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3. Long-range Transport of Atmospheric Pollutants and 

Transboundary Pollution 

S.T. Rao, C. Hogrefe, T. Holloway, and G. Kallos 

 

Atmospheric motions occur on spatial scales ranging from a few meters to thousands of 

kilometers.  As a result, pollutants emitted into the atmosphere from local levels, such as 

an urban street canyon or individual smokestacks, get mixed with the surrounding air and 

are transported to affect regional and global pollution. An example of such a pollutant 

plume as seen by satellite is shown in Figure 1. Early air pollution control efforts were 

prompted by urban episodes due to local emissions, such as the 1952 London smog 

associated with sulphur from burning coal (see Chapter 1). Through the latter half of the 

20th century, awareness of air pollution risks to health, agriculture, natural ecosystems, 

and man-made structures has grown. Similarly, the geographic scale on which pollutant 

transport is studied and regulated has expanded. Currently, the U.S. Environmental 

Protection Agency (EPA) regulates carbon monoxide, lead, nitrogen dioxide, particulate 

matter (PM10 and PM2.5), ozone (O3), and sulphur oxides as criteria air pollutants, 

indicative of regulatory trends in many countries. Figure 2 displays the areas in the 

United States that are in violation of the air quality standards for criteria pollutants as of 

2002.  

 

Effective air quality management requires evaluations of how air quality risks relate to 

emissions locally, as well as those transported in from other regions or even other 

continents. Whereas chapter 2 foccused on air pollution on urban scales, this chapter 

describes pollution transport on regional to global scales. Examples will draw from a 

range of pollutants affected by long-range transport, primarily tropospheric O3, aerosols 

(also known as particulate matter, PM), and acid rain. 

 

3.1 Regional Air Pollution Transport 
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The problem of acid rain in Europe first placed the problem of regional-scale transport of 

air pollutants on scientific and political agendas. As a continent with multiple 

industrialized countries side-by-side, the relative contribution of “foreign” pollution 

continues to be especially high as illustrated in Figure 3. In other regions, such as East 

Asia (Figure 4), interest is mounting to understand the role of long-range transport in 

controlling regional air quality and acid deposition (Holloway et al., 2002). While 

transport of acid species first drew attention to regional transport issues, today O3 and 

aerosols are the focus of much research. These species affect human health as well as 

regional climate.  

 

3.1.1 Case Study: Transport of Ozone in the Eastern United States 

 

Ozone is a secondary pollutant formed in the atmosphere from emitted hydrocarbons and 

nitrogen oxides reacting in the presence of sunlight. The extent of O3 transport is difficult 

to assess with direct measurements since it may be directly affected by transport, or 

through combination of imported precursors with local emissions. To tackle this issue, 

some researchers have introduced the notion of an “airshed” for O3, following the 

analogy of watersheds at the surface (Civerolo et al., 2003). The analogy must not be 

taken too literally, however. Whereas transport through a watershed is limited to rivers 

and other bodies of water, and the surrounding land surfaces, pollutant transport through 

the atmosphere can occur over much longer distances and is strongly influenced by the 

meteorological conditions (Vukovich, 1995; Rao et al., 2003).  For example, a common 

synoptic-scale feature associated with O3 episodes over the eastern US is the presence of 

a high pressure system aloft (500 mb), usually accompanied by subsidence, clear skies, 

strong shortwave radiation, high temperatures, and stagnant air masses near the ridge line 

of the sea-level high pressure region (Zhang and Rao, 1999).  Westerly and southwesterly 

nocturnal low-level jets during these episodic events facilitate the transport of pollutants 

over long distances. These synoptic conditions augment local photochemical production 

and contribute to elevated levels of pollutant concentrations, which blanket much of the 

northeastern US for several days (Zhang et al., 1998). Figures 5a-c illustrate the role of 
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synoptic-scale meteorological features in regional-scale transport of O3 (Fishman and 

Balok, 1999). 

 

3.1.2 Case Study: Transport of Sulphur Compounds in the Mediterranean 

 

In the Mediterranean region, air pollutants may be transported from Europe to North 

Africa and other areas of the Middle East due to differential heating between the land of 

North Africa and South Europe and the Mediterranean waters. The transport paths and 

scales of air pollution transport in the Mediterranean Region was the subject of various 

projects during the last two decades (e.g. SECAP, T-TRAPEM). For example, Luria et al. 

(1996) found that sulphate amounts monitored in Israel could not be explained by 

emissions from local sources only. The temporal scales of transport, about 90 hours, from 

Europe to Middle East are comparable to the chemical transformation scales of emitted 

SO2 to sulphate particles, which is the primary constituent of acid rain and an important 

source of secondary PM. Despite similar climatological characteristics, the Western and 

Eastern Mediterranean vary significantly in the typical dispersion and photochemical 

processes affecting oxidant formation and transport (Kallos et al., 1997a,b, 1998). As 

depicted in Figure 6, urban plumes from various locations in Southern Europe can be 

transported over the Mediterranean, maintaining most of their characteristics.  

 

During the warm period of the year, the Intertropical Convergence Zone (ITCZ) is shifted 

North (over Egypt, Libya and Algiers). Due to the trade wind system across the Aegean 

and strong sea-breezes, polluted air masses from Europe can be transported southward 

and enter the ITCZ, as illustrated in Figure 7 within a few days (Kallos et al., 1998). 

Once entrained within the ITCZ, sulphate particles may affect rainfall patterns and, 

hence, water availability. 

 

 

 

 

3.2 Hemispheric Air Pollution Transport 
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Domestic emission controls in many countries have reduced the contribution of local 

sources to air quality problems. Thus, the relative impact of long-range transport is 

growing in many areas, concurrent with an increasing understanding of how air pollution 

travels across oceans and continents. As illustrated in Figure 8, air pollution moves 

between continents in two ways: (1) via episodic advection where distinct polluted air 

masses may be traced from source to receptor, and (2) by increasing the global 

background level of pollutants which, in turn, increases surface concentrations far from 

the emission source regions. The emission strength, transport duration, degree of 

photochemical processing and wet and dry deposition during transit will ultimately 

determine the species concentrations that reach surface air over a receiving continent. 

   

Studies of aerosol enhancements in surface air resulting from inter-continental transport 

have typically focused on episodic transport events that produce peak pollutant levels in 

measured surface concentrations on the receptor continent.  For example, the Asian dust 

event in April 1998 enhanced PM10 concentrations by 20-60 μg m-3 over parts of the 

western U.S. and Canada (Husar et al., 2001; Vaughan et al., 2001; McKendry et al., 

2001) and PM2.5 concentrations by 4-11 μg m-3.  For reference, the U.S. EPA National 

Ambient Air Quality Standards set a 24-hour average limit for PM10 at 150 μg m-3 and 

for PM2.5 at 65 μg m-3.     

 

3.3 Methods for Analyzing Long-Range Transport of Air Pollution 

 

Earlier sections presented a description of typical pollutant transport patterns and 

introduced some concepts useful in understanding regional and global pollution. Here, we 

discuss some techniques to assess the long-range transport problem.   

 

 

3.3.1 Satellite Observations 
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A striking example of intercontinental transport detected by satellites was the large dust 

storm that occurred over China in early April 2001. The event was large enough and 

intense enough for the dust to be transported across the Pacific Ocean to North America. 

The sequence of images (Figures 9a-e) show the Aerosol Index measured by Earth Probe 

TOMS (Total Ozone Mapping Spectrometer) during this event (NASA, 2001a). The dust 

cloud originated between April 6th and 9th, 2001 when strong winds from Siberia kicked 

up millions of tons of dust from the Gobi and Takla Makan deserts in Mongolia and 

China, respectively. Air currents then carried the dust eastward. The leading edge of the 

cloud reached the U.S. West Coast on April 12th, and 2 days later it had crossed the East 

Coast shoreline and began heading out into the Atlantic Ocean. Dust clouds blowing east 

from Asia are a common occurrence in the springtime, and satellite images of these 

clouds can be used to study the atmospheric flow patterns that can also govern the 

transport of invisible, anthropogenic emissions. It has been shown through air quality 

measurements at Cheeka Peak in Washington State and airplane-based measurements that 

pollution from Asian sources can affect the air quality in the Western United States, 

although the amount of transport of pollutants shows large variability (NASA, 2001b). 

 

 

In addition to elucidating the atmospheric flow patterns that govern global pollutant 

transport, satellite images help characterize anthropogenic and biogenic emissions. An 

example of satellite data useful for both objectives is NASA's Terra spacecraft, which 

directly measures atmospheric CO concentrations. Figure 10 presents images of carbon 

monoxide concentrations in the lower atmosphere, ranging from about 50 parts per 

billion to 390 parts per billion. Carbon monoxide is a gaseous byproduct from the 

burning of fossil fuels, in industry and automobiles, as well as burning of forests and 

grasslands. Notice in the April 30, 2000, image that levels of carbon monoxide are much 

higher in the Northern Hemisphere, where human population and human industry is 

much greater than in the Southern Hemisphere. However, in the October 30, 2000, image 

notice the immense plumes of the gas emitted from forest and grassland fires burning in 

South America and Southern Africa (NASA, 2000). 
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3.3.2 Statistical Analysis of Measurements 

 

The spatial extent of a pollutant airshed—the domain over which significant regional 

transport occurs—may be estimated through statistical analysis of observed values at 

different times and measurement locations. For example, correlating time series of 

observed daily maximum 1-hr or 8-hr O3 concentrations at different stations, repeating 

the analysis for all possible station pairs within a domain of interest, and plotting the 

decay of correlation between stations as a function of distance between the stations, one 

can obtain a measure of the coherence in pollutant levels among different air monitoring 

stations embedded within the same synoptic weather pattern. Over the northeastern U.S., 

this type of analysis indicates that the characteristic scale for O3 transport is on the order 

of 600 km along the direction of the prevailing wind (Figure 11). Further, one can 

perform a time-lagged correlation analysis in order to assess the characteristic 1-2 day 

transport distances associated with the synoptic-scale O3 component. Figure 12 shows an 

example of such an analysis using an ozone monitor in Pittsburgh, PA as the reference 

station against which other O3 monitors were correlated at lags of 0 and 1 days.  

 

Statistical analyses cannot establish causal relationships, but this approach offers a 

powerful tool to estimate the distances over which pollutants can be transported. Results 

from the case study in the United States presented here suggest that O3 levels in a region 

from Virginia to Maine can potentially be affected by emissions in the Pittsburgh area 

within one day, whereas Pittsburgh may be affected by emissions in a region from 

Michigan to the western Ohio Valley to the Carolinas (Civerolo et al., 2003).  

 

3.3.3 Trajectory Analysis 

 

While statistical approaches provide important insights to understanding observations, it 

does not explicitly take physical transport processes into account. To assess the effects of 

the synoptic-scale atmospheric transport patterns on observations at a specific site, the 
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pathways on which air masses have travelled may be analyzed to examine which 

emission sources may have contributed to measured levels. 

 

For example, O3 measurements taken from the CN tower in Toronto, Canada employed 

the trajectory-clustering methodology (Brankov et al., 1998).  This approach entails 

calculating a large number of back-trajectories from the observational site over a long 

period of time. The Hybrid Single Particle Lagrangian Integrated Trajectories model 

(Draxler, 1992) was used to calculate 24-hour back-trajectories for every summer day 

(June, July and August) over a period of 7 years, from 1989 through 1995.  

 

Applying a trajectory-clustering technique, trajectories close to each other and with 

similar directions are grouped together, producing a more manageable number of 

representative groups to reflect the behaviour of a large number of trajectories. Statistical 

procedures can then be used to test for statistically significant differences in the chemical 

composition of the clusters (Brankov et al., 1999). The back-trajectory clustering 

methodology applied on CN tower back-trajectories resulted in eight clusters of 

trajectories whose average trajectories are shown in Figure 13a. 54% of all summer 

trajectories arriving to the CN tower are associated with air masses almost exclusively 

travelling over Canada and 46% of the airflow regimes bring air from the U.S. Figure 13b 

shows box-whisker plots of “O3 clusters” obtained by segregating short-term O3 

concentration data according to clusters in Figure 13a.  Each box-whisker displays five 

percentiles (10th, 25th, 50th, 75th, and 90th) as well as the minimum and maximum 

concentrations of O3 concentrations assigned to one particular cluster. Thus, this 

methodology can be used to identify distinct atmospheric transport patterns associated 

with high levels of O3 concentrations, illustrating the effects of transboundary pollution 

exchange and potential source regions for this pollutant. 

 

Another example of trajectory analysis of to assess regional O3 transport is shown in 

Figures 14a-d (Schichtel and Husar, 1996). These illustrations show the merging of a 

simulation of the atmospheric flow (particles) and measured ozone data from over 600 

monitoring stations. In this example, a summertime airmass over the Industrial Midwest 
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raised afternoon O3 concentrations from ~70 ppb throughout the region to greater than 

100 ppb in parts of the Ohio River Valley (Figure 14b). As the O3-laden airmass was 

transported east-northeast, afternoon O3 concentrations in parts of western Pennsylvania 

increased over 40 ppb from the previous day's levels, producing levels higher than 100 

ppb (Figure 14c). Such an illustration provides strong evidence to the role of atmospheric 

transport in determining ozone concentration in the Northeast (Schichtel and Husar, 

1996). 

 

On the global scale, tracer models have also been used to study the pathways and 

timescales of intercontinental transport patterns (Stohl et al., 2002). Chemically inert 

particles are being released in source regions of interest and their fate is being tracked by 

the model as they undergo horizontal and vertical transport and mixing as determined by 

the meteorological fields used as input. An example of such a simulation is illustrated in 

Figure 15.  

 

3.3.4. Dynamic Air Quality Models 

 

The mechanisms responsible for air pollution transport may be examined independently 

of any particular set of observations. Air quality models describe atmospheric chemistry 

and transport mathematically and then solve the relevant equations with high-speed 

computers. These models have two basic structures: Lagrangian and Eulerian. 

Conceptually, Lagrangian models solve the equations for each moving air mass, whereas 

Eulerian models solve the equations on a fixed grid. Both types of models allow 

researchers to build a “virtual atmosphere”, useful for testing our understanding of 

atmospheric processes and analyzing “what-if” scenarios valuable for environmental 

policy analysis. 

 

Building on the case study of O3 in the northeastern U.S., the Urban Airshed Model- 

Variable grid version (UAM-V) (SAI 1995), a three-dimensional Eulerian model has 

been used. Employing the 1995 meteorological data, and emissions from man-made and 

natural sources, the model simulated summer O3 over much of the eastern US and 
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southern Canada. Since the model offers a “virtual atmosphere,” a researcher can turn-off 

selected emission sources to examine how individual reductions affect total regional O3. 

In this illustrative case, researchers examined how total O3 would be affected by 

reductions in anthropogenic emissions in New York State versus those in the Canadian 

Province of Ontario (Brankov et al., 2003). 

 

Reducing Ontario emissions led to improvements of 15% or greater in the near-field, and 

6% or greater throughout most of New York State (Figure 16a). The dramatic NOx 

reductions near Toronto actually led to increased O3 in the urban core area.  The situation 

was similar in the New York emissions reduction case (Figure 16b), where O3 

improvements within New York ranged from about 3% to 15%.  Even along southern 

Ontario, the O3 decreased by up to about 6%.  It should be emphasized that these 

percentage reductions are seasonal averages; the percentage reduction at a grid cell on 

any one day may be quite large. In addition, the sign of the change may vary from day to 

day, depending upon prevailing winds. In a similar study, Rao et al. (1998) showed that 

the decay of the ozone reductions stemming from the elimination of emissions in one 

region has a spatial scale dependence that is consistent with that of the decay of 

correlations in ozone observations shown in Figure 11.    

 

Atmospheric chemistry models are especially useful for examining global transport 

patterns where little measurement data is available, and where large scale transport 

phenomena require detailed analysis. For example, results from modelling studies 

indicate that O3 produced from Asian emissions can enhance O3 concentrations in surface 

air over the western U.S. by 3-10 ppbv, that O3 produced from North American emissions 

can enhance European ozone concentrations by 2-15 ppbv, and that European emissions 

raise East Asian O3 concentrations by 3 ppbv on average in spring (Holloway et al, 2003, 

and references therein).  

 

Although a few studies have diagnosed O3 enhancements from the intercontinental 

transport via analyses of airmass origin, transport of O3 primarily occurs through 
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increases in background concentrations, making it difficult to directly observe events on a 

receptor continent.  Determining the sources of air pollution is an important precursor to 

any large-scale international management effort, and a number of global air quality 

models have been used to estimate such source contributions. Jacob et al. (1999) used a 

global atmospheric chemistry model to forecast how future economic growth in Asia – 

through increased emissions of O3 precursors – could affect O3 concentrations over the 

U.S. The group concluded that a tripling of anthropogenic emissions from Asia could 

increase monthly mean surface O3 over the U.S. by 1-6 ppbv (minimum in the east, 

maximum in the west during spring).  While the magnitude of this increase appears small, 

it would more than offset the benefits of 25% reductions in domestic anthropogenic 

emissions in the western U.S. (Jacob et al., 1999). Another study by the same group 

calculated that of the 20% of violations in the 8-hour average, 55 ppbv European Council 

O3 standards are due to anthropogenic emissions from North America (Li et al., 2002).  

 

A range of methods is available to researchers for investigating the spatial scales 

associated with air pollutant transport. While each methodology has its own limitations, a 

combination of observational and modelling approaches consistently show that O3 and 

aerosol pollution is a regional, multi-state, and even international issue, not a problem 

existing only at local or urban scales. 

 

DISCLAIMER 

 

The research presented here was performed under the Memorandum of Understanding 

between the U.S. Environmental Protection Agency (EPA) and the U.S. Department of 

Commerce's National Oceanic and Atmospheric Administration (NOAA) and under 

agreement number DW13921548.  This work constitutes a contribution to the NOAA Air 

Quality Program.  Although it has been reviewed by EPA and NOAA and approved for 

publication, it does not necessarily reflect their policies or views. 

 

 



 11

REFERENCES 

Brankov, E., Rao, S.T., and P.S. Porter, A trajectory-clustering-correlation methodology 

for examining the long-range transport of air pollutants, Atmos. Environ., 32, 1525-

1534, 1998. 

Brankov, E., S.T. Rao, and P.S. Porter, Identifying pollution source regions using 

multiply-censored data, Env. Sc. Tech., 33, 2273-2277, 1999. 

Brankov, E., R.F. Henry, K.L. Civerolo, W. Hao, S.T. Rao, P.K. Misra, R. Bloxam, and 

N. Reid, 2003: Assessing the effects of transboundary ozone pollution between 

Ontario, Canada and New York, USA, Environmental Pollution 123, 403–411. 

Civerolo, K., H. Mao, and S. T. Rao: The airshed for ozone and fine particulate pollution 

in the eastern United States, Pure Appl. Geoph.,160, 81-105, 2003. 

Draxler, R. R. Hybrid Single-Particle Lagrangian Integrated Trajectories (HY-SPLIT): 

Version 3.0 – User’s guide and model description; NOAA Technical Memorandum 

ERL-ARL-195; Air Resources Laboratory: Silver Spring, MD, 1992. 

Fishman, J., and A.E. Balok, Calculation of daily Tropospheric ozone residuals using 

TOMS and empirically derived SBUV measurements: application to and ozone 

pollution episode over the eastern United States. J. Geophys. Res., 104, 30,319-

30,340, 1999. 

Holloway, T., H. Levy II, and G. Carmichael, Transfer of reactive nitrogen in Asia: 

development and evaluation of a source-receptor model, Atmos. Environ., 36, 4251-

4264, 2002. 

Holloway, T., A. Fiore, and M.G. Hastings, Intercontinental transport of air pollution: 

will emerging science lead to a new hemispheric treaty? Env. Sc. Tech., 37, 4535-

4542, 2003. 

Husar, R. B.; Tratt, D. M.; Schichtel, B. A.; Falke, S. R.; Li, F.; Jaffe, D.; Gasso´, S.; 

Gill, T.; Laulainen, N. S.; Lu, F.; Reheis, M. C.; Chun, Y.; Westphal, D.; Holben, B. 

N.; Gueymard, C.; McKendry, I.; Kuring, N.; Feldman, G. C.; McClain, C.; Frouin, 

R. J.; Merrill, J.; DuBois, D.; Vignola, F.; Murayama, T.; Nickovic, S.; Wilson, W. 

E.; Sassen, K.; Sugimoto, N.; Malm, W. C. Asian dust events of April 1998. J. 

Geophys. Res. 106, 18,317-18,330, 2001. 



 12

Jacob, D.J., J.A. Logan, and P.P. Murti, Effect of rising Asian emissions on surface ozone 

in the United States, Geophys. Res. Lett., 26, 2175-2178, 1999. 

Kallos, G., V. Kotroni, K. Lagouvardos, M. Varinou, A. Papadopoulos, O. Kakaliagou, 

M. Luria, M. Peleg, A. Wanger, and G. Sharf, Ozone production and transport in the 

eastern Mediterranean. Proceedings of the Technical workshop on Tropospheric 

Ozone Pollution in Southern Europe. 4-7 March 1997, Valencia, Spain, 1997a.  

Kallos, G., V. Kotroni, K. Lagouvardos, A. Papadopoulos, M. Varinou, O. Kakaliagou, 

M. Luria, M. Peleg, A. Wanger, and M. Uliasz, Temporal and spatial scales for 

transport and transformation processes in the Mediterranean. Proc. of the 22nd 

NATO/CCMS Int. Techn. Meeting on Air Pollution Modeling and Its Application, 2-

6 June 1997, Clermont Ferrand, France. Edited by Sven-Erik Gryning and Nandine 

Chaumerliac, Plenum Press, New York, Vol 20, 1997b. 

Kallos G., V. Kotroni, K. Lagouvardos, M. Varinou, and A. Papadopoulos, The role of 

the Black Sea on the long-range transport from southeastern Europe towards middle 

east during summer, Proc. of the 23rd NATO/CCMS Int. Techn. Meeting on Air 

Pollution Modeling and Its Application, 6-10 October, Sofia, Bulgaria, 1998. 

Li, Q., D.J. Jacob, I. Bey, P.I. Palmer, B.N. Duncan, B.D. Field, R.V. Martin, A.M. Fiore, 

R.M. Yantosca, D.D. Parrish, P.G. Simmonds, and S.J. Oltmans, Transatlantic 

transport of pollution and its effects on surface ozone in Europe and North America. 

J. Geophys. Res. doi: 10.1029/2001JD001422, 2002. 

Luria, M., M. Peleg, G. Sharf, D. Alper Siman-Tov, N. Shpitz, Y. Ben-Ami, A. 

Yitzchaki, and I. Seter, Atmospheric sulfur over the east Mediterranean region, J. 

Geophys. Res.,  101, 25,917-25,925, 1996. 

McKendry, I. G., J.P. Hacker, R. Stull, S. Sakiyam, D. Mignacca, D., and K. Reid, Long-

range transport of Asian dust to the Lower Fraser Valley, British Columbia, Canada. 

J. Geophys. Res., 106, 18,361-18,370, 2001. 

NASA, NASA satellite tracks hazardous smoke and smog partnership,   

http://visibleearth.nasa.gov/cgi-bin/viewrecord?7613), 1997. 

NASA, First global carbon monoxide (air pollution) measurements,  

http://visibleearth.nasa.gov/cgi-bin/viewrecord?8086), 2000. 



 13

NASA, The "Perfect Dust Storm" of April 2001, 

http://jwocky.gsfc.nasa.gov/aerosols/today_plus/yr2001/asia_dust.html, 2001a. 

NASA, The Pacific dust express, 

http://science.nasa.gov/headlines/y2001/ast17may_1.htm, 2001b. 

Rao, S.T., E. Zalewsky, I.G. Zurbenko, P.S. Porter, G. Sistla, W. Hao, N. Zhou, J.-Y. Ku, 

G. Kallos, and D.A. Hansen: Integrating observations and modeling in ozone 

management efforts. Air Pollution Modeling and Its Applications XII, S.-E. Gryning 

and N. Chaumerliac (eds.), Plenum Press, New York, pp. 115-124, 1998. 

Rao, S. T., J.-Y. Ku, S. Berman, K. Zhang, and H. Mao: Summertime characteristics of 

the atmospheric boundary-layer and relationships to ozone levels over the eastern 

United States, Pure Appl. Geophys., 160, 21-55, 2003. 

Schichtel, B. and R. Husar, Summary of ozone transport, Report of the ad hoc air 

trajectory workgroup, 

http://capita.wustl.edu/otag/Reports/AQATransport/Transport.html, 1996. 

Stohl, A., S. Eckhard, C. Forster, P. James, and N. Spichtinger, On the pathways and 

timescales of intercontinental air pollution transport, J. Geophys. Res., 107, doi: 

10.1029/2001JD001396, 2002. 

Systems Applications International, Users Guide to the Variable Grid Urban Airshed 

Model (UAM-V). Systems Applications International, San Rafael, CA, 131 pp. 

[Available from Systems Applications International, 101 Lucas Valley Rd., San 

Rafael, CA 94903], 1995. 

Vaughan, J. K., C. Claiborn, and D. Finn, April 1998 Asian dust event over the Columbia 

Plateau. J. Geophys. Res., 106, 18,381-18,402, 2001. 

Vukovich, F.M., Regional-scale boundary-layer ozone variations in the eastern United 

States and their association with meteorological variations, Atmos. Environ., 29, 

2259-2273, 1995. 

Zhang, J., S. T. Rao, and S. M. Daggupaty, Meteorological processes and ozone 

exceedances in the northeastern United States during the 12-16 July 1995 episode. J. 

Appl. Meteor., 37, 776-789, 1998. 

Zhang, J., and S.T. Rao, The role of vertical mixing in the temporal evolution of ground-

level ozone concentrations, J. Appl. Meteor., 38, 1674-1691, 1999. 



 
 
 
Figure 1 



 

 
 
 
 
 
 
 
 
 
Figure 2 



 

 
Figure 3 



 
 
Figure 4 



 

 



 
 
 
Figures 5a-c



 
 
 
 
Figure 6 



 
 
 
Figure 7a 
 

 
 
Figure 7b 



 
 

 
 
 
Figure 8 



 
 

 
 

 
 
Figures9a-b 



 
 

 
 
Figures 9c-d 



 
 
 
Figure 9e 



 
 
Figures 10a-b 
 



 

 
 
 
 
Figure11 



 

 
 
 
Figure 12 
 



 
 
 
 
Figures13a/b 



 
 
Figure 14a  
 

 
Figure14b  



 
Figure 14c 

 
Figure 14d 



 

 
Figure 15



Figure16a



Figure 16b 



Figure 1.  Researchers have discovered that smoke and smog move in different ways 
through the atmosphere. A series of unusual events several years ago created a blanket of 
pollution over the Indian Ocean. In the second half of 1997, smoke from Indonesian fires 
remained stagnant over Southeast Asia while smog, which is tropospheric, spread more 
rapidly across the Indian Ocean toward India. Researchers tracked the pollution using 
data from NASA's Earth Probe Total Ozone Mapping Spectrometer (TOMS) satellite 
instrument. Figure 1 shows the pollution over Indonesia and the Indian Ocean on October 
22, 1997. White represents the aerosols (smoke) that remained in the vicinity of the fires. 
Green, yellow, and red pixels represent increasing amounts of tropospheric ozone (smog) 
being carried to the west by high-altitude winds. (Source: NASA, 1997) 

 
Figure 2.  Areas in exceedance of the US EPA air quality standards for criteria pollutants 
as of September, 2002. (Source: http://www.epa.gov/airtrends/non.html) 
 
Figure 3. Annual average contribution (1985-96) of SO2 emissions from selected 
countries in Europe on neighboring nations, based the EMEP Lagrangian model. *Same 
refers to emissions from receptor country associated with graph, for countries other than 
France, Germany, Poland, and Great Britain. 
 
Figure 4. Annual average contribution (one year) of NOx emissions from selected 
countries in East Asia on neighboring nations, based on the ATMOS Lagrangian model 
(Source: Holloway et al., 2002) 
 
Figure 5. Tropospheric ozone residuals and 850 mbar wind streamlines for (a) July 4, 
1988, (b), July 6, 1988, and (c) July 8, 1988. (Source: Fishman and Balok, 1998) 
 
Figure 6.  Lagrangian particle dispersion pattern over the Mediterranean Region during 
summer conditions (after 60 hours of continuous release). 
 
Figure 7. (a) Particle projection from HYPACT dispersion model, at 1800 UTC, 7 July 
1994 (after 813 hrs of particle release). (b) As in (a) but only particles located at altitudes 
higher than 5 km. 
 
Figure 8. Cartoon schematic of intercontinental air pollution transport. Emissions from 
the upwind "source" continent are advected to the downwind "receptor" continent 
through episodic transport events and/or by enhancing the global background pollution 
concentration. Emissions may be mixed vertically into the free troposphere for rapid 
long-range transport or transported within the boundary layer. The degree of 
photochemical processing and deposition that occurs during transport controls the air 
pollutant concentrations that are ultimately detected on the receptor continent (Source:  
Holloway et al., 2003) 

Figures 9a-e: Aerosol Index measured by Earth Probe TOMS (Total Ozone Mapping 
Spectrometer) during the Asian dust storm of April 2001. (Source: NASA, 2001a) 

Figure 10: Carbon monoxide concentrations in the lower atmosphere measured by 



NASA's Terra spacecraft (Source: NASA, 2000) 

Figure 11. Correlation coefficients between summertime synoptic forcings in O3 between 
Philadelphia and all other sites along prevailing flow direction, as a function of distance 
from Philadelphia. Both the data points and a best-fit line are shown (Source: Civerolo et 
al., 2003). 
 
Figure 12. Number of days needed to maximize the summertime synoptic-scale O3 
correlations between Pittsburgh (large dot) and various locations throughout the eastern 
US. Only the sites which Pittsburgh lags by 1 day (triangles) or leads by 1 day (squares) 
are shown, and only the statistically significant (95%) correlation coefficients were 
considered (Source: Civerolo et al., 2003). 
 
Figures 13a/b. (a) Group of eight clusters of average back-trajectories for the CN tower 
receptor site. The clusters are labeled according to the origin of the airmass: Northwest 
(NW), North (N), Northeast (NE), Southeast (SE), South (S), Southwest (SW), West (W), 
and local circulation patterns (L). The percentage of all trajectories belonging to each 
cluster is also shown in the figure. (b) Box-whisker plots of the strength of the synoptic 
forcing for each of the clusters shown in Figure 13a (Source: Brankov et al., 2003). 
 
Figures 14a-d: The merging of a simulation of the atmospheric flow (particles) and 
measured ozone data. The ozone has been spatial interpolated from over 600 monitoring 
sites. The arrows represent the direction and speed of transport.  (Source: Schichtel and 
Husar, 1994) 
 
Figure 15: The image shows the wintertime distribution of tracer releases in Europe after 
25 days of transport from a 1-year simulation of the FLEXPART model (Source: Stohl et 
al., 2002) 
 
Figures 16a-b: (a) Model-predicted percentage decreases in daily maximum 8-hour 
ozone resulting from the elimination of all anthropogenic emissions in the Canadian 
province of Ontario. (b) as in (a), but for the elimination of all anthropogenic emissions 
in the state of New York (Source: Brankov et al., 2003). 
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