
The net export for the EUR region is 23%, which is 
within the wide range of previous estimates in the lit- 
erature (8-80% [see Wojcik and Chang, 1997]). 

6.2. Sulfur Budget in the Oceanic Regions 

Table 2 is the column sulfur budget over the four 
oceanic regions defined in Figure 21. The NAL region 
receives a significant amount of anthropogenic SO2 from 
the neighboring continents, that is, about 40% of the 
total SO• source. This influx may be overestimated, if 
the modeled SO2 concentrations are in fact an overes- 
timate (section 3). Ship emissions account for another 
24% of the anthropogenic SO• source in the NAL. Ca- 
paldo et al. [1999] estimated that 40-80% of the surface 

SO2 over the North Atlantic region in July is from ship 
emission. We have examined the July surface SO2 bud- 
get of the NAL region and estimate that 65% of the SO2 
source in the model surface layer (0-50 m) is from ship 
emission. However, the large contributions of ship emis- 
sion to SO2 concentrations are likely limited to near the 
surface; we have found that in the lowest 2-km column, 
DMS oxidation is a factor of 1.75 higher than ship emis- 
sion as the SO2 source over NAL in July. Therefore it 
appears in our model that both the continental outflow 
and DMS oxidation (36%) are more important than ship 
emission as the SO2 and sulfate source over the North 
Atlantic region. Similar to NAL, the anthropogenic in- 
put from continents is the largest source of SO2 in the 
NWP region (56•). Ship emissions contribute only 5% 
of the SO2 source. Accordingly, the total anthropogenic 
source of SO2 over the NWP region is 61%, similar to 
the fraction of 64% over the NAL. The remaining 39% 
of SO2 is from DMS oxidation (32%) and volcanic emis- 
sion (7%). 

Unlike the polluted regions of NAL and NWP, Ta- 
ble 2 shows that only 12% of the SO2 source in the 
SWP region is from outside of the column. While DMS 
oxidation is the most important SO2 source (53%), vol- 
canic emission is also significant; it contributes more 
than 30% of the SO2 source in the SWP region. The 
TEP is the cleanest region among the four with little di- 
rect anthropogenic emission. With only 7% of SO2 from 
volcanic emissions and 16% imported, DMS oxidation 
accounts for 77% of the regional SO2 source. 

The annually averaged emission rate of DMS is quite 
similar at about 90-100/zg S m -2 d -• among the NWP, 
SWP, and TEP, but is much higher in the NAL at 190 
/zg m -2 d -•, mainly because of the higher surface wind 
speeds. The most important loss process for SO2 over 
the oceans is in-cloud oxidation, in contrast to the conti- 
nental regions where dry deposition dominates the SO2 
loss. One exception is in the NAL region where dry 
deposition is as important an SO2 sink as in-cloud ox- 
idation because the SO2 is more concentrated near the 
surface due to its source from ship emissions. 

Our model estimates that globally 90% of DMS is ox- 
idized by OH (to produce SO2 and MSA) and 10% by 
NO3 (to produce SO2) [Chin et al., this issue]. However, 
the DMS+NO3 reaction pathway can become more im- 
portant in places influenced by anthropogenic activities. 
As seen in Table 2, DMS oxidation by NO3 accounts 
for 26% of the total DMS loss over NAL and 12% over 

NWP, compared with that in the relatively clean regions 
of SWP (5%) and TEP (29%). The SO2 production effi- 
ciency from DMS (the amount of SO2 produced relative 
to the amount of DMS emitted) is 0.91, 0.90, 0.87, and 
0.90 for the NAL, NWP, SWP, and TEP regions, re- 
spectively. These values are at the high end of those 
estimated from a zero-dimensional (0-D) photochemi- 
cal model, i.e., 0.65 to 0.9, for altitudes below 2 km at 
the tropical Pacific and southern oceans [Davis et al., 



24,706 CHIN ET AL.' EVALUATION OF GOCART SULFUR MODEL WITH OBSERVATIONS 

• 6 

Transect 
(Flight 6-9) 

.¸ 
x x 

0 50 1 O0 150 200 

Transect 
(Flight 6-9) 

x 

x 

XG ¸ X 

0 1 O0 200 300 400 

Transect 
(Flight 6-9) 

0 1 O0 200 

o .:o.•.. 

300 

' i .... ! .... i .... i , , 

Transect 
(Flight 6-9) 

x 

x 

xx 

X XX x ß m,, 
0 10 20 30 

Cumuius oubow 
(Flight 14,17,27) 

• 6 • 

•4 

•: 2 
• .::,c•.:o x 

0. ...... 
0 5o 100 150 2oo 

...... &',m'uids 0,1figw' 
(Flight 14,17,27) 

x 

.... m .... i .... i 

100 200 300 400 

a ...... ddm'ul'u's'o'uific;w 
6 x -:o (FlJght 14,17,27) 

4 

2 

0 1 O0 200 300 

...... dumu,u's'o'ui,iow 
(Flight 14,17,27) 

x 

x 

O x 

x 

ß :,@ x 

i .... ! .... • .... i i i 

0 10 20 30 

• 6 

......... La 'g;angi'an' A' 
(Flight 18,19,20) 

•x 
0 50 100 150 200 

8 .... La'grangian A' 
(Flight 18,19,20) 

6 

4 ½I• 

0 1 O0 200 300 400 

........ Lagr'a;gi'ah'A ' 
(Flight 18,19,20) 

•x 
i , , , ,••/•,,, X I , X I , , 

0 1 O0 200 300 

Lagr'angian A 
(Flight 18,19,20) 

6 

4 •:x .... 

-o x 

2 e xx 

0 i ............ • , 

0 10 20 30 

Lagrangi n B 

.• 6 • (Flight 24,25,26) 
F: moo o o 

_• x 
v o 

• 4 

<E 2 

0 50 100 150 200 

......... !' a 'gr,ngi'ah' B' 
(Flight 24,25,26) 

x 

¸ 
x 

0 1 O0 200 300 400 

8 ........ Eagrangian B 
(Flight 24,25,26) 

6 

4 

2 

0 100 200 300 

Lagr'angian B 
(Flight 24,25,26) 

6. 

x 

x 

4 ' ..;•:• x 
2 X 

.:Q .:Q ::O 

0 ,, ,:o,,,q• ....... 
0 10 20 30 

S02 (ppt) Sulfate (ppt) DMS (ppt) MSA (ppt) 

Figure 18. Vertical profiles of SO2, sulfate, DMS, and MSA from the C-130 aircraft during ACE 
1. Each row represents a group of data (see tex[). Grey circles are observations, and crosses are 
the model results. Flight numbers in each data group are shown in parenthesis. 

1999; C'her• et al., 2000; Shor• et al., 2000]. Constrained 
by the measured DMS and SO2 concentrations, the 0-D 
model has to assume other parameters, such as the ver- 
tical mixing rate and SO_9 lifetime, in order to estimate 
the SO2 production efficiency. The lifetime of SO2 be- 
low 2 km is assumed to be 1 day in the 0-D model with 

respect to the chemical losses, the depositions, and the 
vertical dilution. The SO2 production efficiency would 
be higher if a shorter lifetime were used. For example, 
our model estimates 0.5-0.7 days for SO2 lifetime in the 
marine boundary layer with respect to chemical losses 
and depositions. A much lower value of SO2 production 
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efficiency was suggested by Yvon and Saltzman E19961 
and De Br•zyn et al. I19951 (0.3-0.5), based on a box 
model and measured DMS and SO2 concentrations at 

the surface. However, vertical mixing was neglected in 
these studies. One can underestimate the SO: produc- 
tion efficiency if vertical mixing is not considered, since 
vertical mixing is an important transport mechanism 
for SO2 from the boundary layer, where most SO2 is 
produced, to the free troposphere. As seen in sections 4 
and 5, our model results are consistent with the obser- 
vations over the oceans not only in the marine boundary 
layer, but also in the free troposphere. 

Sulfate production from SO2 is much more efficient 
over the oceans than over the polluted continents. Its 
production efficiency is 0.53, 0.$$, 0..55, and 0.66 for the 
NAL, NWP, SWP, and TEP regions, respectively, corn- 
pared with 0.24-0.34 over the polluted regions. This 
is because the fraction of column SO• in the free tro- 

posphere is larger over the oceans than over the land, 
hence less loss to surface. Consequently, the lifetimes 
of SO2 and sulfate over the oceans are nearly a factor 
of 2 longer. The contrast of SO• vertical distributions 
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Figure 20. Time series of DMS, SO•, sulfate, and 
MSA from the R/V Discoverer during ACE 1 intensive 
period (November-December 1995). Observations are 
shown in either solid dots (for DMS and SO•) or hor- 
izontal bars (for sulfate and MSA). The lengths of the 
horizontal bars correspond to the data integration time. 
The continuous lines are the model results• 

between the continental and oceanic regions can be seen 
in Tables 1 and 2. While 2/3 to 3/4 of the SO2 over 
the continents resides below 2 kin, a similar fraction is 
above 2 km over the oceans. 

Several recent studies have sitown that oxidation on 
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Table 1. Sulfur Budgets of 1990 for Three Polluted Continental Regions 

Regional Budget a NAM EUR EAS 

SO2 
Emission 2280 4600 3130 
Chemical production 35 56 25 
In-air oxidation 222 416 341 
In-cloud oxidation 411 684 707 
Dry deposition lll0 2610 1490 
¾Vet scavenging 250 145 347 
Inferred export b 322 801 270 
Column burden 2090 5490 3370 
Burden below 2 km 1410 4100 2340 
Lifetime c 1.1 1.4 1.2 

Sulfate 

Emission 70 238 157 
In-air production 222 416 341 
In-cloud production 411 684 707 
Dry deposition 81 165 132 
¾Vet scavenging 558 859 977 
Inferred export b 64 309 96 
Column burden 1040 3780 2910 
Burden below 2 km 798 1860 1380 
Lifetime c 3.4 3.6 2.8 

Total sulfur 

Dry deposition (percent of source) 
Wet scavenging (percent of source) 
Inferred export (percent of source) 

49.9% 56.8% 49.0% 
33.9% 20.5% 40.0% 
16.2% 22.7% 11.0% 

aNAM, North America, surface area 1.49x10 x3 m2; EUR, Europe, surface 
area 1.49x10 x3 m2; EAS, eastern Asia, surface area 1.44x1013 m 2. Borders 
of each region are shown in Figure 21. Units: flux,/•g S m -2 d-•; burden, 
S m-2; lifetime, days. 

b Inferred from the difference between the total source and the total loss 
terms xvithin the column. 

CDefined as the ratio of column burden to the total loss rate excluding 
transport. 

sea-salt surface is an important pathway for SO2 loss. 
For example, Sievering et al. [1999] estimated from 
ACE 1 measurements that SO2 oxidation in sea-salt 
aerosols could account for 30-35% of the non-sea-salt 

sulfate formation, and Mari et al. [1999] found that 
sea-salt losses contributed to 37-63% of total SO2 loss 
during the Lagrangian B experiment in ACE 1. We 
have not explicitly included the SO2 losses in sea-salt 
aerosols in our model, but found reasonable agreement 
with the observed SO2 and sulfate data shown in sec- 
tions 4 and 5. Long-term ocean surface measurements 
of SO2, together with sulfate, are needed to test the 
magnitude of model error in omission of SO2 loss in 
sea-salt. It is possible, however, that the modeled SO2 
in-cloud oxidation and/or dry deposition rates are suf- 
ficiently higher than those in the real world that they 
could be counted as total SO2 heterogeneous oxidation 
and total deposition. 

7. Conclusions 

We have presented a detailed evaluation of the atmo- 
spheric sulfur cycle simulated in the GOCART model. 

We have compared the simulated S02, sulfate, DMS, 
and MSA concentrations with the observations over 

polluted continental source regions, anthropogenically 
modified oceans, and in remote environments. The 
comparisons have been conducted on various time scales 
from multiyear surface networks to short-term aircraft 
campaigns. The model in general reproduces the ob- 
served spatial and temporal distributions and captures 
the local and regional features. 

Over the polluted regions of North America and Eu- 
rope where the sources are thought to be well under- 
stood, the model reproduces the seasonal variations of 
S02 but overestimates the atmospheric level of S02 
by more than a factor of 2 on average. On the other 
hand, the modeled sulfate levels agree with the obser- 
vations within 30% as the sulfate production rates are 
controlled by the oxidant concentrations. The model 
results suggest that either the S02 emission rates are 
too high or an increased S02 loss which does not lead 
to significant sulfate production is required. Such a loss 
could include an increase of the calculated S02 dry de- 
position rate over the land, or an additional deposition 
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Table 2. Sulfur Budgets of 1990 for Four Oceanic Regions 

Regional Budget a NAL NWP SWP TEP 

SO2 

Anthropogenic emission b 92 13 15 0.4 
Volcanic emission 0 18 37 8.5 
Chemical production 141 87 75 87 
Inferred import c 152 149 17 20 
In-air oxidation 73 57 15 26 
In-cloud oxidation 130 91 64 50 
Dry deposition 135 71 36 18 
Wet scavenging 48 47 29 21 
Column burden 919 658 211 275 
Burden below 2 km 288 197 81 57 
Lifetime d 2.8 2.4 1.6 2.4 

Sulfate 

Anthropogenic emissionb 2.9 0.6 0.8 0 
In-air production 73 57 15 26 
In-cloud production 130 91 64 50 
Inferred import c 58 56 10 21 
Dry deposition 21 13 5.4 8.6 
Wet scavenging 243 192 85 88 
Column burden 1740 1150 536 749 
Burden below 2 km 542 322 119 211 
Lifetime d 6.6 5.8 6.2 7.8 

DMS 
Emission 185 107 91 96 
Oxidation bv OH 115 85 81 94 
Oxidation by NO3 40 12 4.1 1.9 
Inferred export c 30 10 5.7 0.1 
Column burden 136 92 210 102 
Burden belo•v 2 km 114 63 160 80 
Lifetime d 0.88 0.95 2.7 1.1 

MSA 

Chemical production 13.6 10.1 11.0 9.7 
Dry deposition 1.1 0.5 0.8 0.8 
Wet scavenging 10.3 8.8 10 8.7 
Column burden 54 43 62 61 
Burden below 2 km 15 7.5 17 13 
Lifetime d 5.3 4.6 6.1 6.3 

aNAL, North Atlantic, surface area 2.36x10 •3 ms' NWP, northwestern Pa- 
cific, surface area 2.73x10 •3 m 2' SWP, southwestern Pacific, surface area 
2.00x1013 m 2' TEP, tropical eastern Pacific surface area 6.05x1013 m 2 Bor- 
ders of each region are shown in Figure 21. Units: Flux, /•g S m -2 d -l' 
burden, ttg S m -2' lifetime days. 

bIncluding ship, aircraft, and industrial emissions over the islands. 
cInferred from the difference between the total source and the total loss 

terms within the column. 
dDefined as the ratio of column burde_n_ to the tatal lass rate exchlding trans- 

port. 

of SO2 on large aerosol particles. In the summer season 
over North America the calculated sulfate levels are 1.5 
to 2 times too low compared with observations. This 
is caused by efficient wet scavenging during summer in 
the model, which removes not only sulfate, but also its 
precursor SO2, thus reducing sulfate production rates. 
The common difficulty among most models in repro- 
ducing the sulfate seasonal variations over Europe may 
be attributed largely to the sea-salt component in the 

EMEP data. The sea-salt contribution is expected to 

be largest in the winter because of high sea-salt emis- 
sion rates from the neighboring North Atlantic Ocean. 
When the model results are modified to reflect the sea- 
salt contribution, the low winter bias in the model dis- 
appears. It should be noted, however, that other possi- 
ble sources could also contribute to the model's low bias 
in winter, such as a slow SO2 oxidation rate or strong 
vertical ventilation in winter. 
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The modeled sulfur concentrations over the global 
oceans are consistent with the observations. The multi- 

year model simulation agrees with the sulfate and MSA 
climatology not only for the averaged concentrations, 
but also for the seasonal variations. On the other hand, 
the model also reproduces the observed DMS, SO2, sul- 
fate, and MSA concentrations from several field cam- 
paigns on a timescale from several hours to a few days 
on mobile platforms. The model captures the observed 
large contrast of SO2 and sulfate vertical profiles be- 
tween the P EM-West A and P EM-West B, which re- 
flects the seasonal difference in Asian outflow and the 

influence of volcanic eruptions. The model also repro- 
duces the observations during PEM-Tropics A and ACE 
1 in the marine environments that are relatively free 
of anthropogenic pollution. Overall, our simulations 
are consistent with the observations in both the marine 

boundary layer and the free troposphere. 
We have estimated that about 16%, 23%, and 11% of 

the anthropogenically emitted sulfur in North America, 
Europe, and eastern Asia are transported out to the 
neighboring oceans. This anthropogenic outflow has a 
large impact on the sulfur budget over the oceans, espe- 
cially in the North Atlantic and northwestern Pacific re- 
gions. Our budget calculations indicate that about 60% 
of total SO2 over these two regions is of anthropogenic 
origin. Ship emission is estimated to contribute 65• of 
SO2 at the surface of the North Atlantic; but the im- 
pact of ship emissions is concentrated mostly near the 
surface. Within the atmospheric column over the North 
Atlantic, DMS oxidation is 50% more important than 
ship emissions as the SO2 source. In contrast to the 
polluted North Atlantic and northwestern Pacific, the 
predominant SO2 source in the southwestern and trop- 
ical eastern Pacific is from DMS oxidation. We have 

estimated that the production efficiency of SO2 from 
DMS oxidation is 0.87 to 0.91 in most oceanic regions. 
These values are higher than those estimated in some 
0-D model studies, a discrepancy which is likely due to 
the transport or loss parameters assumed in the 0-D 
models. 

The sulfate production efficiency from SO2 oxidation 
is much lower over the polluted continents than over the 
oceans. With about half of the SO2 emitted over the 
land being deposited to the surface, only 24% to 33% 
of them are oxidized to produce sulfate over the land. 
By contrast, 53% to 66% of the SO2 over the oceans 
converts to sulfate in the atmosphere. This is because 
of a larger free tropospheric fraction of column SO2 over 
the oceans than over the land, hence less surface loss. 
The lifetimes of SO2 and sulfate over the oceans are 
nearly twice as long as those over the land. 

The model-simulated sulfur concentrations are gen- 
erally in agreement with the observations under a va- 
riety of conditions and on different spatialscales and 
timescales. However, the parameters used in the model, 
such as wet scavenging, DMS emission, and chemical 
mechanisms, are highly simplified mainly due to the 

lack of better knowledge or resource, and some poten- 
tially important pathways, such as SO2 loss in sea- 
salt aerosols, are not included in the current model. 
Therefore large uncertainties still exist in quantifying 
each process involved in the atmospheric sulfur cycle. 
Nonetheless, the detailed evaluation of the GOCART 
model provides a solid base for investigating the pro- 
cesses that control the sulfur distributions in the atmo- 

sphere, analyzing the relationship that exists between 
the sulfate aerosol and its precursors, and estimating 
the forcing that sulfate aerosol exerts on global climate. 
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