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REGIONAL TRANSPORT MOOEL OF ATMOSPHERIC SULFATES

K. S. Rao*, I. Thomson and B. A. Egan 
Environmental Research $ Technology, Concord, Mass. 01742

ABSTRACT

In recent years, there has been substantial evidence that particulate 
sulfate in the presence of sulfur oxide gases is a major contributor to 
the health hazards of air pollution, and there is considerable interest 
in developing a strategy for controlling the atmospheric sulfate con
centration levels. This requires a systematic modeling program supported 
by observations aimed at understanding the relation between the emissions, 
chemical transformation, deposition, transport, and dispersion of sulfur 
oxides over distances of hundreds of kilometers from major sources.

As part of the Sulfate Regional Experiment (SURE) Design Proejct, 
a regional transport model of atmospheric sulfates has been developed.
This quasi-l.agrangiaii three-dimensional grid numerical model uses a 
detailed SO^ emission inventory of major anthropogenic sources in the 
eastern U.S. region, and observed meteorological data during an episode 
as inputs. The model accounts for advective transport and turbulent 
diffusion of the pollutants. The chemical transformation of SO^ and SO^ 
and the deposition of the species at the earth's surface are assumed to 
be linear processes at specified constant rates.

The numerical model can predict the daily average concentrations 
of S02 and SO* at all receptor locations in the grid region during the 
episode. Because of the spatial resolution of the grid, this model is 
particularly suited to investigate the effect of tall stacks in reducing 
the ambient concentration levels of sulfur pollutants. This paper 
presents the formulations and assumptions of the regional sulfate 
transport model. The model inputs and results are discussed. Isopleths 
of predicted SO., and SO* concentrations are compared with the observed 
ground level values.

The bulk of the information in this paper is directed to air 
pollution meteorologists and environmental engineers interested in the 
atmospheric transport modeling studies of sulfur oxide pollutants.

INTRODUCTION

Recent experimental evidence suggests that particulate sulfates in
the atmosphere contribute significantly to the health hazards of air
pollution, adverse ecological effects due to increased acidity in lakes,
corrosion and degradation of materials, and a general reduction in
visibility. Current studies in the U.S. and Europe indicate that the
exposure to sulfate particulates resulting from anthropogenic SO^
emissions covers large regions extending for hundreds of kilometers
downwind from major urban sources. Numerical model calculations
supported by observations play an important role in understanding the
relation between SO^ emissions and atmospheric concentrations of SO.,
and SO*

4
A three-dimensional grid cell numerical model developed to investi

gate the regional transport of atmospheric sulfates is outlined in this 
paper. This model is an adaptation of the advection-diffusion transport 
model of Egan and Mahoney^*^ based on a forward time explicit computational 

scheme which conserves not only the mass in each coll, but also certain 
statistical features of the mass distribution. Hie total mass in each 
grid cell is replaced by an equivalent rectangular pulse with the same 
mass, the same center of mass, and the same radius of gyration. This 
method suppresses the pseudo-diffusion errors that occur in the conven
tional finite difference procedures.
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n,e nuincrlcaI .ra,.sport model essentially solves the mass conserva

tion (tracer) elation which Include, terms describing the horizontal 
advcction transport, turbulent diffusion, emission, chemical transfor

mation, and deposition processes.

Model Description and Formulations

This quasi-Lagrangian numerical model accounts not only for the 
advectlvc transport in ,h. horizontal by the mean wind, but the turbu

lent diffusion of the species as well. The masses are adverted and 

dispersed each tin. step i„ the Ugr.ngian ^ ^lately

afterwards a mas, decomposition lo ,he stationary Eulerian grid is 

performed. The horizontal emission grid has 26)117 cells covering 

a region of 2080 g, <£-») X 1360 km ,N-S) in the eastern U.S. and

southern Canada. To accomplish the turbulent diffusion calculations. 
modoi has three air layers in the vertical, each of uniform depth over 

■he grid region: O-JOOm. J00-700m. 700-1500m. This allows the emissions 

to he introduced into one of the three layers depending on the effective 
ofth.cnt release height (stack height . plume rise) for elevated point 

sources All ground-level point and area source emissions are introduced 
into the lowest layer next to the ground. Thus, this model is particu-

la,,) SUitt’d *° i,UCS,i*ate “*• of tall stacks reducing the

atmospheric concentration levels of SO pollutants.

Ihe mean wind field is assumed to be two-dimensional and the 

actual observed mean wind speeds (U and V components) at each horizontal 
grid cell are specified as model inputs at three or more vertical 

levels from the synoptic wind charts available at 12-hour intervals 

for the duration of the episode. For each time step, integration 

Of the species conservation equations yields the instantaneous concen

trate, distributions over the entire three-dimensional grid region con- 

mst n»g ot -0x17x3 cells. The instantaneous concentrations in each cell 
nre summed up and averaged over a 24-hour integration time period, to 

calculate the daily average concentrations which are then compared with 

the observed values at the receptor for that particular day. Tims, the 

three-dimensional numerical model can simuitaneously predict the 24-hour 

live,age concentrations at all receptor locations in the grid region.
"’U ""‘■I™'*0" period can be easily adjusted to be longer or 

shorter than 24 hours depending on the modeler's specific requirements.

the mass conservation equations of the pollutant species in a 

lion-divergent flow field are given by:

. 3C | 
5t 3x (1)

»H2 - v ip . |_ CK Ifa,. 3 k{Ci
(2)

Where subscripts , and 2 denote S02 and SO,* species respectively. C is 

the concentration, k is the vertical eddy diffusivity. Q is the SO 
area-emission rate in the grid cell of height h(. and k is the * 
transformation rate of SO, to soj. 1

",e dePo5iti0" of 'ho species a, the earth's surface ,s described 
by tlic boundary condition:

"'ll) n - r) K C /h
z-0 (3)
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where r Is a reflection coefficient defined by

r = 1 - vd •>/*. »:r < 1 (4)

In Lqs. (3) and (4), h and K arc the mean depth and the mean eddy 
dlffusivity of the lowest two vertical layers, C is the ground-level 

concentration, and is the deposition velocity of the pollutant.
The latter is dependent upon the type of pollutant material, the type of 

deposition substrate, and the meteorological conditions. The measured 
deposition velocities for SO, generally range from 0.5 to 2.5 cm/s and 
for SO, from 0.1 to 0.5 cm/s'"’. Ily adopting representative values'2’ 

of Vj =1 cm/s and - 0.1 cm/s for the species, the deposition loss 
of material at the earth's surface can be simulated. The grid top 

boundary is assumed to be perfectly reflecting (r=l).

For wide area sources, the lateral spread of the plume by hori

zontal diffusion is negligible compared to the horizontal transport by 
mean wind and vertical turbulent diffusion11 *. Therefore, the govern

ing equations of the model do not include the horizontal diffusion 
terms.

Model Inputs

me total anthropogenic SO, emission rates ((}) dlb 1 I X lil

emission inventory based on NhDS data, and specified in gms/m2/scc in 

each cell. The emissions are classified by the effective height of 

emission, season, and species, and stored on a computer disc for 
link-up with the computer program. A nominal wind speed of 5 m/sec is 

used in the plume rise calculations using Briggs' standard plume rise 
formula''’’ for near-neutral stability conditions.

lor the duration of the episode, the observed mean wind speed 
and direction arc available at each 1001) ft above the mean sea level 

at 12-hour intervals from the National Weather Service radiosonde 

data. The latter are plotted os U and V isotachs over the horizontal 

grid region of 26x17 cells for each vortical level and the winds are 

assigned numerical values at the center of each cell. These winds are 

corrected tor the local topography and interpolated in the program to 

calculate the II and \ components at the center of each vertical layer 
lor fiich i«l cell.

Ihe inoUcl has the capability of incorporating temporally and 

spatially varying mixing depth (II) input data. In the present study, 
observed mixing depth data for the episode period modeled were not 
readily available, and a constant H(.x,y,t) • ISOOm . I h. was assumed.

Ihe kprofile specified as input to the model has the correct 

asymptotic behavior to simulate the diurnal and spatial variation of the 
eddy dlffusivity. For simplicity, however, near-neutral stability 

conditions are assumed for the calculation of eddy diffusivity profile 
in this study trom which discrete values of K are specified at the 

centers ot the three vertical air layers.

Numerical Solution, Results and Discussion

The l.gan-Mahoney numerical method, which conserves the zeroth, 
first, and second moments of mass distribution, is used to calculate 

the 5-11 concentration of field SO., and SO* species from Eqs. (1) 

to (I). Uetai1s and discussion of this method can be found in 
References I, 5 anj o.
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Ihc tracer equations are integrated with respect to time over a 
M-hour period (October 3, 19741 selected for modeling. An integration 

time step At = I hour is determined such that it satisfies the criteria 

tor convergence .ind stability of the numerical solution:

Kj i 0.5

For each time step, the 3-1* grid comprised of 20x17x3 cells is swept 

twice to solve the two coupled tracer equations by calculating the 

three moments for each species. New wind inputs are specified every 
12 hours. In spite of the complexity of the program, the computing 

times for a 24-hour integration arc very reasonable (under five minutes) 
in the present study.

The calculated concentrations in level-1 are compared with the
daily-average ground-level concentrations measured at IKT*s AIKMAP®

Network receptors for this sampling period. 11»c available S0~ data
4

from filter analyses are plotted against the predicted SO* concentra

tions for two different values of the transformation rate us shown in 

Figure I. The plot shows a good correlation between predictions and 

observations, and suggests a value of k( « I to 2 percent per hour as 

appropriate for the model. A similar plot for the ground-level SO^ 

concentrations is shown in Figure 2. Here also the agreement between 

observations and predictions is satisfactory. The comparatively small 

change between the predicted SO^ concentrations for the two transforma

tion rates indicates that the chemical sink term in liq. (1) is not 
important.

For kt » 1 percent per hour, the isoploths of the predicted 

daily average S04 and SO., concentrations over the horizontal grid 

region in level-1 are shown in Figures 3 and 4, respectively. Similar 
isopleths for vertical levels 2 and 3 are shown in Figures 5 to 8.

A qualitative comparison between the isopleths shows reasonable con

sistency with the emissions distributions. The ground level SO^ 

distribution is strongly influenced by the surface and mid-level emissions

localized over spatial scales of 0-100 km. The ground level SO* distri-
4

button is more difficult to interpret in the light of the S02 emission 

inventory. The results suggest that the mid-level emissions strongly 
influence the estimated ground-level SO* concentrations. It appears 

that intensive contributions to the latter occur from sources within 

an influence zone of 100-300 km, which justifies the regional scale 

model treatment of the atmospheric sulfate transport.

Cone I us ions

Numerical udvcctlon-diffusion models are useful tools to investi

gate the effect of meteorological conditions of air pollution interest 

on concentration distributions of sulfur pollutants in the atmosphere. 
Kcgional transport models, relating spatially and temporally varying 

SO., emissions to atmospheric S0^ concentrations are fundamental to the 
rational adoption of both short and long-term control strategies.

Ihe results ot the? numerical model described in this paper suggest 
that udvcction of pollutants may be a dominant consideration on regional 

scale problems for slowly reactive pollutants. The Fgan-Mahoncy moment 

method was adopted primarily to reduce pseudo-diffusive errors in modeling 

advert ion. Ihc model has the flexibility to incorporate variable inputs 

such as mean wind and turbulent diffusivity profiles and observed 

mixing depth data for sub-grid scale detail. Further, the chemical 
transformation and removal processes can be easily modeled as indicated 
in this paper.
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The emphasis in this study was on adapting and developing the 

existing modeling tools to gain valuable insights into the regional 
transport of atmospheric sulfates. Viewed in this light, many of the 
simplifying assumptions of the model are justified. The satisfactory 
agreement between the calculated and observed concentrations is encourag

ing. However, more extensive observed concentration data are needed 

to fully calibrate and validate the model.
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1. Comparison of predicted and observed ground level SO^ concentrations.

2. Comparison of predicted and observed ground level SO^ concentrations.
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3. Isoplcths of calculated SO^ concentrations (ug/m3) in grid vertical 

level-1 for October 3, 1974. '

4. 1sopleths of calculated S02 concentrations (ug/ra3) in grid vertical
level-1 for October 3, 1974.
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5. Isopleths of calculated SO* concentrations (ug/m3) In grid vertical 

level-2 for October J, 1974. »

6. Isopleths of calculated SO, concentrations (ug/mJ) in grid vertical 

level-2 for October 3, 1974.
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7. Isoplcths of calculated SO* concentrations (ug/m3) in grid vertical 

level-3 for October 3, 1974.
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