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Abstract: This paper illustrates the steps involved in understanding air pollution problems through two examples: acid deposition and urban
air pollution. We show how modeling acts as an intermediary between fundamental understanding obtained through idealized experiments
and observations made in the real world. In understanding acid deposition, comprehensive modeling demonstrated the relevance of
laboratory results on the aqueous phase oxidation of SO2 by H2O2 to explaining observations of ambient sulfate as well as sulfur in rain. In
the second example, we show that concentrations of air pollutants in complex urban areas can be estimated using relatively simple models
based on local values of turbulence and mean flow. We also show that inputs to such models can be estimated using measurements made on
towers located in urban areas. We conclude by examining the increasing reliance on comprehensive numerical models, which are likely to
become much more important in the future.
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INTRODUCTION
Understanding an air pollution problem involves the following interacting steps: 1) Study the fundamental processes that
govern the problem, 2) Incorporate this fundamental understanding into a comprehensive or semi-empirical air pollution
model, 3) Conduct field or laboratory studies to collect data to evaluate the model, 4) Evaluate the model with data and
improve the model, and 5) Use model to conduct sensitivity studies. The last step is critical because the model becomes a
surrogate for reality and allows us to conduct numerical experiments that would be impossible in the real world. In this
paper, we illustrate the steps involved in understanding an air pollution problem by considering two problems: acid
deposition and urban air pollution. In doing so, we examine how modeling has evolved over the past twenty years, and what
we can expect to see in the future.
Acid Deposition
Acid deposition refers to the wet and dry deposition of acidifying pollutants, the precursors of which are emissions of SO2
and NO2. These pollutants are converted into sulfuric and nitric acids as they are transported over long distances. In the
1970s and 1980s, there was concern in Europe and in the Northeastern United States and Canada was acid deposition was
causing damage to lakes and forests. This led to the development of several relatively simple Lagrangian models (Eliassen,
A. and J. Saltbones, 1975; Fisher, B.E.A. 1978) that were used to estimate the contribution of sources to acid deposition at
receptors. These early models converted the precursor gases to the secondary acidifying products using linear rates that were
essentially parameters obtained by fitting model estimates of sulfur and nitrogen deposition to corresponding observations.
The understanding of chemistry then indicated that the primary mechanism for conversion of SO2 and NO2 to the
corresponding acids was the gas phase oxidation by the OH radical (Stockwell, W.R. and Calvert, J. G. 1983). So the wet
deposition pathway of sulfur was thought to consist of gas conversion of SO2 to sulfate followed by efficient removal of
sulfate by rain; the dissolution of SO2 in rain is not an efficient removal mechanism. However, the wet removal rate through
the gas phase oxidation of SO2 was not consistent with the empirically determined rates. Furthermore, the gas phase
concentrations of sulfate were underpredicted if the relatively slow oxidation by the OH radical was used in the acid
deposition models.
Subsequent understanding of atmospheric chemistry indicated the major role of aqueous phase oxidation of SO2 by H2O2
(Kunen, S.M. et al., 1983; Lind, J.A. et al., 1987). The dissolved SO2 could be rapidly converted to sulfuric acid in cloud
droplets, which could explain the rapid removal by rain. It also provided a likely explanation for the gas phase
concentrations of sulfate: the sulfate formed in clouds entered the gas phase when non-precipitating clouds evaporated. This
fundamental understanding of aqueous phase chemistry from the laboratory had to be incorporated into a atmospheric model
before it could be confirmed as the actual explanation of observations. This happened in the 1980s when comprehensive
models, such as ADOM (Venkatram, A. and Karamachandani, P. 1988) and RADM (Chang, J.S. et al., 1987) were
developed. These numerical models incorporated the governing processes, transport, deposition, and chemistry in as much
detail as possible in an Eulerian framework. Most importantly, they included cloud models with aqueous phase chemistry.
The importance of aqueous phase oxidation of SO2 was confirmed when predictions of wet deposition and sulfate in air from
such models compared well with actual observations (Karamchandani, P. and Venkatram, A. 1992).
Sensitivity studies with the numerical models showed that the central role of aqueous phase oxidation is associated with the
concept of oxidant limitation. The wet deposition of SO2 is controlled by the availability of the primary oxidant H2O2. Thus
the concentration of SO2 that is incorporated into clouds and converted into sulfate is limited by the concentration of H2O2: 1
ppb of H2O2 will remove only 1 ppb of SO2, so that any excess of SO2 above 1 ppb is not removed. This has important
implications for control of SO2 emissions to reduce acidic deposition. If the emissions result in concentrations of SO2 above
the atmospheric concentrations of H2O2, emission control will have little effect on wet deposition until the SO2 levels drop
below the H2O2 concentrations. This concept is illustrated in Figure 2.
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Figure 2: Concept of oxidant limitation

This chronology of model development illustrates how understanding of acid deposition was obtained through an interaction
between laboratory results, modeling, and field observations.
Urban Air Pollution Problems
We confine our discussion here to urban pollution problems related to exposure to pollutants at source-receptor distance of
tens of meters to kilometers. Although chemistry might be important at these scales, we will assume that transport and
dispersion govern pollutant concentrations. Some of the sources of urban air pollution that are important at these scales are
small power plants and automobiles. The early urban pollution problems, such as the one that caused the famous London
smog in 1952, were related to burning of high sulfur coal in homes. While such combustion related air pollution is still a
problem in developing countries, the primary air pollution problem in developed countries is perceived to be the formation of
secondary photochemical pollutants over scales of tens of kilometers. Lately, more attention is being paid to exposure to
traffic related primary emissions and deliberate releases of toxics in urban areas.
One of the earliest studies of dispersion in urban areas was conducted in St. Louis Missouri in the period 1963-65 (McElroy,
J.L. and F. Pooler, 1968), in which a tracer was released at several locations in an urban area and then sampled at distances
ranging from 800 m to 16 km. Routine meteorological data were collected to characterize the dispersion conditions during
the experiment. The data collected during this experiment formed the basis of the urban dispersion curves (Briggs, G.A.
1973; Venkatram, A. 2005) used until recently in most dispersion models. The major conclusion from this early study was
relatively simple Gaussian dispersion models can provide estimates of ground-level concentrations if the appropriate
meteorological parameters are used.
More recent urban experiments in Switzerland (BUBBLE experiment, Rotach, M.W. et al. 2005) and the US (Salt Lake City
(Allwine, K.J. et al. 2002; Hanna, S.R. et al. 2003), and Oklahoma City (Allwine, K.J. et al. 2004), Barrio Logan
(Venkatram, A. et al. 2004)) have taken advantage of progress in making measurements of flow and turbulence using sonic
anemometers. These studies indicate that we can make reasonable estimates of near concentrations beyond 100 m from the
source of plume spreads are estimated using local measurements of flow and turbulence. Figure 3 shows a comparison of
model estimates with measurements in Barrio Logan, California (Venkatram, A. et al. 2005).

Figure 3: Comparison of tracer concentration measurements made in Barrio Logan with model estimates

This has led to research into estimating urban micrometeorology from measurements made in rural areas or on towers in
urban areas. Several studies indicate that measurements of mean wind speed and temperature fluctuations on an urban tower
can provide useful estimates of micrometeorology relevant for dispersion (Princevac, M. and Venkatram, A. 2007;

Opening Session

HARMO13 - 1-4 June 2010, Paris, France - 13th Conference on Harmonisation within Atmospheric Dispersion Modelling for Regulatory Purposes

Venkatram, A. and Princevac, M. 2008; Qian, W. et al. 2010). Figure 4 shows an example where the measurements were
made at three urban towers in Riverside, CA.
(a)

(b)

Figure 4: Comparison of estimates of micrometeorological parameters with measurements made at three urban sites in Riverside.

We have made progress in estimating the contribution of traffic related emissions to concentrations of pollutants within tens
of meters from the road (Venkatram, A. et al. 2008). Figure 5 shows an example of this application (Venkatram, A. et al.
2009).

Figure 5: A dispersion model is used to estimate the contribution of traffic to butadiene concentrations
measured near a road in Raleigh, NC.

The relatively simple dispersion models described earlier cannot be used to estimate concentrations at small distances from
the source where the details of the flow field and turbulence are affected by local building geometry (Rotach, M.W. 1999;
Rotach, M.W. et al. 2004). Under these circumstances, it might be necessary to use numerical models that solve the mass
and momentum conservation equations. Although there have been successes in such modeling efforts, it is not clear that they
do much better than the simpler Gaussian dispersion models. This means that there is a great deal of uncertainty in
estimating concentrations near buildings. This is especially true for sources such as a small distributed generator (Allison,
J.E. and Lents, J. 2002; Carreras-Sospedra, M. et al. 2008) located in an urban area. Here the buoyant plume from the source
interacts with the complicated flow in the vicinity of the power plant; the flow is governed not only by the immediate
building but all the buildings of the source. Under these circumstances, water channels and wind tunnels can provide
importance guidance. Figure 6 provides an example of the type of results that can be obtained from such studies (Pournazeri,
S. et al. 2010). Ultimately such results have to be converted into a model that can be used to estimate concentrations.
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Laboratory Studies

Flow behind a distributed
generator

Chimney effect of a tall building

Figure 6: Results from water channel studies on building effects on flows.

The Future
It is clear that current trends in modeling indicate an increasing reliance on numerical models (e.g. Baik, J.-J. et al. 2003;
Hanna, S.R. et al. 2007; Kim, J.-J. and Baik, J.-J. 2004; Smith, W.S. et al. 2001), which in principle can handle complex
physical processes without the approximations used in simpler models (Cimorelli, A.J. et al. 2005; EPA, 1995; Venkatram,
A. 1986). However, such models can become so complex that interpreting results can become a mere description of the
results rather than a way of obtaining insight into the dominant processes; it might be necessary to use a simpler model to
gain insight into results from the complex model. Numerical models are prone to numerical error that can mislead or swamp
real effects. Another problem with comprehensive numerical models is that computational resource constraints forces one to
use grid sizes that might lead to incorrect physical effects. For example, pollutant emissions that are widely separated in a
grid are mixed instantaneously through the grid and thus undergo chemical reactions that do not occur in reality. We
encounter similar problems in modeling dispersion of plumes where the grid size rather than turbulence governs mixing.
There are plume in grid models (e.g. Karamchandani, P. et al. 2006) that purport to solve this problem, but the results are not
yet widely accepted. These problems are likely to be solved in the future when computational resources as well numerical
methods improve. Until then it is prudent to rely both on simple semi-empirical models and comprehensive models to
understand air pollution problems.
REFERENCES
Allison, J.E., and Lents, J., 2002: Encouraging distributed generation of power that improves air quality: can we have our
cake and eat it too? Energy Policy, 30: 737-752.
Allwine, K. J., M. J. Leach, L. W. Stockham, J. S. Shinn, R. P. Hosker, J. F. Bowers, and J. C. Pace, 2004: Overview of Joint
Urban 2003—An atmospheric dispersion study in Oklahoma City. Symp. on Planning, Nowcasting, and
Forecasting in the Urban Zone, Seattle, WA, Amer. Meteor. Soc.
Allwine, K.J., J.H. Shinn, G.E. Streit, K.L. Clawson and M. Brown, 2002: Overview of URBAN 2000: a multiscale field
study of dispersion through an urban environment. Bulletin of the American Meteorological Society, 83, 521-536.
Baik, J.-J., Kim, J.-J. and Fernando, H.J.S., (2003) A CFD model for simulating urban flow and dispersion. Journal of
Applied Meteorology 42, pp. 1636–1648.
Briggs, G.A., 1973: Diffusion estimation for small emissions. ATDL Report No. 79, ATDL, NOAA/ARL, Oak Ridge,
Tennessee 37830.
Carreras-Sospedra, M., Dabdub, D., Brouwer, J., Knipping, E., Kumar, N., Darrow, K., Hampson, A., Hedman, B., 2008: Air
Quality Impacts of Distributed Energy Resources Implemented in the Northeastern United States. Journal of Air
and Waste Management Association, 58: 902-912.
Chang, J. S., Brost, R.A., Isaksen, I.S.A., Madronich, S., Middleton, P., Stockwell, W.R. and Walcek, C.J. (1987) A threedimensional Eulerian acid deposition model: physical concepts and formulation. J. geophys. Res. 92, 14, 68114,700.
Cimorelli, A. J., Perry S. G., Venkatram A., Weil J. C., Paine R. J., Wilson R. B., Lee R. F., Peters W. D., and R. W. Brode:
2005: AERMOD: A dispersion model for industrial source applications. Part I: General model formulation and
boundary layer characterization, Journal of Applied Meteorology, 44(5), 682-693.
Eliassen, A. and Saltbones, J. (1975) Decay and transformation rates of SO2, as estimated from emission data, trajectories,
and measured air concentrations. Atmospheric Environment, 9, 425-429.
EPA, 1995: User’s guide for the Industrial Source Complex (ISC3) dispersion models. Volume II-Description of model
algorithms. Report No. EPA-454/9-95-003b, U.S. Environmental Protection Agency, Office of Air Quality
Planning and Standards, Emissions, Monitoring and Analysis Division, Research Triangle Park, North Carolina
27711, September 1995.
Fisher, B. E. A. (1978) The calculation of long-term sulfur deposition in Europe. Atmospheric Environment, 12, 489-501.
Hanna, S.R., Britter, R.E., and Franzese, P., 2003: A baseline urban dispersion model evaluated with Salt Lake City and Los
Angeles Tracer data, Atmospheric Environment, 37, 5069–5082.
Hanna, S.R., M.J. Brown, F.E. Camelli, S. Chan, W.J. Coirier, O.R. Hansen, A.H. Huber, S. Kim and R.M. Reynolds, 2006:
Detailed simulations of atmospheric flow and dispersion in urban downtown areas by Computational Fluid

Opening Session

HARMO13 - 1-4 June 2010, Paris, France - 13th Conference on Harmonisation within Atmospheric Dispersion Modelling for Regulatory Purposes

Dynamics (CFD) models – An application of five CFD models to Manhattan. Bull. Am. Meteorol. Soc., 87, 17131726.
Karamchandani, P., and Venkatram, A. 1992: The role of non-precipitating clouds in producing ambient sulfate during
summer: results from simulations with the acid deposition and oxidant model (ADOM), Atmospheric Environment,
26A, 1041-1052.
Karamchandani, P., K. Vijayaraghavan, S.-Y. Chen, C. Seigneur and E.S. Edgerton, (2006) Plume-in-grid modeling for
particulate matter, Atmospheric Environment 40 (38) (2006), pp. 7280–7297.
Kim, J.-J., Baik, J.-J. (2004) A numerical study of the effects of ambient wind direction on flow and dispersion in urban street
canyons using the RNG k-ε turbulence model. Atmospheric Environment, 38, 3039–3048.
Kunen, S. M., Lazrus A. L., Kok G. L. and Heikes B. G. (1983) Aqueous oxidation of SO2 by hydrogen peroxide. J. geophys.
Res. 88, 3671-3674.
Lind, J. A., Lazrus A. L. and Kok G. L. (1987) Aqueous phase oxidation of sulfur (IV) by hydrogen peroxide,
methylhydroperoxide, and peroxyacetic acid. J. geophys. Res. 92, 4171-4177.
McElroy, J.L. and F. Pooler, 1968: The St. Louis dispersion study-volume II-analysis. National Air Pollution Control
Administration, Pub. No. AP-53, US DHEW, Arlington, 50 pages.
Pournazeri, S., H. Pan, E. Pellereau, and M. Princevac, 2010: Localized effect of building height on street level flows and
concentration: water channel modeling, AMS 16th Conference on Air Pollution Meteorology, Atlanta, GA.
Princevac, M., Venkatram, A. (2007) Estimating micrometeorological inputs for modeling dispersion in urban areas during
stable conditions, Atmospheric Environment 41, 5345–5356.
Qian, W., M., Princevac, and A., Venkatram, (2010) Using Measurements in Suburban and Urban Areas to Estimate
Meteorology for Modeling Dispersion during Convective Conditions, Boundary-Layer Meteorology 135, p269289.
Rotach, M.W., 1999: On the influence of the urban roughness sublayer on turbulence and dispersion. Atmospheric
Environment 33, 4001-4008.
Rotach, M.W., S.E. Gryning, E. Batcherova, A. Christen and R. Vogt, 2004: Pollutant dispersion close to an urban surface.
Meteorol. Atmos. Phys., 87, 39-56.
Rotach, M.W., Vogt, R., Bernhofer, C., Batchvarova, E., Christen, A., Clappier, A., Feddersen, B., Gryning, S.-E., Martucci,
G., Mayer, H., Mitev, V., Oke, T.R., Parlow, E., Richner, H., Roth, M., Roulet, Y.-A., Ruffieux, D., Salmond,,J.A.,
Schatzmann, M., Voogt, J.A., 2005: BUBBLE – an Urban Boundary Layer Meteorology Project. Theoretical and
Applied Climatology 81, 231–261.
Smith, W.S., Reisner, J.M., Kao, C.-Y.J., (2001) Simulations of flow around a cubical building: comparison with towing-tank
data and assessment of radiatively induced thermal effects. Atmospheric Environment, 35, 3811–3821.
Stockwell, W. R. and Calvert J. G. (1983) The mechanism of the HO SO2, reaction. Atmospheric Environment, 17, 22312237.
Venkatram, A., 1986: Statistical long range transport models, Atmospheric Environment, 20, 1317-1324.
Venkatram, A., 2005: An examination of the urban dispersion curves derived from the St. Louis dispersion study,
Atmospheric Environment, 39, 3813-3822.
Venkatram, A., Isakov, V., Baldauf, R., and E., Thoma, 2008: Analysis of air quality data near roadways using a dispersion
model. Atmospheric Environment, 41, 9481-9497.
Venkatram, A., V. Isakov, D. Pankratz, J. Heumann and J. Yuan, 2004: The analysis of data from an urban dispersion
experiment. Atmospheric Environment 38, 3647-3659.
Venkatram, A., V. Isakov, D. Pankratz and J. Yuan, 2005: Relating plume spread to meteorology in urban areas, Atmospheric
Environment 39, pp. 371–380.
Venkatram, A., V., Isakov, R., Seila, R., Baldauf, 2009: Modeling the impacts of traffic emissions on air toxics
concentrations near roadways, Atmospheric Environment, 43, 3191-3199.
Venkatram, A, and Princevac, M., 2008: Using measurements in urban areas to estimate turbulent velocities for modeling
dispersion, Atmospheric Environment, 42, 3833–3841.

Opening Session

