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ABSTRACT NO'j J 9 jggj

l
The hypothesis that anthropogenic sulfur aerosol influences clear-sky and cloud albedo and

can thus influence climate has been advanced by several investigators; current global-average

climate forcing is estimated to be of comparable magnitude, but opposite sign, to longwave

forcing by anthropogenic greenhouse gases (Charlson et al., Science, 1992). The high space and

time variability of sulfate concentrations and column aerosol burdens have been established by

observational data; however, geographic and time coverage provided by data from surface

monitoring networks is very limited. Consistent regional and global estimates of sulfate aerosol

loading, and the contributions to this loading from different sources can be obtained only by

modeling studies. Here we describe a sub-hemispheric to global-scale Eulerian transport and

transformation model for atmospheric sulfate and its precursors, driven by operational

meteorological data, and report results of calculations for October, 1986 for the North Atlantic

and adjacent continental regions. The model, which is based on the Global Chemistry Model

(GChM, Luecken et al., JGR, 1991), uses meteorological data from the 6-hour forecast model of

the European Center for Medium-Range Weather Forecast (ECMWF) to calculate transport and

transformation of sulfur emissions. Horizontal resolution is 1.125', with IS levels in the vertical;

time resolution is six hours. Time- and location-dependent dry deposition velocities were

estimated using the methodology of Wesely and colleagues (Walcek et al., Atmos. Environ.,

1986). Chemical reactions includes gaseous oxidation of SO2 and DMS by OH, and aqueous

oxidation of SO2 by H2O2 and O3. Anthropogenic emissions were from the NAPAP and EMEP

1985 inventories and biogenic emissions based on Bates et al. (/. Atmos. Chem., 1992).

Calculated sulfate concentrations and column burdens exhibit high variability on spatial scale of

hundreds of km and temporal scale of days. Calculated daily average sulfate concentrations

closely reproduce observed concentrations at locations widespread over the model domain.
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1. INTRODUCTION

The hypothesis that anthropogenic sulfate aerosol
influences clear-sky and cloud albedo, and can thus
influence climate has been advanced by several inves-
tigators; current global-average climate forcing is
estimated to be of comparable magnitude, but opposite
sign, to longwave forcing by anthropogenic greenhouse
gases (Charlson, et al., 1992; Kiehl and Brie&ieb,
1993; Wigley and Raper, 1992). The high space and
time variability of sulfate concentrations and column
aerosol burden have been established by observational
data (US EPA, 1988; Wesely, 1982); however, geo-
graphic and time coverage provided by data from
surface monitoring networks is very limited. Consis-
tent regional and global estimates of sulfate aerosol
loading, and the contributions to this loading from
different sources, can be obtained only by modeling
studies. Here we describe a sub-hemispheric to glo-
bal-scale Eulerian transport and transformation model,
driven by operational meteorological data, that calcu-
lates atmospheric sulfate from its precursors, and re-
port results of calculations for October 13 to Novem-
ber IS, 1986, for the North Atlantic and adjacent con-
tinental regions. We compare the results for the sur-
face concentration of sulfate with observations from
air quality monitoring stations in North America, Eu-
rope, and Barbados, and the results for wet sulfate
deposition with observations from monitoring stations
in North America.

2. MODEL DESCRIPTION

The model employed in this study is based on the
Global Chemistry Model (GChM) (Luecken. et al..
1991). GChM solves material balances based on the
continuity equations, with the application of
gradient-transport assumptions. Numerical approxi-
mations at any locality (x,y,z) are considered mecha-
nistically and dimenskmaUy independent over 1 hr
according to the operator splitting technique (Yanenko,
1971). Spatial integrals of the transport are approxi-
mated using the area-preserving flux form developed
by Bott (1989). Dry deposition is represented as the
lower boundary condition for the vertical transport

Corresponding author address: Carmen M. Benkovitz,
Bldg. 426, Brookhaven National Laboratory, Upton,
NY 11973

2 Pacific Northwest Laboratories
Richland, WA 993S2

The transformation-term (gas- and aqueous-phase
chemical conversion, wet removal) integration proce-
dure is a single step method which treats loss terms as
exponential decay terms (Hesstvedt, et al., 1978).
Local abundance of chemical species is represented as
mixing ratio to eliminate dependence on changes in
pressure, and expressed as parts per billion (ppb, equi-
valent to nmol per mol of air) for both gaseous and
aerosol species.

Here we report model results for a domain extending
from 140°W to 62°E and from 12°N to 81"N. Emis-
sions from three different sources were considered:
anthropogenic west of 30°W (labeled NA. for North
America), anthropogenic east of 30°W (labeled Eu, for
European) and biogenic (labeled Bio), plus material
transported from outside the modeling domain (labeled
Ext, for external). These subtances and their reaction
products, are treated as individual species in the mod-
el. Horizontal coordinates are latitude/longitude, with
1.125° spacing; vertical coordinate is the pres-
sure-based i) system used by the European Centre for
Medium-Range Weather Forecasts (ECMWF), with IS
levels from the surface to approximately 100 hPa
Model time step is 1 hr, resolution of the meteorolog-
ical data is 6 hours.

Gas-phase chemical reactions represented in the
model are the OH-induced oxidation of SO2 to sulfate
and of dimethyl sulfide (DMS) to SO, and methane-
sulfonic acid (MSA); rate constants are taken from
NASA (1991). Concentrations of OH were taken from
Spivakovsky et al. (1990). HjO, is generated in the
gas phase at a fixed rate of 0.021 ppb hr*1 until a
maximum concentration of 1.4 ppb is reached. Gouds
within the model provide an environment for aqueous
chemical reactions, wet removal, and in the case of
convective clouds, mixing and sub-grid scale vertical
motions. The present model treats aqueous-phase
reactions in precipitating clouds only. Soluble gases
(SOj, HjO,, Oj) dissolve in cloudwater based on their
solubilities, with a cloudwater pH of 4.5.
Aqueous-phase reactions include the oxidation of SO2

to sulfate by HjO2 and O}. Oxidation of SO2 by H2O2

is treated as going to completion limited by the lesser
of the two concentrations; oxidation by O3 proceeds
only if there is any SO2 left, with value of rate con-
stant from Erickson et al. (1977). Wet removal is eva-
luated using a fractional removal for cloudwater deter-



mined by precipitation amount and column integral of
cloudwater.

The meteorological input data used is the output of
the ECMWF 6-hour forecast model. Time- and loca-
tion-dependent dry deposition velocities for SO, and
sulfate were calculated according to the methodology
of Wesely (Wesely, 1989; Walcek, et al., 1986), using
the ECMWF meteorological data, seasonal albedo of
Matthews (1985), land use classifications derived from
Wilson and Henderson-Sellers (1985), and seasonal
categories developed by Sheih (1986).

Concentrations in material transported from outside
the modeling domain were set to "background" values.
SO2 concentrations, adapted from Bandy et al. (1992),
Ferek et al. (1991) and Berresheim et al. (1990), have
a constant value of 40 ppt, where one ppt is equal to
one pmoVmol(air), from the surface to 5 km, decrease
to 15 ppt at 15 km, and decrease to 10 ppt at 30 km.
Sulfate concentrations, adapted from Hoffman (1990)
and Sedlacek et al. (1983), start at 120 ppt at the sur-
face, decrease to 64 ppt at 8 km, maintain that value
to 15 km, and increase to 210 ppt at 20 km. H2O2

concentrations at the surface were set to 1.05 ppb,
vertical profiles, adapted from Logan (1981), are main-
tained constant for the lowest 1 km, and then decrease
by a factor of 2 every 3 km in height. DMS concen-
trations, adapted from Berresheim et al. (1990), start at
30 ppt at the surface and decrease to 0 at 3 km. The
area-weighted average of the sulfate column burden
corresponding to these external concentrations was
approximately 2 j umoles m*2.

Anthropogenic emissions were obtained from the
regional inventories developed by the National Acid
Precipitation Assessment Program (NAPAP) (Saeger,
et al., 1989) and the Cooperative Programme for Mon-
itoring and Evaluation of the Long Range Transmis-
sion of Air Pollutants in Europe (EMEP) (Iversen, et
al., 1990); emissions for the other regions of our do-
main were obtained from the global inventory of
Dignon (1992). Biogenic emissions were obtained
from the Bates and Lamb inventories (Bates, et al,,
1992).

2. RESULTS

The model was run for October 1 to November 15,
1986; results include concentrations of all tracked
species as f(x,y,z,t) and were captured on the 1.125°
spacing every 6 hrs. Sulfate column burdens (vertical
column integral of concentration) were calculated, and
results for the last 34 simulation days (October 13 to
November 15) were examined.

Both concentrations and column burdens of sulfate
over the North Atlantic and adjacent continental re-

gions are highly variable and structured. We present
as an example results for a specific time: October 15,
1986 at 6Z. Figures la) to lc) present the contribu-
tions to the column burden from the various sources;
Figure Id) presents the total column burden, including
the contribution from material transported from outside
the modeling domain. Highest burdens are over Eu-
rope, the eastern Mediterranean, and the areas west of
Mexico City. North American sources are the major
contributors to the burdens over the North Atlantic,
and have created an area of elevated burden off the
coast of Nova Scotia.

Area-weighted averages of the column burden were
calculated for each source type in five longitude bands
within the North Atlantic area, and time series of the
percent contribution from each source type are present-
ed in Figure 2. For the time period modeled, North
American sources are almost consistently the highest
contributors to the suifeu; burden over the mid North
Atlantic (longitude band 40°W to 20°W); overall these
sources contribute from one quarter to slightly over
one half of the burdens in the region. Highest con-
tributions of European anthropogenic sources to the
mid North Atlantic are experienced mostly in the
southern and northern areas, and vary between 2 and
33%. Under certain conditions North American sourc-
es contribute up to 25% of the sulfate burden over
continental Europe (longitude band 0° to 30°E).

3. COMPARISON OF MODEL RESULTS AND
SURFACE OBSERVATIONS

In order to assess the accuracy of model predicted
sulfate concentrations, we compare daily average mod-
el generated concentrations at the lowest model level
with surface observations from air quality monitoring
networks. US data were obtained from the Aerometric
Information Retrieval System (AIRS) (US EPA, 1988)
of the US Environmental Protection Agency. These
stations measure sulfate over 24 hrs once every 6 days.
The primary purpose of monitoring networks in the
US is to assess population exposure; therefore, the
majority of these stations are located in urban and
suburban settings, and thus tend to be influenced by
local pollution sources. Results from high-volume
sampling using glass fiber filters exhibit an offset
relative to comparable measurements using Teflon
filters of approximately 0.89 ppb, possibly because of
filter artifacts (Lipfert, 1993); the US data were cor-
rected accordingly. Data for the monitoring network
run by EMEP (Schaug, et al., 1989, 1988) were
obtained from the Norwegian Institute for Air Res-
earch; data from the Canadian monitoring network
were obtained from Environment Canada (Vet, 1993).
Both these networks measure sulfate concentrations
on a daily basis. Data were also obtained from the
stations located in Miami, FL and at Barbados (Pros-
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Figure 1. Sulfate column burden for October IS, 1986 as a function of latitude and longitude in the model domain.
Top panel: Column burden from biogenic sources. Second panel: Column burden from anthropogenic sources west
of 30°W. Third panel: Column burden from anthropogenic sources east of 30°W. Bottom panel: Total column burden
from these sources plus material transported from outside Die modeling domain. White denotes are.s with column
burden < 1 umole m'2.



Figure 2. Relative Contributions to Sulfate Burdens at: a) 100°W to 65"W, b) 65°W to 40°W, c) 40°W to 20°W,
d) 20°W to 0*. and e) 0° to 30°E.

pero, 1993). These data are generally collected on a
daily basis, and samplers are active only for oceanic
wind directions. Data from these stations were includ-
ed when the sampling period spanned no less than 18
and no more than 28 hours.

In order to conduct the comparison, monitoring
stations were assigned to their corresponding model
grid cell, and 24-hr averages for each cell calculated.
There were a total of 1702 model-observation pain.
Approximately 44% of model results were within a
factor of 2 of the observations; approximately 66%

were within a factor of 3. Table 1 summarizes values
of the ratio of the modeled to observed concentra-
tions. Figure 3 presents the distribution of the differ-
ence between modeled and observed concentrations.

Figure 4 presents modeled and observed time series
at monitoring sites where there were valid observation-
al data for at least 25 of the 34 modeled days; 42 sta-
tions met this criterion. The relative magnitudes and
temporal variability of the daily observations seem to
be well tracked by the model, as are the geographical
distribution from station to station. Note that the
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Table 1. Minimum (Min), median (Med), mean, max-
imum (Max) values and % cases for the ratio of the
modeled to observed sulfate surface concentrations.
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Figure 3. Histogram of the difference between mod-
eled and observed sulfate surface concentrations from •
5 ppb to 4 ppb in steps of 0.5 ppb.
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vertical axis is the same (0 to 10 ppb) for all panels in
the figure. Correlation coefficients for the modeled
and observed values were significant at the 1% level
for 31 of the stations, and at the 5% level for 5 more
stations. Values of these coefficients ranged between
0.35 and 0.96.

Modeled and observed values for wet deposition of
sulfate were also compared. Wet deposition data
(product of concentration x precipitation) for several
networks in North America were obtained from the
Acid Deposition System (Watson and Olsen, 1984).
Model generated sulfate deposition values were aggre-
gated to correspond with the daily or weekly time
periods monitored by these networks and results com-
pared. These comparisons include the effects of both
the wet removal processes in the model and the pre-
cipitation values in the meteorological data set. There
were a total of 500 measurements of wet-deposited
sulfate during the modeled period; model results in-
cluded wet deposition of sulfate for 81.2% of these
measurements. The median value of the ratio of mod-
eled to observed deposition amounts was 0.S8; 50.0%
of the model results were within a factor of 3 of the
observed values.

In general, modeled results are lower than the obser-
vations for both sulfate surface concentration and wet
deposition values; we briefly discuss reasons for this.
We note that median values for the ratio of modeled to
observed surface concentrations presented in Table 1
decrease as the values of observed concentrations
increase. Model underpredctions occur mostly at peak
values of the observational data and for stations locat-
ed in high emissions areas; in contrast, overpredicb'ons
occur mostly when observational data exhibit abrupt
decreases and, for some time periods, at locations
downwind from areas of high emissions. This behav-
ior suggests that the model may be underestimating
sulfate generation, and that sulfate removal may be
affected by uncertainties in the location and amount of
precipitation.

A large source o? uncertainty in these comparisons
is the degree of representativeness of the observational
data sets. Model results represent average.? oyer the
horizontal and vertical dimensions, whereas observa-
tions represent Individual points. Thus, average condi-
tions within a model grid cell may not be well repre-
sented by the available observations. In all cases
except one, cell averages for the observed values were
based on observations from a single monitoring sta-
tion, which may be reflecting local excursions. Precipi-
tation events at observing stations do not coincide with
the 6-hr time resolution of the meteorological data, so
discrepancies may also occur in aggregation of the
modeled data. In addition, the model does not include
aqueous-phase conversion in non-precipitating clouds;

this could result in the underprediclion of the SO2 to
sulfate conversion. We note that modifications to the
Regional Acid Deposition Model (RADM) in the treat-
ment of nonprecipitating cumulus provided the best
correction for the underprediction of ambient sulfate
by that model (Dennis, et al., 1993).

4. DISCUSSION

Figure 1 presents only one example of the rich
structure exhibited by the sulfate concentrations and
burdens. It is possible to follow the development in
time and space of the salient features of the sulfate
fields, and to link this development to meteorological
features such as wind patterns, location of high and
low pressure systems, and precipitation. Plots for the
48 hours preceding the timeftame depicted in Figure 1
show the formation of the high burden area in the
mid-latitudes North Atlantic from source regions in
North America, on October 13 at 6Z positioned over
Nova Scotia, and then transported east to its position
on October 15. Vertical profiles have shown the com-
plex vertical structure of sulfate concentrations, and
that in areas of high sulfate burdens located away from
source regions, the highest sulfate concentrations is
not always experienced at ground level. As an exam-
ple, for the October 15 study period, peak sulfate
concentrations in the high concentration areas of the
midlatitudes North Atlantic were at the 800 hFa level.

The substantial contribution of fluxes from outside
the modeling domain to sulfate burdens is apparent in
Figure 2. Although background concentrations are
expected to depict the prevailing conditions in the
western boundary of the domain, these conditions are
not representative of the continental areas of the east-
ern boundary. In addition, the model does not accu-
rately represent transport when meteorological condi-
tions generate recirculation off the western coast of
North America, nor does it incorporate the effect of
episodic aerosol conditions over the Pacific Ocean due
to emissions in Asia, such as those reported by Durkee
et al. (1991). Therefore we conclude that to increase
the .ability of the model to accurately represent sulfate
column burden for specific times and locations, and to
obtain a more complete attribution of the sulfate bur-
den in the North Atlantic, the modeling domain needs
to be expanded to incorporate the entire longitude
range for the modeled latitude range.
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