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ABSTRACT 

This dissertation presents a geographical analysis of air pollution in the Tucson 

region. Image processing, geographic information system (GIS), climatological, and 

statistical tools are used to develop and analyze air pollution-related databases. These 

databases are then used in conjunction with a limited number of spatial measurements of 

ozone concentrations to create accurate and theoretically sound ground-level ozone maps. 

High spatial resolution, gridded, multi-temporal, atmospheric emissions inventories 

(Els) of ozone precursor chemical (i.e. volatile organic compounds (VOCs) and nitrogen 

oxides (NOx)) emissions are initially developed. GIS-driven "top-down" and "bottom-

up" methods are employed to create anthropogenic VOC and NO* emissions inventories 

while satellite imagery and field surveys are employed to create biogenic VOC (BVOC) 

emissions inventories. Accounting for approximately 50% of the anthropogenic 

emissions, on-road vehicles are the dominant anthropogenic source. The forest and 

desert lands emit nearly all of the BVOCs within the entire Tucson region while exotic 

trees such as eucalyptus, pine, and palm emit most of the BVOCs within the City of 

Tucson. 

Relationships between VOC and NO* emissions, atmospheric conditions, and 

ambient ozone levels are determined by examining spatio-temporal variations in ozone 

levels, temporal variations in VOC and NOx emissions and atmospheric conditions, 

atmospheric conditions which are conducive to elevated ozone levels. In addition, the 

likelihood of ozone transport from Phoenix to Tucson is assessed. The highest ozone 
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levels occur at "rural," downwind monitors, occur in August, and occur during the early 

afternoon hours. Atmospheric conditions conducive to elevated concentrations differ 

between the months while inter-city ozone transport is most likely to occur in June. 

Pooled, cross-sectional, times series, regression models are developed with the aid of 

cluster analysis and principal components analysis to spatially predict daily maximum 1-

hr and 8-hr average ozone concentrations. Gridded, multi-temporal estimates of VOCs 

and NOx emissions are the primary predictor variables in the regression models. The 

pooled models are reasonably accurate with overall R* values from 0.90 to 0.92, 6 to 7% 

error, and predicted concentrations that are typically within 0.003 to 0.004 ppm of the 

observed concentrations. The predicted highest ozone concentrations occur in a monitor-

less area on the eastern edge of the City of Tucson. 
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CHAPTER 1: INTRODUCTION 

This dissertation is a comprehensive, geographical analysis of ambient, ground-level 

ozone in the Tucson region. Temporal and spatial aspects of ozone concentrations are 

both discussed, but considerably more attention is focused on ozone's spatial behavior 

within the region, as this is not as well understood. Few ozone measurments are made 

spatially within the Tucson region. Unfortunately, detailed spatial data are needed to 

determine health risks. Therefore, this dissertation's principal theoretical issue involves 

the spatial interpolation of ozone using a limited number of spatial measurements. 

This introductory chapter presents an overview of spatial interpolation before 

critically examining techniques that are commonly used to spatially interpolate air 

pollution concentrations. Following the brief overview of air pollution and spatial 

interpolation, the problem of spatially interpolating ozone concentrations with a limited 

number of sample points in the Tucson region is presented. This background enables a 

discussion of the main theoretical and practical questions that the dissertation intends to 

answer. This chapter ends with a descriptive outline of the remaining chapters. 

1.1 Overview of Spatial Interpolation 

Imagine a set of sample points that exist in a specific geographical domain. The 

objective is to estimate a continuous surface of the phenomenon of interest. In other 

words, a map needs to be created from a limited number of sample points. Either 

mechanistic modeling or a form of spatial interpolation must be employed to create the 
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map. Mechanistic modeling has the ability to forecast spatial patterns based on changes 

in model input. Forecasting is facilitated through the simulation of key processes 

responsible for spatio-temporal variations of a phenomenon. These simulations can make 

mechanistic modeling extremely resource-intensive. In addition, errors in input data can 

become magnified throughout the simulations, thereby resulting in erroneous spatial 

estimates. Spatial interpolation does not usually consider spatio-temporal processes 

explicitly, thus interpolation has little to no forecasting potential. Interpolation does, 

however, require fewer resources than mechanistic modeling. It may only need the 

locations and values of the sample points to produce a more accurate map than one 

produced with mechanistic modeling. 

Spatial interpolation is a corrunon pursuit in a variety of studies. For example, spatial 

interpolation methods have been used to predict above-ground biomass (Atkinson et al. 

1994), temperature (Hudson and Wackemagel 1994), precipitation (Bigg et al. 1991, 

Daly et al. 1994), agricultiu-al pests (Rossi et al. 1993), soil characteristics (Odeh et al. 

1990, Lesch et al. 1995), soil pollution (Leenaers et al. 1990) and air pollution (Liu and 

Rossini 1996). Interpolation is used to predict values at unsampled locations based on 

measurements at sample points. Thus, the goal of spatial interpolation is to discern the 

spatial patterns of a certain phenomenon based on limited sample points. An accurate 

map (e.g., map of ground water pollution levels) is tremendously more useful than 

information from a few scattered sample points. Spatial interpolation increases spatial 

knowledge, which can be beneficial for scientists, planners, and policy makers. 
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Possible spatial interpolation options include inverse distance weighting (IDW), trend 

surface analysis (TSA), splines (thin plate interpolation), kriging and related geostatistical 

techniques, and linear regression. IDW is based on spatial autocorrelation (i.e. values at 

nearby points are more similar than are values at distant points) and, when estimating 

values at unknown locations, it assigns more weight to nearby points than to distant 

points. TSA fits a polynomial surface through data points. The polynomial surface is 

generated by a regression equation with coordinates serving as the independent variables. 

A spline is an interpolating polynomial equation of the lowest order that passes through 

all data points (Leenaers et al. 1990). The resulting surface has minimum curvature. 

Kriging is a form of weighted averaging that provides estimates of values at unsampled 

points without bias and with minimum variance. The weights are derived from the spatial 

autocorrelation present among the data points. Kriging assumes that the levels of spatial 

autocorrelation between locations vary according to the distance between them. In 

addition to ordinary kriging, co-kriging can be used to enhance the estimation of values 

of a variable using values from a correlated variable (Myers 1991). Finally, linear 

regression relates values at sample points to values of spatially continuous independent 

variables. Thus, a regression model can then be used to estimate values at unsampled 

points. The selection of the optimal technique depends on the (1) purpose of 

interpolation, (2) operational scale of phenomenon, (3) number and density of sample 

points, (4) spatial characteristics of sample network (i.e. irregular spacing vs. regular 

spacing), (5) availability of ancillary information, and (6) accuracy and versatility of 

interpolation, and (7) the mathematical model. Dungan et al. (1994) also note that the 
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specific consequences of an interpolation method and the goals of the map should always 

be considered prior to interpolation. 

1.1.1 Purpose of Interpolation 

In general, spatial interpolation techniques are used to simplify spatial patterns or to 

estimate a surface based on a limited number of spatial observations. TSA and splines 

generalize a spatial pattern and elucidate spatial trends. These techniques result in 

smooth, inexact surfaces. TSA, in particular, does not model short-scale variations and is 

of little practical use when local prediction accuracy is important (Liu and Rossini 1996). 

The other techniques, DDW, kriging, and regression, attempt to preserve the observed 

spatial variability and create the best surface approximation. Only IDW, kriging, and 

regression will be discussed hereafter since the rest of this proposal is concerned with 

creating accurate pollutant maps rather than determining spatial trends. 

1.1.2 Operational Scale 

Operational scale is the scale at which a phenomenon operates. For grids or pixels, 

only those properties that operate at scales larger than the size of the initial grids can be 

revealed (Bian 1997). The operational scale should determine the cell resolution of the 

interpolated surface. For example, a phenomenon with substantial variation at small 

distances would require small cells. Statistically, operational scale is related to spatial 

autocorrelation (Bian 1997). Thus, with a substantial number of sample points acquired 

at relatively small sampling intervals, a variogram (profile of the half mean squared 
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difference of values for points at varying distances from one another) could be 

constructed. The variogram shows how spatial autocorrelation among the points changes 

at varying distances. The variogram's range (i.e. the distance between the points at which 

spatial autocorrelation no longer decreases significantly) could then be considered the 

operational scale. The sampling interval would be then be one-half the phenomenon's 

operational scale. Ultimately, one must have some idea of a phenomenon's operational 

scale before selecting an interpolation technique. 

1.1.3 Sample Points 

Limited resources can make a high density sample network impossible. Since IDW 

requires many, regularly spaced sample points, it is not always a suitable interpolation 

technique. In fact, since IDW performs optimally on a regular grid, it is a contouring 

technique rather than an interpolation technique (Myers 1994). Kriging and regression 

can be used with an irregular and clustered array of sample points. In many situations, 

kriging and regression-based approaches are more suitable. If data from a single time 

period are being interpolated, a substantial number of samples are needed for both kriging 

and regression (Lesch et al. 1995, Liu and Rossini 1996). Nonetheless, if multi-temporal 

data are used, average variograms and spatio-temporal regression models can be 

developed (Liu and Rossini 1996). 
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1.1.4 Ancillary Information 

Linear regression depends on the availability of spatially continuous independent 

variables. Spatially continuous variables are those that can be assigned a value at every 

grid cell within a domain. Without this ancillary information, the only regression model 

that could be developed would be a coordinate-based TSA. Co-kriging, a variation of 

kriging, is used where two or more variables are spatially interdependent and the variable 

of immediate interest is undersampled (Leenaers et al. 1990). An example in remote 

sensing and biogeography is the interpolation of above-ground green biomass values 

based on one hundred sample points as well as reflectances in the green, red, and near 

infra-red spectral bands, three portions of the electromagnetic spectrum that are sensitive 

to vegetation. Both co-kriging and linear regression could employ the ancillary spectral 

information during the modeling process. These methods can predict biomass values at 

unsampled pixels by exploiting the spatial correspondence between green biomass and 

the more easily obtained satellite data. 

1.1.5 Accuracy and Versatility 

IDW, kriging, and linear regression vary substantially in accuracy and versatility. 

IDW is not an exact interpolator and creates "Bull's Eye" patterns, which are caused by 

the overweighting of the closest data points, and does not provide any measure of 

precision or accuracy (Leenaers et al. 1990, Myers 1994). IDW and other deterministic 

interpolation methods make predictions but do not provide error estimates associated with 

the predictions (Gunnink and Burrough 1996, Liu and Rossini 1996). Ordinary kriging 
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produces an estimate of the value of a function at a non-data point as well as a measure of 

uncertainty associated with the estimate (Myers 1994). However, kriging and EDW are 

similar, for both are smoothing techniques, similar to TSA and splines, so maxima and 

minima in the interpolated surface can only occur at the sample points. The accuracy of 

predicted values at points outside the sample area is questionable for IDW as well as 

kriging. In fact, without the inclusion of drift in the kriging model, kriging cannot extend 

beyond the sample area (Myers 1994). 

Accuracy can also be calculated for regression models. This accuracy can refer to the 

model itself (i.e. only pertains to the sample points) or it can refer to the performance of 

the model with independent data (i.e. pertains to predictions at unsampled points). 

Unlike IDW and kriging, regression modeling can create accurate surfaces that extend 

beyond the sample area. This is possible because predictions are based on the values of 

independent variables (e.g., spectral reflectance in the green band) rather than on the 

spatial autocorrelation structure of the sample points. Regression can be viewed as a 

viable and possibly superior altemative to spatial autocorrelation-based approaches if 

sufficient ancillary data are available. 

1.2 Interpolation with Fixed Site Air Pollution Measurements 

Unlike the plentiful spatial measurements of temporally-invariant phenomena such as 

elevation, measurements of air pollutants are usually acquired at fixed sites that are 

relatively sparse and irregularly spaced. Air pollutant monitors are placed at suspected 

pollutant "hot spots" (i.e. busy intersections and/or downwind locations), populated areas. 
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and background (i.e. upwind) locations. Many metropolitan areas lack the resources 

needed to operate an extensive, high density, monitoring network. Most existing 

monitoring networks provide a limited, and likely biased, picture of spatial patterns of 

urban air pollution and provide little information regarding the operational scales of 

pollutants. 

Data-intensive numerical simulation approaches are typically used to create pollution 

surfaces. For example, the Urban Airshed Model (UAM), calculates the concentrations 

of both inert and chemically reactive pollutants by simulating the physical and chemical 

processes in the atmosphere that affect pollutant concentrations (Scheffe and Morris 

1993). A numerical model such as the UAM requires a large amount of input data and 

resources to operate and is more useful as a simulation approach rather than as a spatial 

interpolation approach. Non-numerical modeling approaches are desirable for creating 

pollution surfaces from fixed site measurements. 

It is difficult to interpolate fixed site pollutant measurements with IDW and some 

kriging methods using measurements from a small number of air pollution monitors. In 

addition, monitors might not represent the pollution in a wider area, which further 

reduces the versatility of IDW and kriging (Van Egmond and Onderlinden 1981). 

Nonetheless, studies have used IDW and kriging to interpolate pollutant concentrations 

without explicitly identifying possible limitations of such methods (Greenland and Yony 

1985, Lefohn et al. 1988a, Mulholland et al. 1998). Few interpolation options exist and 

researchers often note that the usual lack of sufficient sample points makes kriging 

superior to IDW (Lefohn et al. 1987, Loibl 1994, Liu and Rossini 1996). Pollutant 
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monitors are usually placed in areas where either high or low pollutant concentrations are 

assumed to occur. The location of samples is presumed to reflect valuable information, 

thus kriging is an appropriate method for a biased and non-random sample network. The 

small number of sample points may, however, diminish the appropriateness of kriging. 

The situation is more complicated than this, for the extent to which the number of sample 

locations is considered small is related to the geographic size of the region to be sampled 

and also to the scale of spatial dependence (Myers 1991). 

Even if abundant, geographically-dispersed pollutant measurements are available and 

are representative of the actual range in concentrations, kriging still might not be an 

appropriate interpolation method. If, for example, several hundred carbon monoxide 

(CO) measurements and several hundred ozone (O3) measurements are obtained within a 

100 km" domain (i.e. the geographic scale), kriging will be more suitable for ozone 

interpolation than for CO interpolation due to differences in relative operational scale. As 

mentioned previously, operational scale is difficult to determine especially when it is 

derived from a limited number of sample points. The only way to determine operational 

scale is to acquire measurements from an extremely dense sampling network. A 

variogram could then be constructed with those measurements and the operational scale 

would simply be the one-half the variogram's range. 

In the ozone vs. CO example, kriging would certainly be an appropriate interpolation 

method for ozone. Ozone is a secondary pollutant (i.e. not emitted directly by sources) 

and its accumulation depends on emissions of precursor chemicals and interactions 

between those chemicals. Therefore, ozone has less spatial complexity and more spatial 



autocorrelation than does CO, which is a primary pollutant. The increased spatial 

autocorrelation implies that ozone's operational scale is larger than CO's operational 

scale. Consequently, a less dense grid of sample points is needed to accurately 

interpolate ozone concentrations. Based on results presented by Liu and Rossini (1996), 

ozone might have an operational scale of 15 kilometers in metropolitan areas. However, 

in this instance, kriging would greatly oversimplify the spatial pattern of a primary 

pollutant such as CO. Nitrogen dioxide (NO,), a pollutant with presumably less spatial 

complexity than that of CO, may have an operational scale smaller than 100 meters in 

urban areas (Hewitt 1991). Since motor vehicles are the primary sources of urban CO, 

the highest CO concentrations occur along roadways and at intersections. Therefore, it 

seems likely that CO's operational scale is less than 100 meters. Kriging of CO 

concentrations would not produce this grid-iron pattern of the road network and would 

result in a substantial loss of spatial information. It would be much more appropriate to 

use a regression model to estimate CO concentrations with predictor variables such as 

traffic volume levels and land use information. 

Little literature exists that describes optimal interpolation methods for air pollution 

data. Briggs et al. (1997) mention the inadequacies of simple interpolation techniques for 

creating NO, surfaces in European metropolitan areas. The European NO, study is 

unique among air pollution interpolation studies, for it initiated the use of regression-

based modeling within a geographic information system (GIS). In many metropolitan 

areas, substantial, geo-referenced, land cover, land use and emissions-related information 

is available. These data can be used as predictor variables in a regression model as 
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illustrated by Briggs et al. (1997). Primary pollutants such as carbon monoxide (CO) and 

particulate matter (PM) are related directly to pollutant emissions, thus relatively accurate 

gridded emissions estimates can be correlated with primary pollutant concentrations. 

Secondary pollutants such as ozone are more complex yet can still be related to pollutant 

emissions. Pollution measurements have a high temporal frequency (i.e. hourly or daily). 

Therefore, from a robustness perspective, multi-temporal measurements can compensate 

for a small number of point samples. Regression exploits the high frequency, multi-

temporal nature of pollution measurements. However, for it to work, some predictor 

variables (e.g., pollutant emissions) must also be temporally variant. 

Despite all of the promise of regression-based pollutant modeling, it has not received 

much attention. This is probably the result of regression's reliance on spatially 

continuous and temporally variant data to be included as potential predictor variables 

during the development of regression models. Multi-temporal gridded emissions data are 

the most desirable potential predictor information. Unfortunately, these data usually do 

not exist and are difficult to create. 

1.3 Statement of Problem 

As some metropolitan areas continue to expand, the associated increases in population 

and motor vehicle usage results in increased pollutant emissions. Increased emissions 

may lead not only to increased ambient concentrations of primary pollutants, such as 

carbon monoxide, but also may lead to increased concentrations of secondary pollutants. 

A major secondary pollutant in metropolitan areas is ozone. Compared to other 
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pollutants (i.e. carbon monoxide), ozone is a regional pollutant, thus unhealthy ozone 

concentrations may exist in areas distant from fixed site monitors. Accurate ozone 

interpolation procedures are a necessity as are proper uses of associated databases. 

A major obstacle to ozone mapping (i.e. spatial interpolation of ozone concentrations) 

is a lack of sample points as well as inadequate inventories of ozone precursor chemical 

(i.e. NO^ and VOCs) emissions. Consequently, knowledge of ambient ozone spatial 

patterns in metropolitan areas is usually poor, resulting from spatially invariant ozone 

precursor emissions inventories coupled with a typically small number of fixed site 

ambient ozone monitors. New methods and databases need to be developed to produce 

reliable ozone maps. 

In addition to establishing database development and modeling methods, the 

databases, modeling results, and empirical data need to be integrated. This integration 

allows for a substantial comprehension of the geography of ozone pollution. Resultant 

products (e.g., maps showing areas potentially in violation of the federal ozone standard) 

and conclusions are useful not only for air quality planners and policy makers but also for 

the general public. 

1.4 Overview of Tropospheric Ozone 

This dissertation is primarily intended to be a mapping-based analysis of ground-level 

ozone pollution, yet, in a way, it is also an attempt at a comprehensive investigation of an 

air pollution problem. The following sections briefly describe the characteristics of 
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tropospheric ozone as well as the history of and advances in ozone regulation and spatial 

modeling. 

1.4.1 Ozone Characteristics 

Ozone is produced through a complex series of photochemical reactions. More 

simply, ozone is formed by the oxidation of volatile organic compounds (VOCs) and in 

the presence of nitrogen oxides G^OJ and sunlight (Chameides et al. 1992). Ozone can 

be transported both regionally (Vukovitch et al. 1977, Comrie 1994) and locally (Lu and 

Turco 1996). Unlike most primary pollutants (i.e. CO), peak ozone levels can occur 

considerably downwind (i.e. > 30 km) from the initial VOC and NO^ source areas 

(Imhoff et al. 1995, Seinfeld 1989). High and low ozone concentrations can disturb 

sensitive receptors. Exposure to ozone has been shown to adversely affect humans 

(Burnett et al. 1994), crops (Lefohn and Benedict 1982), and forests (Miller et al. 1982). 

The observation and acceptance of adverse responses to ozone exposures has led to the 

federal regulation of ambient ozone concentrations. 

1.4.2 Ozone Regulation 

The recognition of increasing ozone levels and the realization of its adverse effects on 

people, materials, and vegetation initiated the establishment of an ozone air quality 

standard. The United States Environmental Protection Agency (US EPA), established 

under the Clean Air Act of 1970, created a National Ambient Air Quality Standard 

(NAAQS) for oxidants in 1971. These standards were established to protect public health 
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(i.e. most susceptible part of population) and welfare (i.e. damage to vegetation, wildlife, 

materials, etc.) from adverse effects caused by pollutant exposure. In 1979, a standard 

was created solely for ozone. The NAAQS was 0.12 ppm (parts per million) for the 1-

hour average daily maximum ozone concentration with no more than one exceedance per 

year on average (based on a three year average). This standard was found to be sensitive 

to meteorological variability, especially temperatiu-e, and thus resulted in metropolitan 

areas drifting in and out of ozone attainment status (US EPA 1997). In 1997, a new 

ozone standard was promulgated, but its final adoption depends on the outcome of current 

litigation. This new standard is a less meteorologically-sensitive 0.08 ppm for the 8-hour 

average daily maximum ozone concentration with the three year average of the fourth 

highest 8-hour average daily maximum ozone concentration not to exceed 0.08 ppm. 

Areas that exceed the standard are given nonattainment status and must submit State 

Implementation Plans (SIPs). The SIP provides for regulatory controls on specific 

sources (e.g., annual inspections of automobile tailpipe emissions) so that the NAAQS 

can be achieved and maintained. 

1.4.3 Ozone Modeling 

Beginning with the passage of the Clean Air Act Amendments of 1990, areas with 

serious nonattainment status or worse are required to use photochemical grid models, 

such as the Urban Airshed Model (UAM) or Regional Oxidant Model (ROM), in 

simulations designed to demonstrate that proposed air pollution control measures will 

bring the area into attainment (Saylor et al. 1999). As mentioned previously, the UAM is 
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a three-dimensional photochemical grid model designed to calculate the concentrations of 

both inert and chemically reactive pollutants by simulating the physical and chemical 

processes in the atmosphere that affect pollutant concentrations (Scheffe and Morris 

1993). Therefore, the UAM is a complex model that simulates ozone production, 

transport, deposition, and accumulation. It has been used to model ambient ozone 

concentrations within urban areas since the early 1970s (Schere 1988). Simulations that 

employ the UAM contain many of the components that are essential to a comprehensive 

air pollution investigation. These components include (1) emission inventories (i.e. 

spatial and temporal distributions of emissions of NO, and VOCs), (2) composition of 

emitted VOCs and NO^j, (3) spatial and temporal variations in the wind field (i.e. wind 

velocity and direction), (3) dynamics of the boundary layer, (4) chemical reactions 

involving VOCs, NO,, and other important species, (5) diumal variations in solar 

radiation and temperature, (6) loss of ozone precursors by dry deposition, and (7) ambient 

background concentrations of VOCs, NO,, and other species (Scheffe and Morris 1993). 

Even though the UAM is an invaluable planning tool for areas that are attempting to 

reach ozone attainment status, it does have three major drawbacks. First, it can only be 

used to simulate physical and chemical atmospheric processes for a specific ozone 

episode. Similar detailed results are not easily obtained for multiple episodes since each 

episode requires a substantial amount of resources (e.g., episode-specific input data). A 

lack of multi-temporal modeling results makes it difficult to conduct comparative studies. 

For example, for an airshed that shifts during a summer season from being primarily 

VOC-sensitive to NO,-sensitive, emission control measures that are decided upon based 
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on results from August simulations might actually increase ozone concentrations during 

June. Second, air pollution control agencies are usually only able to test one or two 

proposed control programs before they have exhausted their computational and personnel 

resources (Winner et al. 1995). Therefore, agencies are seldom certain that they have 

chosen optimal emission control strategies. Third, the UAM is a highly parameterized 

and complex model with predictions that are often poorly understood (Dennis et al. 

1996). 

1.4.4 Gaps in Spatial Ozone Research 

The above UAM drawbacks are indicative of the major gaps in spatial modeling of 

ozone. Little, if any, literature exists for airsheds with ozone attainment status. It appears 

that unless an airshed's ozone concentrations exceed the national standard, ozone studies 

are not necessary. Since the UAM contains nearly all components of a comprehensive 

ozone analysis, attainment and nonattainment areas should consider developing each 

component individually. These components should also be developed at a higher spatial 

resolution than that required by the UAM to facilitate visualization-driven insight and 

analysis (VDIA'^DA) while also being upwardly compatible with the UAM. Detailed 

maps (e.g., 0.5 km resolution) are much more suitable for visualization than are coarse 

maps (e.g., 2 km resolution), such as those produced by the UAM. Dennis et al. (1996) 

emphasize the importance of visualization by recommending the construction of more 

powerful analysis and visualization environments that combine GIS capabilities with 

statistical analysis and visualization techniques. 
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Ozone modeling components need to be examined in a different context. The new 

context, which is presented in this dissertation, involves close examination of each 

component (e.g., emission inventories) and then using information gained from these 

examinations to understand observed spatio-temporal variations in ozone concentrations 

within an airshed. More holistic, empirical analyses are needed to more fully understand 

ozone pollution problems. These analyses are an essential complement to UAM 

simulations. 

1.5 Purpose of Dissertation 

The purpose of this dissertation is to understand the spatio-temporal variations in 

ozone precursor chemical emissions and resultant ambient ozone concentrations within a 

region. A new comprehensive approach is used to develop a geographic model of ozone 

pollution in the region. This approach is used to examine practical issues of pollutant 

geography as well as theoretical issues of spatial interpolation and modeling. The study's 

four major goals are as follows: (1) create multi-temporal, high spatial resolution (500 

m), gridded inventories of pollutant emissions; (2) relate spatio-temporal variations in 

ozone concentrations to variations in emissions and atmospheric conditions; (3) develop 

spatio-temporal regression-based models to predict ozone concentrations and hence 

produce ozone surfaces; and (4) develop model-derived products that can assist local air 

quality managers and planners. 

The four goals highlight the dissertation's significance. Overall, this study provides 

new information to those in the geography community as well as the air pollution 
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community. This information is comprised of general theoretical and observation-based 

information, new procedures, and new products geared towards influencing air pollution 

policy decisions. More specifically, the dissertation presents extended uses of gridded 

emission inventories. These inventories are currently under-utilized by the air pollution 

modeling community. 

With respect to the first goal, the study is unique in that it integrates high spatial 

resolution satellite data in an air quality study and creates gridded, multi-temporal, 

emission inventories. The second goal involves uncovering relationships between 

emissions, atmospheric conditions, and ozone concentrations. To accomplish this goal, 

various GIS, statistical, and climatology tools are employed, thus a novel approach for 

analyzing an environmental problem is presented. The third goal involves the 

implementation of a grid-based statistical modeling technique. This technique will be 

presented as an advanced alternative to simple interpolation techniques such as IDW. 

The modeling also emphasizes the utility of gridded, multi-temporal, high spatial 

resolution, emission inventories. The fourth goal deals with creating more policy-

oriented air quality information in air pollution policy decisions. Consequently, this 

study is intended to provide air quality planners with detailed air quality information so 

that optimal policy decisions can be made in the near future. Finally, this study's 

overarching goal is to present new strategies for the analysis of air pollution that stem 

from the methodological and applications-oriented questions outlined below. 
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1.6 Research Questions 

This dissertation focuses on ozone pollution yet it also addresses other air pollutants. 

To facilitate a study of pollutants in a geographical domain, several questions need to be 

addressed. The following overall methodological question will guides the study: 

• How can pollutant concentrations be interpolated throughout a region? 

This question deals with the theoretical problems inherent in the interpolation of data 

from a small number of fixed sites. Related to the overall question are several 

subquestions. The following subquestions address methodological issues: 

• How are gridded, fme-scale multi-temporal emission inventories created? 

• How can relationships between meteorology, emissions, and ozone 

concentrations be elucidated? 

• How can spatial predictive models be developed with a limited number of 

sample points? 

Another overarching question deals with using spatially interpolated ozone values to 

address application-based issues in a region. 

• How can spatial patterns of pollutant concentrations be related to policy issues? 

The above questions are applied to ozone pollution in the Tucson region. 

Consequently, to further the understanding of Tucson's ozone problems, the following 

applications-oriented questions are addressed. 

• What are the spatio-temporal variations in pollutant emissions? 

• What are the general relationships between meteorology, emissions, and 

ozone concentrations? 
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• When do the highest ozone levels occur? 

• What causes month-to-month and diurnal changes in ozone levels? 

• Do biogenic VOC (BVOC) emissions affect ozone levels? 

• What atmospheric conditions are related to high ozone concentrations? 

• Do these conditions vary among the months? 

• Do these conditions vary from one side of the metropolitan area to the 

other? 

• What are the spatial patterns of high ozone concentrations? 

• What portions of the Tucson region might have violated the federal ozone 

standard? 

• What percentage of the region's population might have been impacted 

by unhealthy ozone levels? 

1.7 The Study Area 

The Tucson region (centered at 32.25° N latitude and -111° W longitude), as defined 

in this study, is a rectangular area that covers approximately 10,900 square kilometers 

(100 km E-W by 109 km N-S) (Figure 1.1). Elevation ranges from 600 to over 2,500 

meters above sea level (a.s.l.), with peaks in the Santa Catalina, Rincon, and Santa Rita 

Mountains to the nonh, east, and south of the city, respectively (Figure 1). The Tucson 

region includes the Tucson metropolitan area as well as the surrounding desert, 

agricultural, and mountainous areas. The region's airshed, being relatively isolated from 

other airsheds, such as Phoenix and Los Angeles, is an excellent air pollution study area. 
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Figure 1.1. False color composite of 1993 LANDSAT Thematic Mapper data showing the 
Tucson region including the City of Tucson and nearby mountains. 
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Therefore, compared to metropolitan areas in the northeastern U.S. (i.e. Baltimore and 

Philadelphia) that are impacted by regional air pollutants, secondary pollutant 

concentrations (e.g., ozone) in the Tucson region are more directly related to local 

emissions. 

Most of the region's pollutants are emitted from motor vehicles (PDEQ 1997a). As 

Tucson's population increases, mostly at the urban-rural fringe, so does its motor vehicle 

usage. Over the past thirty years, the region's population has exploded from over 320,000 

to over 800,000 people (PAG 1997). From 1960 to the present, the region's average daily 

vehicle miles traveled (VMT) have increased from over 1 million to over 20 million 

(PAG 1998). Currently, over 36,000 tons and 45,000 tons of NO, and VOCs, 

respectively, are emitted daily from motor vehicles (PDEQ 1997a). As mentioned 

previously, these pollutants are important ozone precursor chemicals. 

1.8 Sections of Dissertation 

This dissertation is a geographical analysis of ozone pollution in the Tucson region. 

Ozone is the pollutant of interest in this dissertation, for Tucson is on the brink of 

violating the federal ozone standard. In the near future, with increased motor vehicle 

emissions and a possible coincidence of atmospheric conditions that are extremely 

conducive to ozone accumulation, Tucson might exceed the standard and lose its ozone 

attainment status. 

Many tools of geography's subdisciplines (i.e. remote sensing, GIS, and climatology) 

are employed en route to estimating spatial patterns of ozone levels. Information 



presented in each chapter depends partially or wholly on results presented in the previous 

chapter(s). For example, detailed emissions information is needed when attempting to 

understand the relationships between ozone concentrations, emissions, and climatology, 

while emissions, ozone, and climatological information is needed to develop spatio-

temporal regression-based models. 

Four, research-related chapters constitute the bulk of the dissertation. These chapters 

are stand-alone sections which are written as journal articles; consequently, links between 

the chapters will not be stated explicitly within them. Chapters 2, 3, 4, and 5 will be 

submitted to the following journals, respectively: Journal of the Air and Waste 

Management Association, Journal of the Air and Waste Management Association, 

Physical Geography, and International Journal of Geographic Information Science. 

Chapters 2 and 3 describe the development of gridded anthropogenic and biogenic 

emissions inventories, respectively, and provide information concerning spatio-temporal 

variations in VOC and NO^ emissions as well as the relative importance of various 

emission sources. Chapter 4 provides a detailed, graphically-driven examination of 

ozone's complex spatio-temporal behavior using the emissions data provided in Chapters 

2 and 3 as well as ozone and climatological data. Chapter 5 describes the development of 

pooled, cross-sectional, time series, multiple linear regression, ozone models as well as 

the employment of the models in air quality policy matters. This modeling depends on 

the emissions data and relationships described in the Chapters 2, 3, and 4. Finally, 

Chapter 6 summarizes the study, especially the linkages between the chapters. This final 



chapter also examines future research directions and the overall importance and 

geographic transferability of such a study. 
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CHAPTER 2: DEVELOPMENT OF A GRIDDED, MULTI-TEMPORAL 

ANTHROPOGENIC EMISSIONS INVENTORY USING GIS 

2.1 Introduction 

Emissions inventories (Els) are databases of atmospheric pollutant emissions for 

selected regions. These inventories can be used to assess global scale problems (e.g.. 

global warming) as well as local scale problems (e.g., urban air pollution). Hence, Els 

can range in spatial and temporal complexity from annual emissions at the national scale 

to hourly emissions for thousands of cells within an urban area. 

Two main methodologies used to develop Els are the "top-down" and "bottom-up" 

approach. The "top-down" approach yields sub-regional emissions estimates by 

modifying regional estimates typically with surrogate statistics (e.g., population, land use. 

etc.). It assumes that the emission pattern is highly correlated with the pattern of a 

particular surrogate. Developing Els with the "bottom-up" approach depends on local 

datasets (e.g., local motor vehicle fleet, usage, and emission factor data) to estimate 

emissions from various pollutant sources. An emissions area is divided into grid cells or 

administrative units and separate inventories are created for each sub-unit (Orthofer and 

Winiwarter 1998). Sub-unit emissions are estimated by summing emissions that have 

been estimated at an even finer scale. The "top-down" approach is easier to perform and 

less expensive with respect to time and resources (Lindley 1996); however, the "bottom-

up" approach provides a better representation of emissions estimates for a particular area 

(Lindley 1996). Resulting from variations in data availability, many Els are created with 
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a combination of both methods (Oithofer and Winiwarter 1998). A major purpose of this 

paper is to describe the employment of the above approaches within a geographic 

information system (GIS) during the development of an EI for the Tucson, Arizona 

region. 

A GIS, which is a system for storing, organizing, and manipulating, and analyzing 

digital spatial data within a computer, allows the "bottom-up" method to be performed 

relatively easily with spatially resolved emissions estimates, either at the administrative 

unit or gridded level. Even without actual geographical and use information for a 

specific emissions source, which renders the "bottom-up" method useless, GIS is still a 

useful tool. Region-wide emissions, which might be estimated with region-wide source 

activity information (e.g., total lawn and garden equipment use based on surveys and 

housing information), can be allocated via the "top-down" method among hundreds to 

thousands of grid cells based on estimated activity in each cell. 

EI development is taken to another level when working with spatial data. In contrast 

to estimating region-wide emissions based on nation-wide emissions, spatial 

disaggregation of emissions data within a GIS can occur at a relatively fine spatial scale 

(e.g., hundreds of meters). Emissions information can be stored as attributes in both 

vector (i.e. points, lines, and polygons) and raster (i.e. grid cells) data models. Updated 

emissions data can then be automatically distributed among the various feature types (i.e. 

points, lines, polygons, and grid cells), which usually have a higher spatial resolution 

than that of the eventual gridded product. 
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The ability to produce gridded emissions estimates is important from an air quality 

management perspective, for the passage of the Clean Air Act Amendments of 1990 has 

required many urban areas to develop gridded Els. The amendments required that 

photochemical grid models, of which a major input are gridded Els, be used to 

demonstrate that candidate emissions control strategies will provide desired reductions in 

ambient pollutant concentrations (Hanna et al. 1998). When used to model ambient 

concentrations of a pollutant such as surface-level ozone, anthropogenic Els contain 

gridded estimates of volatile organic compounds (VOCs) and nitrogen oxides (NOx) 

emissions from mobile, area, and point/stationary sources at relatively coarse spatial 

resolutions (e.g., 2 km) yet relatively fine temporal resolutions (e.g., hourly). 

The characteristics of gridded Els vary depending on whether or not they will be used 

in mechanistic modeling applications. For most photochemical modeling applications, 

VOCs must be speciated or placed into carbon-bond classes. Some inventories, such as 

the inventory created for the Southern California Air Quality Study (SCAQS), contain 

emissions from nearly one thousand source types with VOC emissions broken down into 

several hundred chemical species (Harley et al. 1993). The detail of inventories varies 

between modeling domains not only due to emissions information but also due to 

intended purposes. Extremely temporally and chemically detailed inventories are 

necessary for regulatory modeling- Gridded Els can also be used in less rigorous, spatial 

overlay analyses such as the siting of pollution monitors in heavy emissions areas and 

sensitive facilities (e.g., hospitals) in light emissions areas. When inventories are both 

spatial and multi-temporal, the dynamic spatio-temporal nature of the emissions 
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landscape can be visualized; consequently, the "where" and "when" of emissions of 

emissions can be understood more fully. 

Whether an EI is created with either the "top-down" or "bottom-up" method for any 

spatial scale (i.e. national, regional, or local), accuracy is an essential attribute. With 

respect to ozone modeling at the local scale, accuracy is extremely important, for, if the 

estimated base emissions are erroneous, the simulated response of ozone concentrations 

to emission controls will also be erroneous (Schere 1988. Pryor 1998). Several studies 

note that VOCs tend to be significantly underestimated in inventories, especially those 

that employ the "top-down" method (Chang et al. 1992, Harley et al. 1993, Winner et al. 

1995). For example, it has been found that actual VOC emissions from mobile sources in 

Los Angeles are two to three times higher than the mobile VOC emissions present in the 

official State of California EI (Winner et al. 1995). Measurements of ambient pollutant 

concentrations in roadway tunnels have been used to quantify the differences between 

modeled and actual mobile emissions with the differences usually attributed to large 

emissions from a small nimiber of vehicles (Chang et al. 1992, Harley et al. 1993). In 

addition to underestimates of mobile VOC emissions, the omission of many fiigitive 

VOC sources also contributes to underestimates of point and area VOC emissions (Chang 

ei al. 1992). Coupled with inaccurate VOC emissions estimates are uncertainties 

associated with NO* emissions. However, NOx emissions estimates are usually more 

accurate than VOC emissions estimates (Sillman 1999). No matter how detailed and 

complex the methodology used to create an EI, inaccuracies are inevitable due to the use 

of proxy variables and the modeled estimates. 
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2.1.1 Aims and Objectives 

GIS is used commonly to produce Els; however, there is a scarcity of published 

methodologies that discuss the development of Els within a GIS for US areas, especially 

the western US. Els are needed for examinations of both local and global atmospheric 

chemical issues thus the documentation of methods used to produce accurate and useful 

Els within a GIS is required. Therefore, the aims of this paper are (1) to describe a 

predominantly "bottom-up", GIS-driven method used to produce a gridded, multi-

temporal, inventory of anthropogenic VOC and NO* emissions within the Tucson, 

Arizona region as well as other urbanized areas, (2) to determine and explain the spatio-

temporal variations in VOC and NOx emissions, and (3) to discuss the potential errors of 

GIS-driven Els. 

This paper's major objective is to produce a relatively high spatial resolution (500 m) 

database that contains month-specific daily emissions estimates from mobile, area, and 

point sources for both weekdays and weekends during the mid- to late 1990s (i.e. 1995 to 

1998). The inventory's resolution is high compared to most other atmospheric pollutant 

emissions inventories, which have resolutions ranging from 1 km to 2 km when used for 

modeling purposes. The inventory is designed to not only be upwardly compatible with 

the Urban Airshed Model (UAM), a photochemical grid model used to simulate 

processes driving tropospheric ozone production, transport, deposition, destruction, and 

accumulation but also to be used for visualization, ennpirical analyses, and statistical 

modeling. 
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2.2 Data 

Data used in the inventory development process consist of both emissions-related and 

spatial information. The emissions-related data consist either of actual emissions 

estimates or emissions factors while the spatial data are need to spatially allocate not only 

allocate emissions estimates but also to calculate estimates in some instances. 

2.2.1 Emissions-Related Data 

The emissions-related data are acquired from county, state, and national agencies as 

well as a university-affiliated research unit and private consulting firms. The following 

data are obtained from Pima Department of Environment Quality (PDEQ) for Pima 

County: 1995 county-level, anthropogenic pollutant emissions estimates (PDEQ 1997a); 

1995/1996 sector-specific residential wood burning estimates (PDEQ 1997b); 1995 

county-level, railroad and railyard activity emissions estimates (PDEQ 1995); and vehicle 

fleet distribution information. Dwelling unit and population projections for Pima 

County's traffic analysis zones (TAZs) are provided by Pima Association of Governments 

(PAG). Month-specific, daily weekday and weekend traffic counts for selected Pima 

County roads are obtained fi-om Pima County Department of Transportation (PCDOT). 

1994 county-level, anthropogenic pollutant emissions estimates for Maricopa County are 

provided by Maricopa Association of Governments (MAG). Month-specific, daily 

weekday and weekend traffic counts for selected Pima County roads are obtained from 

the Pima County Department of Transportation (PCDOT) while estimates of percentages 

of heavy-duty diesel vehicles on the Tucson portion of Interstate 10 are provided by the 
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Arizona Department of Transportation (ADOT). Daily temperature data for Tucson 

International Airport from 1995 to 1998 are obtained from the National Climatic Data 

Center (NCDC). Monthly values of new authorized housing units in the Phoenix and 

Tucson metropolitan areas are provided by the Karl Eller Graduate School of 

iManagement at The University of Arizona (KEGSM 1995a,b. 1997). Finally, 1996 lawn 

information for Maricopa County and national per-capita solvent use factors are obtained 

from Sonoma Technology, Inc. and Eastern Research Group, respectively. 

2.2.2 Spatial Data 

E-xcept for the aerial photographs and topographic maps, all of the data described 

below are georeferenced (UTM coordinate system with Clarke 1866 Spheroid and 

N AD27 Datum) and digital. The following data are provided by PCDOT for Pima 

County; 1990 street network; 1996 Pima County rail network; 1997 traffic analysis zones 

(TAZs). A 1993-1998 gridded land cover database for the Tucson region and a 1998 

major street network database for Pima County that contains 1998 traffic speed and 

volume estimates as well as actual traffic data from 1996 to 1998 are obtained from Pima 

Association of Governments (PAG) for Pima County. 1996 gas station and county-

permitted point source databases for Pima County are obtained from Pima Department of 

Environmental Quality (PDEQ). A 1990/1995 land use database for Pima County is 

provided by the School of Renewable Natural Resources at The University of Arizona. 

Finally, 1996/1997 aerial photographs (1:14,400 scale) ofTucson metropolitan area and 
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7.5 minute topographic quadrangles (1:24,000 scale) for the Tucson region are obtained 

from Landiscor, Inc. and the United States Geological Survey (USGS), respectively. 

2.3 Methods 

The gridded, multi-temporal, anthropogenic EI is developed primarily by spatially 

allocating annual emissions estimates from a 1995 EI for Pima County (PDEQ 1997a) 

which contains only county-wide emissions estimates. Rigorous methodologies have 

been used to calculate emissions estimates for various sources (e.g., fuel combustion, 

petroleum transfer and storage, etc.) in the county EI. The "top-down" method is used to 

allocate these emissions estimates among appropriate grid cells. Other emissions 

estimates have either been modified from other region's inventories or have been 

generated specifically for the gridded EI. Nearly all emissions are calculated for points, 

line segments, and polygons before being aggregated up to the 500 m grid cell level. 

Multi-temporal emissions have been generated by time-specific model runs, the 

application of temporal allocation factors (TAFs), or both. 

The following sections describe the methods used to develop the gridded EI. Spatial 

data are stored and manipulated within a GIS. Most GIS operations involve the spatial 

allocation of emissions from specific mobile, area, and point sources. A summary of the 

various emissions sources and associated data sources are listed in Table 2.1. 



Tabic 2.1. Lisl of emissions soiivccs and associated data sources. 

EMISSIONS SPATIAL 

EMISSIONS DATA DATA FEATURE 

SYMBOL SOURCE SOURCE SOURCE TYPE DATE RESOLUTION PROVIDER 

AC Aircraft PDEQ Aerial ptiotographs NA 1996 1:14400 Landiscor Inc. 

AGA Agricultural Activities PDEQ Digital land cover 

classification 

Grid 1998 30 m SMOGMAP 

AGE Agricultural Equipment MAG Digital land cover 

classification 

Grid 1998 30 m SMOGMAP 

AIRDEF Aircraft Manufacturing 

and Defense 
PDEQ Point Coverage of county-

permitted facilities 

Point 1996 1:24000 PDEQ 

AC Aircraft PDEQ Aerial photographs NA 1996 1:14400 Landiscor Inc. 

ASARCO ASARCO PDEQ Aerial photographs NA 1996 1:14400 Landiscor Inc. 

AZPORT Arizona-Portland Cement ADEQ Aerial photographs NA 1996 1:14400 Landiscor Inc. 

AZPUB Arizona Public Service 

Power Plant 

ADEQ Aerial photographs NA 1996 1:14400 Landiscor Inc. 

8102 Biosphere2 Center ADEQ Aerial photographs NA 1996 1:14400 Landiscor Inc. 

C Commercial Fuel 

Combustion 

PDEQ Digital land use map Polygon 1990; 

1995 

1:3000 Uof A(RNR) 

CBA Cutback Asphalt PDEQ Digital street network 

(all streets) 

Line 1990 1:12000 PCDOT 

CE Commercial Equipment MAG Digital land use map Polygon 1990; 

1995 

1:3000 U of A (RNR) 

CONSTR Construction MAG, PDEQ Aerial photographs NA 1996 1:14400 Landiscor Inc. 

CYP Cyprus Sierrita Mine ADEQ Aerial photographs NA 1996 1:14400 Landiscor Inc. 

DM Davis-Monthan ARB 

(non-aircraft) 

PDEQ Point Coverage of county-

permitted facilities 

Point 1996 1:24000 PDEQ 



i'ablc 2.1. (continued) 

EMISSIONS SPATIAL 

SYMPOL 

EMISSIONS 

SOURCE 

DATA 

SOURCE 
DATA 

SOURCE 

FEATURE 

TYPE DATE RESOLUTION PROVIDER 

GAS 

I 

IE 

LG 

MHA 

MISC 

Forest Management PDEQ 

Service Stations 

Industrial Fuel 

Combustion 

Industrial Equipment 

Lawn and Garden 

Equipment 

Municipal/Hospitals/ 

Airports 

Miscellaneous 

ORGSOLV Consumer Organic 
Solvent Use 

ORV On-Road Vehicles 

PDEQ 

PDEQ 

MAG 

MAG 

PDEQ 

PDEQ 

ERG 

Digital land cover 

classification 

Point coverage 

Digital land use map 

Digital land use map 

Digital land cover 

Point coverage of county-

permitted facilities 

Aerial photographs 
Digital land use map 

Traffic analysis zones 

EPA, PAG, PDEQ Digital street network 

(all streets) 
Digital street network 
(major streets) 

Grid 

Point 

Polygon 

Polygon 

Grid 

Point 

NA 
Polygon 

Polygon 

Line 

Line 

1998 30 m 

1996 

1990; 

1995 

1990; 

1995 

1998 

1:24000 

1:3000 

1:3000 

30 m 

1996 1:24000 

1996 1:14400 
1990; 1:3000 
1995 

1992 1:100000 

1990 1:12000 

1998 1:12000 

SMOGMAP 

PDEQ 

Uof A(RNR) 

U of A (RNR) 

SMOGMAP 

PDEQ 

Landiscor Inc. 
Uof A (RNR) 

PAG. PCDOT 

PCDOT 

PAG 

4:>. 
00 



Tabic 2.1. (continued) 

EMISSIONS SPATIAL 

EMISSIONS DATA DATA FEATURE 

SYMBOL SOURCE SOURCE SOURCE TYPE DATE RESOLUTION PROVIDER 

PET Petroleum Storage 

and Transfer 

PDEO Point coverage of county 

permitted facilities 

Point 1996 1:24000 PDEQ 

RESNG Residential Natural 

Combustion 

PDEQ Digital land use map Polygon 1990; 

1995 

1:3000 Uof A(RNR) 

RESWD Residential Wood 

Combustion 

PDEO Digital land use map Polygon 1990; 

1995 

1:3000 Uof A(RNR) 

RL Rail Lines PDEQ Digital rail line network Line 1992 1:24000 PCDOT 

RY Railyard PDEQ Aerial photographs NA 1996 1:14400 Landiscor Inc. 

SMSMELT BHP Copper Mine 

(San Manuel) 

ADEQ Aerial photographs NA 1996 1:14400 Landiscor Inc. 

TEP TEP Irvington 

Power Plant 

ADEQ Aerial 

photographs 
NA 1996 1:14400 Landiscor Inc. 

TUCNEWS Tucson Newspapers PDEQ Point coverage of county-

permitted facilities 

Point 1996 1:24000 PDEQ 

UNCLASS PDEO Industrial/ 

Commercial Permits 

PDEQ Point coverage of county 

permitted facilities 

Point 1996 1:24000 PDEQ 

URBPEST Urban Pesticide Use ERG Traffic analysis zones Polygon 1992 1:100000 PAG. PCDOT 

WF Wildfires PDEQ Digital land cover 

classification 

Grid 1998 30 m SMOGMAP 

NA = not applicable 

•ji. 
vO 
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2.3.1 Mobile Source Emissions 

Within this inventory, mobile sources include on-road vehicles, trains, and aircraft. 

Another mobile source, non-road vehicles (i.e. lawn and garden, construction, industrial, 

commercial, and agricultural equipment) can also be considered area sources since 

specific geographical information is not known for these sources. Non-road vehicles are 

treated as area sources and are described in Section 2.4.2.1. 

2.3.1.1 On-Road Vehicles 

Spatial databases of on-road vehicle emissions (ORV) are created via both the 

"bottom-up" and "top-down" methods with output from TRANPLAN, a transponation 

planning model, and Mobile 5a, a mobile emissions model. The TRANPLAN database 

contains traffic volume and speeds for major road segments (i.e. interstates and primary 

arteries) in Pima County. This traffic information is neither month- nor season-specific. 

It is only representative of a typical day. Mobile 5a is used to calculate daily VOC and 

NOx emission factors (g/mile) for each segmert based on vehicle speed, vehicle mix (i.e. 

proportion of vehicles in each vehicle class), and daily vehicle miles traveled (VMT). 

On-road vehicle emissions for major streets are calculated at the segment level and then 

aggregated to the grid cell level. Minor road segments (i.e. residential streets) are not 

included in the TRANPLAN database. Consequently, residential on-road vehicle 

emissions are determined from the TRANPLAN database and allocated among the cells 

based on road density. 
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VOC and NOx emission factors for 1996 are calculated for each major road segment 

based on tv'pical monthly temperatures (average daily, daily minimum, and daily 

maximum), vehicle speed, estimated Reid vapor pressures based on the average of high 

and low altitude Reid vapor pressures, vehicle fleet distribution, and fuel type. 

Therefore, month-specific, and vehicle class-specific emission factors for speeds from 5 

to 60 mph (~8 to 96 km h"') at 5 mph (~8 km h"') increments are calculated within 

Mobile5a. The eight vehicle classes and their relative proportions of the total vehicle 

population are listed in Table 2.2. The month-specific emission factors are also 

influenced by the use of oxygenated fuels during the winter months (October through 

March) and non-oxygenated fuels during the summer months (April through September). 

-Month-specific temperature values are listed in Table 2.3. Segment-specific daily 

emissions estimates are calculated by multiplying VMT by the appropriate composite 

emission factor (i.e. weighted average of the factors for the seven vehicle classes) to yield 

the daily emissions total. 

Interstate highway emission totals are adjusted by using different vehicle proportions 

(i.e. larger proportion of heavy-duty diesel vehicles (HDDVs) for highway segments. 

According to ADOT, 30% of the vehicles on Tucson's interstate highways are HDDVs. 

The remaining 70% is the same vehicle mix as the rest of the region. Tucson's typical 

vehicle fleet distribution is approximately 64% light-duty gas vehicles, 26% light-duty 

gas trucks, 4% heavy-duty gas vehicles, and 6% heavy-duty diesel vehicles. Using the 

adjusted fleet distribution, the same procedures used to yield VOC and NOx emissions 

estimate for non-highway segments are used for the highway segments. Emissions 
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Table 2.2. Occurrence of the eight vehicle classes on non-highway and highway roads in 

Pima County. 

Vehicle Class Description 
Non-highway 

(%) 
Highway 

(%) 

HDDV Heavy-duty diesel vehicles 6.1 30.0 

HDGV Heavy-duty gasoline vehicles 3.6 2.7 

LDDT Light-duty diesel trucks 0.1 0.1 

LDDV Light-duty diesel vehicles 0.3 0.2 

LDGT1 Light-duty gasoline trucks (1) 17.4 13.0 

LDGT2 Light-duty gasoline trucks (2) 8.5 6.3 

LDGV Light-duty gasoline vehicles 63.6 47.4 

MC Motorcycles 0.4 0.3 



Table 2.3. Month-specific temperatures and traffic volume factors. 

Month 

Daily Maximum 

Temperature (°C) 

Daily Minimum 

Temperature (°C) 

Average Daily 

Temperature (°C) 

Traffic Volume 

Factor 

January 19.0 4.3 11.6 0.991 

February 20.3 6.3 13.3 1.037 

March 24.2 8.2 16.2 1.070 

April 26.9 9.9 18.8 1.048 

May 32.8 15.7 24.9 1.010 

June 37.8 19.8 29.3 0.982 

July 38.2 23.9 31.1 0.948 

August 36.9 23.6 29.8 0.966 

September 33.3 20.7 27.6 0.961 

October 29.6 13.3 20.4 0.992 

November 24.3 8.6 16.4 0.986 

December 18.6 3.8 11.2 1.012 
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within each'grid cell are calculated by summing all segment-specific emissions within 

each cell. 

The above emissions estimates do not include emissions from residential traffic (i.e. 

traffic occurring on minor arteries). Residential VMT is assumed to be 15% of the 

TRANPLAN coverage's total VMT (i.e. \^T on major streets). Therefore, the total 

VMT from traffic on residential (i.e. minor) streets is approximately 3 million miles. In 

addition, the speed of traffic on residential streets is assumed to be 15 mph (=s24 km h '). 

Total residential mobile emissions are calculated by multiplying the residential VMT by 

month-specific emission factors that are based on a typical vehicle fleet distribution 

moving at 15 mph (*24 km h"'). 

Using a gridded database containing total road length per grid cell, residential mobile 

emissions are allocated among the grid cells based on the proportion of total road length 

in each cell. Finally, the TRANPLAN-derived and residential mobile emissions 

estimates are summed for each cell to create a total daily mobile emissions estimate for 

each month. Emissions within each grid cell are calculated by summing all segment-

specific emissions and residential emissions within each cell. Since monthly variations in 

V.MT are not incorporated into the TRANPLAN database, the month-specific emissions 

databases are further refined by adjusting the month-specific emissions with the average 

daily traffic volume data for each month (Table 2.3) 
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2.3.1.2 Other Mobile Sources 

County-wide annual rail line (RL) and railyard (RY) emissions estimates are reported 

in a Pima County railroad EI (PDEQ 1995) while cumulative annual aircraft (AC) 

emissions are obtained from the comprehensive county EI (PDEQ 1997a). These 

estimates are distributed among the grid cells based on the proportion of total rail length, 

railyard area, and runway length, respectively, in each cell. Total rail length is calculated 

from the Pima County rail network digital database, the spatial extent of the railyard is 

determined from 1996 aerial photographs, and runways for the three major airports 

(Tucson International Airport, Davis-Monthan Air Force Base, and Ryan Field) are 

located with aerial photographs and 7.5 minute topographic quadrangles. Each airport's 

emissions are treated separately since there are substantial differences in aircraft and 

resultant emissions between the three airports. 

2.3.2 Area Source Emissions 

Area source emissions include those emissions, which cannot be estimated feasibly 

for specific grid cells. Therefore, "top-down" methods with their associated indicators 

are used to spatially allocate area source emissions. Area source emissions are 

distributed among the grid cells based on proxy variables. These indicators include land 

use. land cover, source activity level, population, and dwelling unit information. Within 

the gridded inventory, the area sources include residential activities, construction 

activities, industrial and commercial operations, agricultural operations, and 

miscellaneous fires. 
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Non-road vehicles can be major pollutant sources. These sources include vehicles 

involved in the above activities and operations. Reliable, local, emissions-related 

information does not exist for non-road vehicles in the Tucson region. Consequently, 

annual VOC and NOx emissions in the Tucson region are calculated by adjusting annual 

emissions estimates for lawn and garden equipment (LG), construction equipment 

(CONSTR), industrial equipment (IE), light commercial equipment (CE), and agricultural 

equipment (AGE) in the Phoenix, AZ area. Phoenix's annual non-road emissions have 

been estimated with national emission factors (EPA 1992) and the "top-down" approach 

(MAG 1997). Tucson's emissions are estimated by adjusting Phoenix's emissions totals 

based on population, percentage of homes with lawns, new housing construction, and 

agricultural area. It is reasonable to treat Tucson and Phoenix as similar since the two 

cities separated by less than 200 km and they have similar climates and settlement 

patterns. The two cities differ substantially in size, for Phoenix area's population total 

(-2.4 million) is three times that of the Tucson area (-760.000). 

2.3.2.1 Residential Activities 

Residential activities include lawn and garden equipment use (LG), residential wood 

combustion (RESWD), residential natural gas combustion (RESNG), consumer organic 

solvent use (ORGSOLV), urban pesticide use (URBPEST), and the cutting back of road 

asphalt (CBA). It has been estimated that 70% of Phoenix homes might be subjected to 

regular lawn and garden equipment use (i.e. they have grass lawns). These homes' yards 

are either flood-irrigated or sprinkler-watered while the remaining 30% have xeric 
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landscaping*(assumed to not have regular lawn and garden equipment use) (Chinkin et al. 

1996). 

The percentage of homes with lawns in Tucson is determined from a land cover 

database, (SMOGMAP17) which is described in detail in Chapter 3. Within the 

urbanized portion of the region, approximately 50% of the residential land use area is 

covered with either moderately or highly vegetated residences. It is hypothesized that 

most of these residences have lawns. As a conservative measure, the 50% value is 

reduced to 40%. Thus, for the purposes of this study, approximately 40% of Tucson's 

residences have lawTis. Tucson's 1995 population was 31% of Phoenix's population while 

Tucson's lawn percentage is 57% of Phoenix's lawn percentage. Thus these two factors, 

population and lawn percentage, are used to calculate Tucson's annual lawn and garden 

equipment emissions from Phoenix's totals. The equation is as follows: 

LGT ucson (0.31) * (0.57 LGphoen.x) 

Consequently, Tucson's lawn and garden equipment emissions are approximately 18% of 

Phoenix's emissions. These emissions are only allocated to grid cells with "potential" 

lawns (i.e. residential areas). Among the cells with potential lawns, the emissions are 

allocated based on the proportion of the number of dwelling units per grid cell. 

Residential wood combustion emissions are spatially allocated based on the number 

dwelling units in the different parts of the region (i.e. Northwest, Central, South, and 

East). Sector-specific residential wood combustion data are obtained from a 

supplementary EI for Pima County that deals specifically with residential wood burning 

(PDEQ 1997b). Each cell is associated with one of the sectors; consequently, emissions 
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from each sector are allocated only among the cells within that sector. Similar to the 

wood combustion emissions, residential natural gas combustion emissions (RESNG) are 

allocated among the grid cells based on the proportion of total dwelling units in each cell. 

The emissions reported in the 1995 Pima County EI (PDEQ 1997a) are projected to 

represent 1998 emissions. 

VOC emissions from consumer organic solvent use and urban pesticide use are 

calculated by multiplying a per-capita emission value by the estimated number of people, 

in 1998, in each grid cell. The per capita annual consumer organic solvent and urban 

pesticide VOC emissions estimates are 3.342 kg yr*'and 0.217 kg yr''. respectively. 

These estimates are obtained from the Eastern Research Group. VOC emissions from 

cutback asphalt, which are obtained from the 1995 Pima County EI (PDEQ 1997a), are 

allocated among the grid cells based on the proportion of total road length in each. 

2.3.2.2 Construction Activities 

By comparing monthly totals of authorized new housing units, it is determined thai 

Phoenix has six times more housing construction activity than does Tucson (KEGSM 

1995a,b, 1997). Thus, Phoenix's construction emissions are multiplied by 0.17 to yield 

estimates of Tucson's construction emissions. Using aerial photographs from 1996, 

construction areas in the Tucson region are located and construction activity levels are 

estimated based on the number of hectares of disturbed soil. These activity levels are 

then represented by points, mostly in northwestern Tucson. By adding a uniform and 

dense network of points containing activity levels of zero, a simple interpolation 



59 

technique, inverse distance weighting (IDW), is used to create a construction activity 

surface. Mining, urbanized, and mountainous areas are "masked" out before the 

interpolation is performed, thus, these areas are assumed to have little to no construction 

activity. This construction activity surface allows for temporal variations in construction 

activity to be accounted for (the aerial photographs are taken in June of 1996) since it 

assigned many grid cells non-zero activity values while also placing the highest values in 

northwestern Tucson, the region's construction "hot spot." Consequently, this 

construction activity surface represents potential construction areas for the late 1990s, 

based on a June 1996 snapshot, as opposed to actual construction areas. 

If the construction database were to only contain actual construction activity 

information for a certain time period, its multi-temporal utility would be jeopardized 

greatly. The potential construction activity surface shows which parts of the region are 

most likely to have construction activity, thus it is more generalized and can be applied to 

se\'eral years. Using the potential construction activity surface, emissions from 

construction equipment (CONSTR) are allocated among the grid cells based on the 

proportion of total construction activity in each cell. 

2.3.2.3 Industrial and Commercial Operations 

Industrial and commercial operations include industrial equipment use (IE), 

commercial equipment use (CE), industrial fuel combustion (I), and commercial fuel 

combustion (C). Tucson's emissions from industrial equipment (IE) and commercial 

equipment (CE) are estimated by multiplying Phoenix's emissions by 0.31. the ratio of 
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the Tucson region's population to the Phoenix area's population, to yield Tucson's 

emissions. Thus, this procedure assumes that industrial and commercial activity is 

proportional to population totals. The Tucson region's industrial and commercial 

emissions, which also includes industrial (I) and commercial (C) fuel combustion 

emissions obtained from 1995 Pima County EI (PDEQ 1997a), are proportionately 

distributed among cells based on the total amoimt of industrial and commercial land use. 

respectively, in each cell. 

2.3.2.4 Agricultural Operations 

Agricultural equipment use (AGE) and other agricultural activities (AGA) comprise 

agricultural operations. It has been estimated that agricultural equipment traverses 

approximately 1,005 km" of the Phoenix area (Chinkin et al. 1996). Likewise, from the 

SMOGMAP17 land cover database, it is determined that 123 km" in the Tucson Region 

is affected by agricultural equipment (i.e. equipment associated with row crops). Thus. 

Phoenix's agricultural equipment (AGE) emissions are multiplied by 0.12, the ratio of 

Tucson to Phoenix's row crop area, to yield Tucson's emissions estimate. These 

emissions and emissions from agricultural activities (AGA) (i.e. waste burning and 

pesticide use) are distributed evenly among all agricultural cells. 

2.3.2.5 Fires 

Fires include non-agricultural fires such as wildfires (WF), forest management fires 

(F), and miscellaneous fires (MISC). Classes 1 through 4 in the SMOGMAP17 land 



cover database are considered to be potential wildfire areas while classes 13 through 16 

are treated as forest management areas. Consequently, wildfire emissions are allocated 

among cells in classes 1 through 4 and forest management emissions are allocated amons 

cells in classes 13 through 16. Miscellaneous fire emissions, which include emissions 

from other waste burning, structure fires, incinerators, and vehicle fires distributed amon; 

areas of built-up land within each grid cell. Built-up land uses include commercial land, 

industrial land, malls, mines, schools, major roadways, railway yards, and airports. 

2.3.3 Point Source Emissions 

The Tucson region's point source emissions are acquired from the Pima Department 

of Environmental Quality (PDEQ), the Arizona Department of Environmental Quality 

(ADEQ), and the US Environmental Protection Agency (EPA) and added to the EI with 

the "bottom-up" method. These point sources are the major point sources in the region 

and are mostly either state- or county-permitted facilities. County-permitted facilities are 

kept as distinct sources (i.e. an attribute in the gridded inventory) if they have substantial 

annual emissions; otherwise, similar facilities are lumped into a single source category-

based on similarities in facility type or operating schedules. Emissions and spatial data 

sources are listed in Table 2.1. 

2.3.3.1 Major Industrial Operations 

Major industrial operations include cement production, large mines, newspaper 

production, defense-related and aircraft manufacturing, and gas stations. The Arizona-



62 

Portland Cement plant (AZPORT), the Cyprus-Sierrita Corporation's (CYP) open mining 

pits and mills, the BHP-San Manuel smelter (SMSMELT), and ASARCO Incorporated's 

(ASARCO) mining areas are identified on aerial photographs and USGS 7.5 minute 

topographic quadrangles; subsequently, emissions from these permitted sources are 

allocated to the appropriate grid cells. VOC emissions from Tucson Newspapers facility 

(TUCNEWS), various petroleum transfer and storage facilities (PET), and defense-

related/aircraft manufacturing facilities (AIRDEF) are allocated to the facilities' grid 

cells. Gas station emissions (GAS), which are reported in the county EI (PDEQ 1997a), 

are allocated among the grid cells based on station frequency. 

2.3.3.2 Minor Industrial and Commercial Operations 

Emissions from the low-emitting, county-permitted facilities in Pima County and 

emissions from the Biosphere 2 facility, which is located in Pinal rather than Pima 

County, are allocated to each facility's grid cell. 

2.3.3.3 Public Utilities, Related Public Infrastructures, and IVIilitar\' Operations 

These facilities include electrical generating plants, municipal facilities (e.g., sewage 

treatment, water treatment, etc.), hospitals, airports, and a military base. The Tucson 

Electric Power (TEP) and Arizona Public Service (AZPUB) electrical generating 

facilities are identified on aerial photographs and USGS 7.5 minute topographic 

quadrangles. Emissions from these state-permitted sources are allocated to the 

appropriate grid cells. Emissions from county-permitted sources such as municipal 



facilities, hospitals, and airports (MHA) as well as the Davis-Monthan Air Force Base 

(DM) are allocated to the appropriate cells based on location information provided by 

Pima County. 

2.3.4 Temporal Allocation of Annual Emissions 

Armual emissions are converted to monthly emissions and daily emissions with the 

aid of temporal allocation factors (TAFS). TAPS are expressed as the proportion of 

annual emissions occurring in each month as well as the percent of weekly emissions 

occurring on each day of the week. TAFs are listed in Tables 2.4, 2.5, and 2.6 and are 

specific to the Phoenix area and southern Arizona when needed (MAG 1997). For 

sources with only annual emissions estimates, monthly emissions are calculated by 

multiplying the annual emissions estimate by a monthly factor. Monthly emissions are 

divided by 30.42 to yield month-specific average daily emissions. In addition, weekday-

and weekend-specific factors are applied to the average daily values to calculate average 

daily weekday and average daily weekend emissions estimates. 

2.5 Results 

2.5.1 Annual Emissions 

Most of the Tucson region's VOC and NOx emissions have been spatially allocated 

with the "bottom-up" method rather than the "top-down" method (Table 2.7). This is 

important, for considerably more confidence is usually associated with gridded estimates 

produced with the "bottom-up" method. Annually in the Tucson region, anthropogenic 
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Table 2.4. Month-specific temporal allocation factors for the various emissions sources. 

Code JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC 

0.083 0.083 0.083 0.083 0.083 0.083 0.083 0.083 0.083 0.083 0.083 0.083 

2 0.013 0.027 0.040 0.067 0.133 0.133 0.133 0.133 0.133 0.107 0.067 0.013 

3 0.067 0.067 0.086 0.086 0.095 0.095 0.095 0.095 0.095 0.086 0.086 0.067 

4 0.183 0.183 0.147 0.110 0.037 0.037 0.037 0.006 0.037 0.037 0.037 0.147 

5 0.283 0.156 0.047 0.001 0.001 0.001 0.001 0.001 0.001 0.055 0.151 0.303 

6 0.183 0.183 0.147 0.110 0.037 0.037 0.037 0.006 0.037 0.037 0.037 0.147 

7 0.000 0.000 0.015 0.074 0.147 0.147 0.147 0.147 0.147 0.147 0.029 0.000 

8 0.082 0.086 0.089 0.087 0.084 0.083 0.080 0.081 0.080 0.083 0.082 0.083 

9 0.051 0.055 0.074 0.075 0.083 0.118 0.116 0.105 0.085 0.114 0.074 0.051 

10 0.083 0.086 0.089 0.087 0.084 0.082 0.079 0.081 0.080 0.083 0.082 0.084 

11 0.012 0.004 0.095 0.047 0.073 0.123 0.197 0.198 0.157 0.052 0.040 0.002 

SOURCES 

1 CSTR, IE, CE, I, ORGSOLV, URBPEST, AC. RL. RY. M. PSEW. SMSMELT. 

AZPORT. AZPUB. TUCNEWS. DM, AIRDEF. MHA, UNCLASS, CYP. MISC. CBA. 

BI02. ASARCO 

2 AGA, AGE 

3 LG 

4 C 

5 RESWD 

6 RESNG, ELPASO 

7 WF. F 

8 GAS 

9 PET 

10 ORV 

1 1 TEP 
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Table 2.5. Day-specific temporal allocation factors for the various emissions sources. 

Code Monday Tuesday Wednesday Thursday Friday Saturday Sunday 

1 0.143 0.143 0.143 0.143 0.143 0.143 0.143 

2 0.111 0.111 0.111 0.111 0.111 0.222 0.222 

3 0.164 0.164 0.164 0.164 0.164 0.115 0.065 

4 0.167 0.167 0.167 0.167 0.167 0.167 0.000 

5 0.129 0.128 0.129 0.129 0.156 0.169 0.160 

Code SOURCES 

1 AGA. AGE, WF. F. RL. RY, AP, ORGSOLV. URBPEST, AC. RL, RY, M. PSEW . 

SMSMELT, AZPORT. TUCNEWS. MHA, CYP, MISC, CBA, GAS, PET, TEP. 

AZPUB, ASARCO 

2 LG. RESNG, ELPASO 

3 C, CE. CSTR , BI02 

4 I, IE, DM, AIRDEF, UNCLASS 

5 RESWD 

Table 2.6. Weekday- and weekend-specific temporal allocation factors for the various 
emissions sources. 

Code Weekday Weekend 
1 1.000 1.000 

2 0.778 1.556 
3 1.147 0.633 

4 1.167 0.583 

5 0.939 1.151 

6 1.000 0.770 

Code SOURCES 

1 AGA. AGE. WF, F, RL, RY, AC, ORGSOLV, URBPEST, M, PSEW . SMSMELT. 

AZPORT, TUCNEWS, MHA, CYP, MISC, CBA, PET, GAS, TEP. AZPUB. 

ASARCO 

2 LG. RESNG. ELPASO 

3 C, CE, CSTR . BI02 

4 I. IE, DM. AIRDEF, UNCLASS 

5 RESWD 

6 ORV 
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Table 2.7. Percentage of total annual VOC and NO* emissions spatially allocated with 
"bottom-up" and "top-down" methods. 

Method VOCs (%) NOx (%) 

"Bottom-up" 57 78 

"Top-down" 43 22 
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sources emit 39.596 and 40,505 metric tons of VOCs and NOx, respectively (Table 2.8). 

Accounting for approximately 50% of both pollutants' emissions, on-road vehicles are the 

dominant source. Residential wood combustion (=e20%) and non-road vehicles (=:10%) 

are the other major VOC sources. Non-road vehicles (*10%) are also major NOx sources 

along with the Arizona-Portland Cement plant (*10%). 

Much of the region's emissions occur within the City of Tucson. Sources in the city 

emit approximately 50% and 36% of the region's VOCs and NO* (Figures 2.1 and 2.2). 

Of these city emissions, on-road vehicles emit approximately 50% and 78% of the VOCs 

and NOx, respectively The grid-iron pattern of high-emitting cells indicates the 

importance of on-road vehicle emissions. In fact, the dominance of motor vehicle 

emissions causes the VOC and NOx maps appear to be nearly identical. Rapid decreases 

in emissions are noticeable as one moves across the city's northern boundary (i.e. the 

Rillito River) and into low-density developed foothills areas. Nevertheless, the highest 

VOC-emitting areas are the Tucson Newspapers facility, the petroleum storage tank 

complex, major intersections with multiple gas stations, and the portion of I-10 that is 

north of the junction with 1-19 and within City of Tucson (Figure 2.3). The highest NOx-

emitting areas are at the Arizona-Portland facility, the TEP facility, the railyard. the 

sewage treatment facility, and the same portion of I-10 as described above. 

2.5.2 Monthly Emissions 

Average daily VOC and NOx emissions have substantially different month-to-month 

variations, especially during the warm to cool season transition and vice-versa (Figure 
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Table 2.8. .^Vnnual VOC and NOx emissions in the Tucson region. Refer to Table 1 for 
descriptions of the sources. 

SOURCE VOCs (kg) VOCs (%) NO. (kg) NO. (•/.) 

AC 234597 0.59 705831 1.74 

AGA 9522 0.02 0 0.00 

AGE 10772 0.02 61813 0.15 

AIRDEF 97526 0.25 0 0.00 

ASARCO 1089 0.00 24494 0.06 

AZPORT 4291 0.01 5052530 12.47 

AZPUB 1715 0.00 185057 0.46 

BI02 8071 0.02 138938 0.34 

C 8422 0.02 160597 0.40 

CBA 384644 0.97 0 0.00 

CE 385098 0.97 73904 0.18 

CONSTR 551802 1.39 3166284 7.82 

CYP 37140 0.09 145875 0.36 

DM 71278 0.18 0 0.00 

F 33631 0.08 7086 0.02 

GAS 2673459 6.75 0 0.00 

1 69944 0.18 1632303 4.03 

IE 2173105 5.49 417040 1.03 

LG 1082311 2.73 64439 0.16 

MHA 105156 0.27 381378 0.94 

MISC 18865 0.05 181 0.00 

ORGSOLV 2660548 6.72 0 0.00 

ORV 18905533 47.75 22757451 56.18 

PET 179325 0.45 0 0.00 

RESNG 25891 0.07 334958 0.83 

RESWD 8251704 20.84 94346 0.23 

RL 75468 0.19 1369089 3.38 

RY 22288 0.02 456218 1.13 

SMSMELT 9564 0.02 379609 0.94 

TEP 15141 0.04 2112614 5.22 

TUCNEWS 193108 0.49 0 0.00 

UNCLASS 334119 0.84 479898 1.18 

URBPEST 172744 0.44 0 0.00 

WF 787759 1.99 303519 0.75 

SUM 39595630 100 40505229 100 
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Figure 2.1. Annual anthropogenic VOC emissions in the Tucson region. 



70 

I I  

Emissions (kg) 
H 0 - 200 I 
I I 200 - 1000 I 

1000 - 3004 
3000 - 8000 

8000 - 19000 
19000 - 40000 
40000 - 5071364 

10 20 Kilometers (D 
Mountain 

City of Tucson 

Figure 2.2. Annual anthropogenic NO^ emissions in the Tucson region. 
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Figure 2.3. Map showing the major VOC and NO^ sources in the Tucson region. 
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2.4). There is little variation in NOx emissions throughout the year. Subtle increases are 

associated with the combustion of oxygenated fuels during March, which is the peak 

traffic month, and increased electrical generation associated with increased air 

conditioner use in August. VOC emissions have a considerable wintertime peak due to 

heavy residential wood combustion during December and January. Residential wood 

combustion is responsible for nearly 50% of the region's VOC emissions during those 

months. 

As can be discerned to a certain extent from above, some of the major emissions 

sources change from month-to-month (e.g., residential wood combustion is an important 

winter source of VOCs but it is a negligible summer source). Each season has a different 

assortment of major pollutant emitters (Figures 2.5 and 2.6). This characteristic 

emphasizes the importance of developing multi-temporal inventories when trying to 

assess the relative importance of various pollutant sources. On-road vehicles and 

residential wood combustion are the largest VOC sources in the summer and winter 

months, respectively. In fact, on-road vehicles are important sources during all months 

while residential wood combustion is a negligible source during non-winter months. On-

road vehicles are always the largest NO* sources while Arizona-Portland Cement and 

construction activities are also consistently large emitters. The TEP power plant is an 

important NOx source only during the summer months as a result of increased cooling 

demand (i.e. increased air conditioner use) 
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2.5.3 Week&ay vs. Weekend Emissions 

The common assumption thai more pollutant emissions occur on weekdays than on 

weekends is not always valid in the Tucson region. NOx emissions are always lower on 

weekends than on weekdays while VOC emissions can sometimes be higher on weekends 

(Figure 2.7). In general, NO* emissions are considerably more reduced on weekends than 

are VOC emissions. This situation is not unique to Tucson, for it has also been noticed in 

other regions such as southern and northern California (Altshuler 1995). Based on the 

temporalization of the Tucson region's anthropogenic EI, the most noticeable weekend 

vs. weekday VOC emissions differences are triggered by increased residential wood 

combustion and increased lawn and garden equipment use on weekends. Since 

residential wood combustion is a major VOC source during the winter months, weekends 

in December and January actually have higher daily VOC emissions than do weekdays in 

those months. 

This EI does not account for weekday vs. weekend differences in HDDV traffic and 

vehicle refueling levels. It is believed that increased gasoline evaporation on weekends is 

associated with increased vehicle refueling. Therefore, it is possible that VOC emissions 

on weekends might be underestimated. In contrast, weekend NO* emissions in the 

Tucson region might be overestimated, for NOx emissions from diesel-powered trucks 

and buses presumably decrease substantially on weekends (Altshuler 1995). When 

combined with multi-temporal biogenic VOC (BVOC) emissions estimates, weekday vs. 

weekend VOC/NOx emissions ratios can be used to assess the impacts of emissions 

modifications on ambient ozone concentrations, especially summertime concentrations. 
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Such "natural experiments" can be useful when formulating optimal ozone reduction 

strategies. 

2.6 Discussion 

It is critically important to not only have reliable estimates of annual region-wide 

pollutant emissions but also multi-temporal, gridded estimates. This paper presents 

methods geared towards the development of month- and day-specific, high resolution 

(500 m). gridded anthropogenic Els for an urbanized region. "Top-down" and "bottom-

up" methods are used with the "bottom-up" method accounting for a majority of the VOC 

and NOx emissions. Similar to many other metropolitan areas in the western United 

States. Tucson's major source of VOC and NO* emissions are on-road vehicles. 

However, these emissions seem to be underestimated, for in the more industrialized and 

presumably less automobile-centric North West England, on-road vehicles account for 

over 60% of anthropogenic VOC and NO* emissions (Lindley et al. 2000). It is 

nevertheless difficult to compare two inventories which have been created with different 

methodologies. Other major emissions sources in the Tucson region include; VOCs from 

residential wood combustion, which occurs primarily during the winter months; NO* 

emissions from construction activities and a local cement plant; and summertime NOx 

emissions from an electric power-generating facility. Most motor vehicle traffic occurs 

in the City of Tucson, thus the city is responsible for a large proportion of the region's 

emissions. 
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Error is ifnavoidable in the creation of most spatial databases, especially inventories 

of pollutant emissions. The estimation of atmospheric emissions using any procedure is 

associated with a high degree of uncertainty (Lindley and Longhurst 1998). Determining 

error values for Els is a nearly impossible task (Lindley et al. 2000). With sufficient 

resources in the future, inverse modeling (Chang et al. 1996, Chang et al. 1997) can be 

performed to validate the EI. Inverse modeling uses measured concentrations as input 

data and subsequently calculates the pollutant emissions, which have led to the measured 

concentrations (Pulles and Builtjes 1998). If error statistics cannot be consulted, as is the 

case with the Tucson region's EI, it is critical to know the origin and evolution of 

potential errors. Errors stem from the collection, aggregation, and manipulation of input 

data. The temporalization of the inventory with estimated factors can also produce 

errors. More specitlcally, errors can result from coarse-to-fine resampling, positional 

errors, and the dissolution of spatial variation through the use of polygons. In addition, 

errors are propagated by deriving new variables within a GIS (Elston et al. 1997). 

As with any data product, especially those created from compiled data, a variety of 

potential errors exist in the Tucson region's anthropogenic EI. Most data are recorded at 

finer resolutions than that of the 500 m grid cells; therefore, coarse-to-fine resampling is 

not a prevalent error source. The only coarse-to-fme resampling occurs during the spatial 

allocation of some area source emissions, since area source emissions are distributed 

across various land use polygons that are occasionally larger than 500 m. Fortunately, 

most pollutants are emitted from on-road mobile and point sources, which have the least 

resolution-based error. Positional accuracy is not a major concern since the final 
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products are comprised of 500 m cells, rather than a fine scale vector product. Spatially 

continuous variables are considered to be constant within polygons, thus most spatial 

variation is dissolved. However, polygons are only used for area source emissions. Error 

is unavoidable in the creation of most spatial databases, especially inventories of 

pollutant emissions. Considerable effort, such as the employment of "bottom-up" 

methods, has been made to keep the above errors as low as possible, thereby reducing the 

effect of error propagation throughout the inventory development process. 

2.7 Conclusions 

This chapter describes a GIS-driven approach to creating a gridded, multi-temporal 

inventory of anthropogenic VOC and NOx emissions, determines and explains spatio-

temporal variations in these emissions, and discusses the potential errors of GIS-driven 

Els. The GIS-driven approach allows the use of "top-down" and "bottom-up" spatial 

allocation methods to yield cell-specific emissions estimates. The "top-down" method 

accomplishes this task by spatially disaggregating a regional emissions total based on the 

proportion of a surrogate statistic in each cell. The "bottom-up" method actually creates 

an EI for each cell by calculating emissions that are specific to feature types with higher 

spatial resolutions than that of the cell. Emissions are calculated for specific points and 

lines and then those emissions are integrated for each 500 m cell. Estimating emissions 

for some source involves both spatial allocation methods. For example, while estimating 

on-road vehicle emissions in the Tucson region, the "bottom-up" method is used to 

produce emissions estimates for all major road segments while the "top-down" method is 
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used to spatially disaggregate an estimate of emissions from all minor (i.e. residential) 

roads. 

The selection of a spatial allocation method depends on data availability and the 

importance of a particular emissions source. For the Tucson region, it would be 

inappropriate to spatially allocate emissions from potentially minor sources (e.g., cutback 

asphalt) with the "bottom-up" method. The "bottom-up" method requires extensive 

spatial data that are usually modeled, thus assumptions and inaccuracies are unavoidable. 

The "bottom-up" method instills more confidence in the emissions estimates, but its use 

depends on the availability of resources and the overall projected importance of a 

particular source. 

The Tucson region's gridded EI has a considerable number of assets compared to 

some regional Els (Lindley et al. 1996) which have been produced entirely with the "top-

down" method and are essentially spatially invariant. The EI is inherently flexible, for it 

can updated and have its spatial resolution increased and decreased. For example, since 

nearly all of the emissions data are attributes of relatively high resolution vector and 

raster data, most emissions can be estimated for scales finer than 500 m. The inventory's 

ultimate gridded nature along with its transferability between GIS-related software 

enables it to be employed in many spatial analysis applications. By having the various 

emission sources represented as attributes within a spatial database, each source can be 

viewed as a separate layer or multiple sources can be combined to yield a composite 

layer. In common PC GIS programs, these layers can easily be viewed and manipulated. 

Thus, extensive visualization-driven insight and analysis (VDIA'DA) can be performed 
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by those who have access to the gridded inventory and PC GIS packages. Subsequently, 

high-quality emissions maps can be generated. Finally, the inventory's month- and day-

specific nature facilitates multi-temporal emissions analyses. 

The gridded, multi-temporal Els have verified quantitatively what should be expected 

regarding emissions in an urbanized area in the western United States. VOC and NOx 

emissions are closely tied to motor vehicle traffic, population density, and major point 

sources. Emissions from all sources are not temporally static annually. Some sources, 

such as residential wood combustion, have substantial differences between summer and 

winter emissions while other sources, such as on-road vehicles, have small differences. 

Most GIS-related errors are associated with the spatial allocation of area source 

emissions. Within the Tucson region, most area source emissions have been spatially 

allocated with the use of polygons (e.g., industrial land use, population density, etc.). 

Some coarse-to-fine resampling has occurred, especially for population density polygons; 

consequently, the addition of emissions from sources that have been spatially 

disaggregated with relatively coarse polygons decreases the spatial detail of the final, 

gridded EI. Coarse-to-fine resampling implies a higher spatial resolution from lower 

spatial resolution, thus a degree of "ecological fallacy" is present. More practically, this 

form of resampling causes a loss in spatial detail because values are assumed to be 

constant within a polygon. Little GIS-related error is associated with point and mobile 

(i.e. line) sources. Most errors are primarily positional-related; consequently, these errors 

are not a major issue since the spatial resolution of the grid cells is relatively coarse 

compared to the spatial resolution at which the point and line information was collected. 
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The Tucson region's anthropogenic EI can definitely be improved. The development 

and evaluation of the inventory has revealed several key areas where improved emissions 

estimates would have the largest impact on the inventory's overall quality. Estimates of 

on-road vehicle emissions can be improved by using updated traffic count data (i.e. 

month", weekday-, and weekend-specific) and updated and spatially varying fleet 

distribution data during the emissions modeling process. More attention also needs to be 

placed on non-road vehicle emissions, such as emissions fi-om construction equipment 

and lawn and garden equipment. Much needed construction-related information includes 

year- and month-specific estimates of construction activity, for activity is constantly 

shifting across the region when viewed over a time period of several years. Data 

concerning the spatial and temporal occurrence of lawn and garden equipment use is also 

needed. Updating and improving the Tucson region's anthropogenic EI are continual and 

essential processes, especially if the inventory is to be used in modeling efforts or other 

projects related to air quality policy. 
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CHAPTER 3: DEVELOPMENT OF A GRIDDED, MULTI-TEMPORAL 

BIOGENIC EMISSIONS INVENTORY USING REMOTE SENSING AND 

LOCAL VEGETATION INFORMATION 

3.1 Introduction 

For tropospheric (surface) ozone, the two major groups of precursor chemicals are 

nitrogen oxides (NO J and reactive (i.e. non-methane) volatile organic compounds 

(VOCs), both of which have anthropogenic as well as biogenic sources. Biogenic volatile 

organic compounds (BVOCs) are important contributors to regional/local photochemical 

oxidant formation, such as ozone. Ozone formation involves the reaction of BVOCs and 

anthropogenic VOCs (AVOCS) in the presence of NO^ and sunlight (Chameides et al. 

1992). In several air basins, BVOC emissions have proven to be an obstacle to measures 

aimed at reducing ozone concentrations. For example, in two different urban areas, Los 

Angeles and Atlanta, the abundance of BVOCs is hampering efforts to reduce A VOCs 

sufficiently to meet ambient air quality standards for ozone (Arey et al. 1995, Scheffe et 

al. 1991). 

Besides being potentially abundant, BVOCs are typically more reactive than AVOCs. 

thus they may have a greater ozone-forming potential (Abelson 1988, Chameides et al. 

1988). In addition, BVOC production generally increases with higher temperatures and 

light intensity; therefore, the diurnal timing of maximum BVOC emissions (i.e. early 

afternoon) also adds to BVOCs' higher ozone-forming potential. BVOCs represent 

background VOC concentrations that cannot be realistically removed from the 
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atmosphere by emission control measures. Even if ozone production is constrained by 

the availability of VOCs (i.e. VOC-limited), VOC reductions may prove futile if a 

substantial fraction of the VOC emissions are from biogenic sources.' 

Reliable estimates of BVOC emissions allow for more confident predictions of 

changes in ozone concentrations resulting from proposed changes in anthropogenic 

emissions. Sillman (1999) states that the choice of biogenic emission inventories is 

possibly the most important scientific issue associated with NO^-VOC policy in the 

United States. From an ozone control perspective, the development of a complete and 

accurate standardized biogenic emissions inventory (a spatio-temporal database 

containing VOC emission information for a given modeling domain) is crucial. A 

standardized inventory contains BVOCs emissions estimates for high temperature (30°C). 

high light intensity (1000 ^mol m * s '), and maximum leaf biomass conditions. 

However, time-specific temperature, light intensity, and biomass coefficients can be used 

to temporal ize the inventory. 

3.1.1 Purpose 

BVQC emissions have proven to be important ozone precursor chemicals in several 

urbanized areas. Consequently, this paper's aim is to describe novel methods that are 

used to create high resolution, standardized and multi-temporal biogenic emissions 

inventories for the Tucson region. These inventories can be used to improve the 

understanding of ozone formation. The methods comprise a conceptual model founded 
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on the linkage of remotely sensed data with local vegetation information, within a 

geographic information system (GIS). 

3.1.2 Overview of Biogenic Emissions Inventories 

Many biogenic emissions inventories are created using the Biogenic Emissions 

Landcover Database (BELD). BELD contains county-level data for nine land use classes 

for every county in the contiguous United States. Each land use class can include many 

different land use types (Kinnee et al. 1997). For semiarid areas, such as Tucson, the 

major limitation of this database is the mistreatment of urban areas. In the BELD, desert 

cities are assumed to be 11% forested and 89% urban-other (Thomas Pierce, National 

Oceanic and Atmospheric Administration, personal communication 1997). For the 

urban-other emission factor, 20% grass coverage is assumed. This percentage may be 

high for a semi-arid city, such as Tucson, that has prevalent xerophytic landscaping. In 

addition, BELD assumes that the composition of the urban forest mimics the composition 

of the non-urban portion of the county. However, in the southwestern United States, this 

strategy is unsound because urban vegetation can differ dramatically from the 

surrounding desert vegetation. Consequently, the BELD provides relatively inadequate 

vegetation data for southwestern urban areas, especially those with significant amounts of 

exotic vegetation. An alternative to BELD is the construction of biogenic emissions 

inventories from local land use databases. However, land use is not always a good 

indicator of vegetative cover, especially in residential areas. The United States 

Geological Survey (USGS) land use/land cover database is also a potential alternative. 
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but. as a consequence of its scale (1:250,000) it is not the best option. Optimally, a 

biogenic emissions inventory should be created from a high resolution land cover 

database. 

3.1.3 The Study Region 

The Tucson region (centered at 32.25° N latitude and -111° W longitude) as defined 

in this study, is a rectangular area that covers approximately 10,900 square kilometers 

(100 km E-W by 109 km N-S) (Figure 3.1). Elevation ranges from 600 to over 2.500 

meters above sea level (a.s.l.), with peaks in the Santa Catalina, Rincon. and Santa Rita 

.Mountains to the north, east, and south of the city, respectively. This extreme relief 

results in a wide variety of native species within the region. The gradient of vegetation 

extends from subalpine fir forests near the mountain peaks through montane fir forest and 

pine forest, pine-oak forest, pine-oak woodland, pygmy conifer-oak scrub, open oak 

woodland, and desert grassland to spiny and partially woody Sonoran semidesert 

vegetation on the mountain slopes. On the desert plain below the mountains, the 

vegetation assemblages include paloverde-bursage and, at the lowest elevations, creosote-

bush (Whittaker and Niering 1965). 

In contrast to most cities in the eastern United States. Tucson's urban vegetation is 

considerably different from that of the surrounding areas. The city has a substantial 

urban forest even though it is located in a semi-arid environment. Attitudes towards 

urban vegetation in Tucson have changed over time (e.g., tree planting campaigns during 

the early 1900s to create shade and reduce dust levels; adoption of desert landscaping 
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City of Tucson,the agricultural areas, and the mining areas is desert land. 
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during the 1970s), and they have led to a mixture of xerophytic vegetation (e.g., 

mesquite, paloverde, and an assortment of cacti), lai ge shade trees (e.g.. eucalyptus and 

pine), and other exotic trees (e.g., palms, citrus, olives, and cypress) across the city (Zube 

and Kennedy 1990). The region's diverse natural vegetation, combined with the complex 

array of exotic and native species in the urban area, complicates the development of a 

biogenic emissions inventory. 

The assignment of BVOC emission rates to Tucson's vegetation represents the major 

obstacle to the development of a biogenic emissions inventory. Measured emissions data 

are only available for a relatively small number of plant species in most regions, and only 

a small percentage of those species are found in the Tucson region. For example, 

isoprene and monoterpenes emission rates have only been measured experimentally for 

approximately 30% of tree and shrub species in the California South Coast Air Basin 

(SoCAB), an intensively studied basin with a vegetation composition that has limited 

similarities to that of the Tucson region (Benjamin et al. 1996). 

3.2 Data 

Data consist of satellite imagery, aerial photographs, urban vegetation surveys, 

project-specific vegetation surveys, a digital elevation model (DEM), leaf biomass 

constants, foliar density values, and BVOC emission factors. The satellite image is a 

geo-rectified Landsat Thematic Mapper (TM) image (a= 30 m spatial resolution) acquired 

on June 30, 1993. It is available from Arizona Regional Image Archive (ARIA) at The 

University of Arizona. Since this is not a multi-temporal study and the image is cloud-
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free, the image is not corrected for atmospheric scattering. The aerial photographs were 

taken on September 21, 1996 and have a scale of 1:14,400. Vegetation survey data from 

a wildlife habitat study conducted in 1993 and a pollen study conducted in the early 

1980s ai e used to determine the vegetation composition of some urban areas. To 

supplement the aforementioned vegetation surveys, data are collected from a project-

specific field survey across the Tucson modeling domain. Species composition. 

specimen height, crown width, basal diameter, and live/green crown ratio are recorded at 

123 plots (314 m* circle) and 56 front yards. The DEM (30 m spatial resolution) covers 

the entire Tucson region and is available from ARIA. Finally, leaf biomass constants, 

foliar density values, and BVOC emission factors are collected from various papers, 

reports, and personal communications with other researchers in the biogenic emissions 

field (Benjamin et al. 1996, Chinkin et al. 1996, Geron et al. 1994). 

3.3 Methods 

The general methods involved in creating the standardized biogenic emissions 

inventory are presented in Figure 3.2. The following sub-sections provide detailed 

information about each method and the methods used to develop the multi-temporal 

inventories. 

3.3.1 Creating a Land Cover Database 

The Tucson region's vegetation-based land cover is based on information from the 

June 1993 Landsat TM image. Standard remote sensing techniques were used to perform 
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an unsupervised classification of the image. Using values from the three visible (i.e. blue, 

green, and red), two near infrared, and two computed bands (a "greenness" band (second 

band of the Kauth-Thomas transformation) and a Normalized Difference Vegetation 

Index (NDVI) texture band), the image's pixels are placed into clusters using a clustering 

algorithm based on minimal spectral distances. The NDVI texture band highlights local 

variations in above-ground green biomass across the entire region. Relatively 

homogeneous forested areas have low NDVI texture values while heterogeneous urban 

areas have high texture values. The Kauth-Thomas "greeruiess" band is a green 

vegetation index with values that are related strongly to the amount of green vegetation in 

the scene (Kauth and Thomas 1976). 

3.3.1.1 Creation of Classified Image 

Prior to classification, the region is divided into two areas based on degree of 

urbanization. The urbanized center of the region (an area roughly approximating the 

political boundaries of the City of Tucson) is classified separately from the rest of the 

image. This procedure provides better discrimination of land cover, and it has been used 

in other biogenics-related land cover studies (Luman and Ji 1995). The peripheral area is 

classified into eight categories, sufficient to capture a majority of the region's natural 

vegetation communities. Even though the size of the urbanized center is substantially 

smaller than that of the peripheral region, the urbanized pixels are placed into seven 

caiegories. More land cover detail is desired for the urbanized area, for urban vegetation 
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usually has considerably more spatial heterogeneity than do natural vegetation 

communities. 

3.3.1.2 .Addition of User-Defined Classes 

Several user-defined classes, which represent pixels in the peripheral area that are 

commonly incorrectly classified as forested areas during the unsupervised classification 

procedure, are added to the land cover classification. Using aerial photographs, areas 

corresponding to row crops, pecan orchards, and golf courses are identified on the 

classified satellite image and then reclassified. 

3.3.1.3 Reclassification of Classified Image 

Since the forest lands are major BVOC sources and only one out of 18 classes in the 

land cover classification represented these forest lands, the original forest class is divided 

into more detailed classes. The purpose of creating the detailed forest classes is to 

differentiate between oak-dominated, potentially high isoprene-emitting zones and 

conifer-dominated, potentially high monoterpene-emitting zones. Using the classified 

image as well as a digital elevation model (DEM), two new land cover classes are 

created. These classes corresponded to two distinct elevation zones. All pixels between 

1.500 m and 2,000 m a.s.l. are placed into a lower elevation forest class. All pixels above 

2.000 m a.s.l. are placed into a higher elevation forest class. The above elevation zones 

correspond to the Southwestern United States' Madrean evergreen woodland and 

Madrean montane conifer forest vegetation categories, respectively (Brown and Lowe 
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1983). All temaining original forest pixels are placed into the lower elevation forest 

class. The two forest classes are again re-divided into two classes each to separate the 

pixels based on vegetation cover. The aforementioned eight spectral bands and the 

clustering method are used to create the four new classes. After the initial classification 

and subsequent reclassifications, the domain is represented by 21 land cover classes 

(seven in the urban area and fourteen in the peripheral area). 

3.3.1.4 Use of Vegetation Survey Information 

Three vegetation surveys, which include two pre-existing surveys (i.e. wildlife habitat 

sur\ ey and pollen study survey) and a project-specific survey, are used to assign 

vegetation information to the various land cover classes. The wildlife habitat survey data 

are used to determine the vegetation composition of two land cover classes, 

residential/parks and golf courses. Frequency, height, and width information for various 

species are included in the survey database. This database contains approximately ten 

sampled hectares for each class, which is a relatively large proportion of vegetation 

information for parks and golf courses. The pollen study contains vegetation data for 

hundreds of fi-ont yards in Tucson. These data are used to determine the vegetation 

composition of a residential land cover class. Average height, width, and green crown 

ratio are calculated for relevant species from the wildlife habitat and project-specific data. 

These average values are then applied to the pollen study database. 

A project-specific field survey was conducted to collect vegetation data for the 

remaining land cover classes. Collected data consists of 1) plant species, 2) frequency of 
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species, 3) height of each specimen, 4) green crown ratio of each specimen, and 5) crown 

width of each specimen. A cHnometer was used to measure tree heights greater than three 

meters. 

A stratified-random sampling scheme (i.e. stratified by land cover class with a 

number of random points within each class) was employed to select 123 non-residential 

sampling plots (ten meter radius; s: 314 m') in the following locations: Tucson Mountain 

Park (west of Tucson), Catalina State Park (north of Tucson), Sabino Canyon Recreation 

.A.rea (northeast of Tucson), Tanque Verde Falls area (east of Tucson), and several sites 

adjacent to Mt. Lemmon Highway (north of Tucson at higher elevations). These sites 

were intentionally chosen because they have different terrain characteristics and hence 

slightly different vegetation assemblages fi-om one another, thereby maximizing the 

representation of within-group variance for each land cover class. The number of sample 

points per class was proportional to the size of the class. Thus, the larger classes received 

more sample plots. Thus, the larger classes received more sample plots. The number of 

sample plots was constrained by time resources, for the sampling needed to be performed 

over a period less than two weeks. Surveying of a residential class consisted of randomly 

sampling 56 residential front yards in residential developments located mostly on 

Tucson's southside. Yards were selected at random during traverses through the 

developments. 



96 

3.3.2 Merging of Land Cover and BVOC Emissions Information 

3.3.2.1 Leaf Biomass and Emissions Information 

Using several reports and papers as primary guides (Benjamin et al. 1996. Chinkin et 

al. 1996, Geron et al. 1994), leaf biomass constants (g m 0, foliar density values (g m"). 

isoprene emission factors (^g g ' dw hr"'), monoterpenes emission factors (^ig g ' dw hr '), 

and, when necessary, OVOC (Other Volatile Organic Compounds) emission factors (|ag 

g ' dw hr') are assigned to each species in the vegetation database. Additional estimates 

of isoprene and monoterpenes emission factors for prevalent species in the Tucson region 

are also used (Alex Guenther, National Center for Atmospheric Research, personal 

communication 1998). At the present time, no BVOC emission measurements have been 

made in the Tucson region. The above BVOC classification is used because the BEIS2 

(Biogenic Emissions Inventory System, Version 2), which is the current biogenic 

emissions modeling system, only requires input data for those three types of BVOCs to 

estimate hourly BVOC emissions for a gridded modeling domain (Geron et al. 1994, 

Pierce et al. 1998). 

Since many of the species documented in the Tucson study are either e.xotic or are 

found exclusively in the Sonoran Desert, species-specific biomass values and emission 

factors do not usually exist. Benjamin et al. (1996) note that "within broad qualitative 

ranges, taxonomic relationships between plant species at the lowest possible level (i.e. 

genus, family, etc.) can be used to assign measured emission factors to other species 

within that level for which no measurements exist." Using the taxonomic method, one 

assigns an emission factor to an unmeasured species based initially on the average factor 
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for measured species within the same genus as the unmeasured species. If no data are 

available for the genus, the average factor for the family is used. Assigning emission 

factors to unmeasured species involves considerable uncertainty with factors varying by 

as much as four orders of magnitude depending upon the plant species (Benjamin et al. 

1996). In addition to employing the taxonomic method in the Tucson study, species are 

disregarded if they have negligible canopy volumes. The region's most important species 

(with respect to leaf biomass) and their respective BVOC emission factors are listed in 

Table 3.1. 

3.3.2.2 Calculation of Emission Fluxes 

The standardized emission fluxes (ng m"" hr"') of isoprene, monoterpenes. and 

OVOCs are calculated for each land cover class. The emission flux is simply the sum of 

the biomass-modified factors (fag hr ') from each plant divided by the total area sampled 

(m"). The biomass-modified factors for each plant are the product of the plant's biomass 

(g) multiplied by its emission factor (|ag g ' dw hr '). For ail specimens in the non-forest 

land cover categories, the leaf biomass is calculated by multiplying the canopy volume 

(m^) by the leaf biomass constant (g m"'). Depending on the type of plant, the specimens' 

canopies are calculated based on different geometric shapes (i.e. cone, upper-half 

spheroid, ellipsoid). For all specimens in the forest category, the biomass value equals 

the area of canopy coverage (m") multiplied by the foliar density value (g m "). 

The least amount of emissions information exists for OVOCs, thus, compared to 

isoprene and monoterpenes, OVOC emission factors used in this inventory are the most 



Tabic 3.1. The Tucson region's dominant trees and shrubs according to total leaf biomass. Leaf biomass factors, emission 
factors and fluxes, and sourccs arc included. 

DESERT 
Leaf Biomass Isoprene Monoterpenes 

Constant Biomass Emission Factor Emission Factor Emission Factor 
Tree/Shrub Genus/Species (ngm"^) Sources (ngg'dwhr') (ngg'dwhr') Sources 

Mesquite Pmsopis spp. 150 A 0 0 E 

Creosote-bush Larrea tridentala 460 A 0 3 A 

Paloverde Cercidium spp. 150 A 4.3 1.4 A 

Ironwood OIneya tesota 150 A 4.3 1.4 B 

1 rlangle-leaf Bursage Ambrosia deitoidea 230 A 0 28.3 A 

Acacia Acacia spp. 150 A 0 3 E 

URBAN/BUILT-UP 

Tree/Shrub Genus/Species 

Leaf Biomass 
Constant 

(>»g m"^) 

Other 
Biomass 
Measure 

Biomass 
Sources 

Isoprene 
Emission Factor 
(fig g ' dw hr ') 

Monoterpenes 
Emission Factor 

(^ig g ' dw hr ') 
Emission Factor 

Sources 

Eucalyptus Eucalyptus spp. 305 A 60 3 E 

Pine Pinus spp. 390 A 0 3 E 

Juniper Junipems spp. 3700 D 0 0.6 B 

Italian Cypress Cupressus scmlplrvlrens 5100 A 0 0.1 E 

Palm Washingtonia spp. 520 g frond ' A 36 0 E 

Olive O/oa eurooaea 500 A 0 0 E 

vO 
00 



Tabic 3.1. (conlimicd) 

FOREST 
Foliar Isoprene Monoterpenes OVOC Emission 

Density Biomass Emission Factor Emission Factor Emission Factor Factor 

Tree/Shrub Genus/Species (g m'^) Sources (ng g" dw hr") (f(g g" 'dw hr ' )  (fig g'dw hr') Sources 

Pine Pinus spp. 700 C 0 3 1.5 C.E 

Douglas Fir Psoudolsuga mcmiesii 1500 C 0 1.5 1.5 C .E 

Oak Quercus spp. 375 C. D 100 0.2 1.5 C.E 

Alligator Juniper Juniperus deppoana 700 C.D 0 0.65 1.5 C.E 

AGRICULTURE 
Leaf Isoprene Monot. OVOC Monot. OVOC 

Biomass Emissions Emissions Emissions Emission Emission Emission 
Constant Biomass Flux Flux Flux Factor Factor Factor 

Tree/Shrub Genus/Species (g m^) Sources (ngm^hr ") ((igm^hr ') (ng m'^ hr') (ngg 'dwhr  ' )  ( ( ig  g  'dwhr  ' )  Sources 

Cotton Gossypium spp. NA NA 7.6 19 11.4 NA NA BEIS 

Alfalfa Medicago sativa NA NA 19 7.6 11.4 NA NA BEIS 

Pecan Carya illinoensis 168 A NA NA NA 0 0.7 A 

A = Chinkin et al. (1996)'°; B = Benjamin et al. (1996)°; C = Geron et al. (1994)"; D = Benjamin and Winer (1998)^^ 
E = Alex Guenther, personal communication (1998); BEIS = Biogenic Emissions Inventory System; NA = not applicable 

o vO 
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uncertain. Standardized emission fluxes of OVOCs are only calculated for the four forest 

classes. All species present in the four classes are assigned a default OVOC emission 

factor of 1.5 ng g"' dw hr ' according to procedures used by Geron et al. (1994). EPA-

default values are assigned to desert land cover classes. For the urban classes, the 

monoterpenes flux is also a proxy for the OVOC flux. This was done based on the fact 

that the species responsible for most of the monoterpenes emissions have been assigned 

nearly equal monoterpenes and OVOC emission fluxes in BEIS2 (Chinkin et al. 1996). 

Fluxes for two of the 21 classes are calculated without the use of any vegetation 

sun.'ey information. The typical crop composition of row crop areas in the Tucson 

modeling domain comprises approximately 65% cotton and 35% alfalfa during the 

summer growing season (Cheryl Karrer, Pima Association of Governments, personal 

communication 1998). Therefore, a hybrid emission flux (i.e. alfalfa-cotton) is created by 

proportionately combining the BEIS alfalfa and cotton emission fluxes. For the pecan 

orchard land cover class, the density of pecan trees is determined by examining aerial 

photos of pecan orchards near the Santa Cruz River and Green Valley, AZ. This 

information along with size, leafbiomass, and emission factor data facilitates the 

estimation of an emissions flux for the pecan orchard class. 

3.3.2.3 .Aggregation of Land Cover Classes 

As a means of refining the land cover classification, statistical tests are performed to 

detemiine whether or not various classes could be combined. Mann-Whitney U tests are 

performed for leafbiomass, isoprene, and monoterpenes emission values for each 
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sampled plot to evaluate differences between the classes. If two classes are not 

significantly different (a = 0.10) from each other with respect to all three variables, then 

they are combined. Two rural classes and one urban class as well as two pairs of rural 

classes are not significantly different for all three variables. Consequently, the 

combination of the above classes reduced the total number of land cover classes from 21 

to 17. 

3.3.2.4 Biogenic Emission-Based Land Cover Classification 

The result of the various class eliminations and aggregations is a land cover 

classification with 17 different classes including an unvegetated urban class (Figure 3.3). 

The classification is sufficiently accurate, for the class-specific sample plots have similar 

vegetation compositions and leaf biomass totals. No anomalous plots were encountered 

during the sampling. As a quantitative measure, an analysis of variance (ANOVA) test of 

differences in leaf biomass totals between the land cover classes reveals that there is 

significantly (a = 0.05) more variation between the classes than within them (based on 

plot-specific values). The classification, ioiown as SMOGMAP17. is in effect a detailed 

extension of the USGS land use and land cover classification system, for it has an 

additional (i.e. further stratified) level of land cover information (Anderson et al. 1976. 

Comrie and Diem 1998). For descriptive purposes, the 17 land cover classes are placed 

into five broad (Level I) land cover categories (Urban/Built-Up, Agriculture, Desert, 

Forest, and Barren) (Table 3.2). Most of the classes are in the Urban/Bui It-Up. Desert, 
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Figure 3.3. Land cover classification of the Tucson region. 



Table 3.2. SMOGMAPI 7's land cover categories (Level I) and classes (Level II) and associated major trees and shrubs. 

LEVEL I LEVEL II MAJOR TREES/SHRUBS (% of Total Leaf Blomass) 

Desert Paloverde-Cacti-Mlxed Scrub Series 

Creosote-Bursage Series (A) 

Creosote-Bursage Series (B) 

Creosote-Bursage Series (C) 

Mesqulte (62%), Paloverde (16%), Ironwood (9%) 

Creosote-bush (33%), Paloverde (29%) 

Mesqulte (39%), Paloverde (33%), Creosote-bush (15%) 

Mesqulte (27%), Paloverde (22%), Creosote-bush (19%) 

Barren Barren NA 

Urban/Built-Up Highly Vegetated Residential/Urban Parks 

Unvegetated 

Moderately Vegetated Residential 

Highly Developed 

Sparsely Vegetated Residential 

Golf Courses 

Eucalyptus (18%), Olive (16%), Pine (15%) 

NA 

Cypress/Juniper (15%), Palm (14%), Eucalyptus (13%) 

NA 

Cypress/Juniper (30%), Palm (16%), Citrus (14%) 

Pine (40%). Eucalyptus (18%). Mesqulte (9%) 

Forest Oak/Pine/Juniper 

Oak/Juniper 

Pine/Douglas Fir 

Rock/Oak/Pine/Douglas Fir 

Pine (57%), Juniper (23%), Oak (20%) 

Oak (53%), Juniper (22%) 

Douglas Fir (52%), Pine (48%) 

Douglas Fir (59%), Pine (34%) 

Agriculture Pecan Orchards 

Row Crops 

Pecan (100%) 

Alfalfa (50%), Cotton (50%) 

NA = not applicable 
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and Forest categories. The desert classes are collectively described as Sonoran 

Desertscrub. Table 3.3 lists the seventeen classes and their associated projected areas. 

BVOC fluxes, and leafbiomass totals. 

The names of the 17 land cover classes reflect the dominant species based on 

frequency and contribution to total leaf biomass. Frequently occurring desert species are 

triangle-leaf bursage and creosote bush while the major leaf biomass contributors are 

larger shrubs such as mesquite and paloverde. The urban/built-up vegetation landscape is 

characterized by exotic trees such as eucalyptus, pine, Italian cypress, juniper, olive, and 

palm. The forest classes contain native trees such as oak, juniper, pine, and Douglas fir. 

3.3.3 Temporalization of Standardized Biogenic Emissions Inventor>-

Daily isoprene, monoterpenes, and other volatile organic compounds emissions are 

estimated for each summer month (i.e. April through September) based on temporal 

variations in species-specific leaf biomass totals as well as temporal variations in ambient 

temperature and solar intensity. To produce reasonable emissions estimates for the 

summer months, various factors are applied to the standardized BVOC emission rates as 

well as the standardized emission fluxes. Modified leaf biomass values are used to re

calculate species-specific standardized emission rates of isoprene, monoterpenes, and 

OVOCs for each month. The modified values are rough estimates of the proportion of 

maximum leaf biomass that exists during each month. These values have not been 

verified with satellite imagery or field surveys, and thus contain a considerable amount of 

uncertainty. Nonetheless, the values should represent generally the temporal variations in 



Tabic 3.3. Slaiulardi/cci lluxcs for SMOGMAPl 7's classcs. Fluxes arc slaiulardizcd to 30° C and 1000 nmol m"^ s '. 

CLASS LAND COVER 
Area 

(hectares) 

Percent 
of 

Total Area 

Isoprene 
Flux 

(ng m-^ hr ' )  

Monoterpenes 
Flux 

(ng m"^ hr ' )  

OVOC 
Flux 

(HQ 

Maximum 
Leaf Biomass 

hr ' )  (kg  ha ' )  

1 Paloverde-Cacti-Mixed Scrub Series 80603 7 633 129 57 1588 

2 Creosote-Bursage Series (A) 306960 28 118 243 57 641 

3 Creosote-Bursage Series (B) 141483 13 254 348 57 1563 

4 Creosote-Bursage Series (C) 336054 31 45 235 57 406 

5 Barren 71845 7 0 18 57 10 

6 Highly Vegetated Residential 2522 0 2849 355 355 2433 

and Urban Parks 

7 Unvegetated Urban 6991 1 0 0 0 0 

8 Moderately Vegetated Residential 7603 1 1868 178 178 1790 

9 Highly Developed Urban 6700 1 0 54 54 23 

10 Sparsely Vegetated Residential 5395 0 306 42 42 1029 

11 Golf Courses 756 0 2566 449 449 2047 

12 Oak/Pine/Juniper 39668 4 4191 428 374 2390 

13 Oak/Juniper 49186 5 3256 46 81 541 

14 Pine/Douglas Fir 12951 1 0 2328 1677 11177 

15 Rock/Oak/Pine/Douglas Fir 7734 1 752 228 176 1177 

16 Pecan Orchards 2037 0 0 611 611 5400 

17 Row Crops 12305 1 15 12 11 NA 

NA = not available 
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leaf biomass. The values are only determined for several dominant, native, drought-

deciduous species (i.e. creosote-bush, triangle-leaf bursage, acacia, paloverde, brittlebush. 

ironwood, mesquite, and oaks) in the region. These drought-deciduous plants lose some 

to most of their leaves during the arid foresummer (May and June) (Turner et al. 1995, 

Philip Jenkins, University of Arizona Herbarium, personal communication 1999). The 

rapid onset of moist conditions during the monsoon season (mostly July and .A.ugust) 

causes subsequent increases in leaf biomass for many of the Tucson region's drought-

deciduous species. Table 3.4 lists the factors used to modify the original leaf biomass 

values. Emission fluxes are then re-calculated for each month using the standardized 

emission rates and modified leaf biomass values. 

Temporal variations in temperature and light intensity are accounted for applying 

month-specific coefficients to the biomass-adjusted fluxes. Isoprene emissions are a 

function of temperature and light intensity while monoterpenes and OVOC emissions are 

deiermined primarily by temperature (Geron et al. 1994). These coefficients are provided 

by Alex Guenther of NCAR and are described in Guenther et al. (1995). The coefficients 

are applicable to the urban, desert, agricultural, and barren lands but need to be modified 

for use with the forest lands. For example, in April, monoterpenes and OVOC fluxes 

from low elevation land cover classes are modified with April's factors, while 

monoterpenes and OVOC fluxes fi-om high elevation classes are modified with factors 

from cooler months. For isoprene, warmer months (compared to months used to modify 

monoterpenes emissions) are used to modify the high elevation fluxes since isoprene 

emissions depend on temperature as well as light intensity. Table 3.5 lists the month- and 
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Table 3.4. Month-specific leafbiomass factors for ten. drought-deciduous genera and 
species. 

Month Ac Ad Ag Cf Cm Ef Lt To Pros Quer 

April 1.00 1.00 1.00 0.00 0.00 1.00 1.00 1.00 1.00 1.00 

May 0.50 0.25 1.00 0.00 0.00 0.25 0.60 1.00 1.00 0.90 

June 0.25 0.00 1.00 0.00 0-00 0.00 0.50 1.00 1.00 0.80 

July 0.75 0.50 1.00 0.75 0.75 0.50 0.90 1.00 1.00 1.00 

August 1.00 0.75 1.00 1.00 1.00 0.75 1.00 1.00 1.00 1.00 

September 1.00 0.75 1.00 1.00 1.00 0.75 1.00 1.00 1.00 1.00 

Ac = Acacia constricta (white-thom acacia); Ad = Ambrosia deltoidea (triangle-leaf bursage); Ag = 
Acacia greggii (catclaw acacia): Cf = Cercidium floridum (blue pale verde); Cm = Cercidum 
mlcrophyllum (yellow palo verde): Ef = Encelia farinosa (brittlebush); Lt = Larrea tridentata 
(creosote-bush); Ot = OIneya tesota (ironwood); Prosopis (mesquite): Quercus (oak) 
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land cover-specific BVOC emission flux factors. These factors convert standardized 

hourly fluxes into average hourly fluxes. 

3.4 Results and Discussion 

3.4.1 Emissions within the Tucson Region 

Based on results from the land cover classification, approximately 80% of the Tucson 

region's area is desert land, 10% is forest land, 7% is barren land, 3% is urban/built-up 

land, and only 1% is agricultural land (Table 3.3). The average region-wide isoprene, 

monoterpenes, and OVOC emission fluxes for the entire Tucson region are 454. 248, and 

91 ug m'" hrrespectively. Over 95% of the BVOCs are emitted from forest (classes 12 

through 15) and desert (classes 1 through 4) lands with the remainder of the BVOCs 

emitted primarily from the urban forest (classes 6, 8, and 10). The urban forest is 

comprised of trees and shrubs in residential and park areas. The average region-wide 

isoprene and monoterpenes fluxes for a typical August day are 1.4 and 3.7 kg km"" day"', 

respectively. The Tucson region's combined (i.e. isoprene plus monoterpenes) flux is 

approximately equal to that of the SoCAB but it is only about one-tenth of the .Atlanta 

region's flux (Benjamin et al. 1997, Geron et al. 1995). Thus, Tucson's BVOC emissions 

are similar to those from an urbanized area with a Mediterranean climate (i.e. mid-latitude 

and summer-dry) but much less than those from an urbanized area with a moist, 

subtropical climate. 
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Table 3.5. Month-specific isoprene, monoterpenes, and OVOC emission flu.x factors for 
the region's 17 land cover classes 

Isoprene 
Class April May June July August September 

1 0.031 0.068 0.115 0.119 0.174 0.176 

2 0.031 0.068 0.115 0.119 0.174 0.176 
3 0.031 0.068 0.115 0.119 0.174 0.176 

4 0.031 0.068 0.115 0.119 0.174 0.176 

5 0.031 0.068 0.115 0.119 0.174 0.176 

6 0.031 0.068 0.115 0.119 0.174 0.176 

7 0.031 0.068 0.115 0.119 0.174 0.176 

8 0.031 0.068 0.115 0.119 0.174 0.176 
9 0.031 0.068 0.115 0.119 0.174 0.176 

10 0.031 0.068 0.115 0.119 0.174 0.176 
11 0.031 0.068 0.115 0.119 0.174 0.176 
12 0.028 0.031 0.068 0.115 0.119 0.119 
13 0.028 0.031 0.068 0.115 0.119 0.119 
14 0.028 0.031 0.068 0.115 0.068 0.119 
15 0.028 0.031 0.068 0.115 0.068 0.119 
16 0.031 0.068 0.115 0.119 0.174 0.176 
17 0.031 0.068 0.115 0.119 0.174 0.176 

Monterpenes and OVOCs 
Class April May June July August September 

1 0.258 0.404 0.602 0.665 1.031 0.735 

2 0.258 0.404 0.602 0.665 1.031 0.735 
3 0.258 0.404 0.602 0.665 1.031 0.735 

4 0.258 0.404 0.602 0.665 1.031 0.735 

5 0.258 0.404 0.602 0.665 1.031 0.735 

6 0.258 0.404 0.602 0.665 1.031 0.735 

7 0.258 0.404 0.602 0.665 1.031 0.735 

8 0.258 0.404 0.602 0.665 1.031 0.735 

9 0.258 0.404 0.602 0.665 1.031 0.735 

10 0.258 0.404 0.602 0.665 1.031 0.735 

11 0.258 0.404 0.602 0.665 1.031 0.735 

12 0.229 0.258 0.404 0.404 0.404 0.304 

13 0.229 0.258 0.404 0.404 0.404 0.304 

14 0.131 0.212 0.258 0.258 0.229 0.229 

15 0.131 0.212 0.258 0.258 0.229 0.229 

16 0.258 0.404 0.602 0.665 1.031 0.735 

17 0.258 0.404 0.602 0.665 1.031 0.735 
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3.4.2 Spatial Variations of BVOC Emissions within the Tucson Region 

Within the entire Tucson study region, derived isoprene and monoterpenes emission 

fluxes vary considerably among the land cover classes (Figures 3.4 and 3.5). Spatial 

variations in OVOC fluxes are not presented due to the aforementioned uncertainty of the 

OVOC emission rates. The region's forest lands (classes 12 through 15) are major 

sources of isoprene and monoterpenes. More specifically, conifers (classes 14 and 15) 

are responsible for the large monoterpenes flux at the highest elevations. The Madrean 

evergreen woodland (classes 12 and 13), located at middle elevations, has the highest 

isoprene flux estimates (3,315 to 4,191 fig m'- hr"') and is thus an important isoprene 

emission area. Nevertheless, the impact of BVOC emissions from forest lands on ozone 

concentrations in populated areas depends on complex mountain-valley wind patterns. 

The sheer amount of desertscrub in the region, along with modest monoterpenes 

emissions from prevalent species, such as paloverde, creosote-bush, and triangle-leaf 

bursage, accounts for a majority of the monoterpenes being emitted from desen lands 

(classes 1 through 4). The urban forest (i.e. City of Tucson) is an isoprene "hot spot"; 

however, as mentioned above, it contributes little (i.e. less than 5%) to the total amount of 

BVOCs emitted at the regional scale. Barren and cultivated lands have relatively low 

emission fluxes. 

3.4.3 Emissions within the Tucson Metropolitan Area 

Within the Tucson metropolitan area, which consists of urban and surrounding 

suburban desert areas (i.e. areas between the city and the mountains), the average 
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metropolitan-wide isoprene. monoterpenes, and OVOC fluxes are 323. 181. and 70 (ig 

m " hr ', respectively (Figure 3.1). The urban forest contributes heavily to isoprene 

emissions while the desertscrub is responsible primarily for monoterpenes emissions 

(Figures 3.4 and 3.5). 

3.4.4 Emissions within the Cit\- of Tucson 

Within the City of Tucson, most of the BVOCs are emitted from exotic tree species. 

The average city-wide isoprene, monoterpenes, and OVOC fluxes are 801, 100. and 100 

ug m " hr ', respectively. Over 90% of isoprene is emitted from eucalyptus (over 70%) 

and palm (approx. 20%) trees. These trees have relatively high isoprene emission factors 

and biomass values (Table 3.1). Over half of the monoterpenes are emitted from 

eucalyptus and pine trees. The planting of exotic species has changed the city from being 

monoterpenes-biased to being isoprene-dominated. 

3.4.5 Month-to-Month Variations in Regional and Metropolitan Area Emissions 

Theoretically, there should be a relative paucity of BVOC emissions during the arid 

foresummer and a rapid increase in emissions during the monsoon months within the 

Tucson region and metropolitan area (Figure 3.6). The area's drought-deciduous plants, 

which are located primarily in the desert lands, are clearly major contributors to the 

metropolitan-wide emissions total. Loss of leaves, changes in temperature, and changes 

in insolation are important causes of temporal variations in BVOC emissions. 
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There is, however, a large amount of uncertainty associated with the multi-temporal 

emissions estimates. April's BVOC emissions are probably underestimated since the 

above factors do not take into account blooming and bud break influences (Arey et al. 

1991, Guenther et al. 1995, Monson et al. 1995). It is also highly likely that June's 

BVOC emissions are overestimated, since temporal adjustments to the emission factors 

do not account for phenological responses to moisture stress such as stomatal closure, 

which occurs primarily during the arid foresummer. Conversely, emissions in July and 

August are probably underestimated. Dement et al. (1975) found that camphor 

volatilization rates in California black sage nearly doubled when the RH was increased 

from 8% to 36% at 40°C. Similar afternoon temperatures and increases in RH are found 

in the Tucson region between June and August. Increased relative humidity during these 

months probably increases BVOC emissions. Nevertheless, it can be stated with a 

considerable amount of certainty that, throughout the entire Tucson region, the largest 

BVOC fluxes occur during August. 

3.S Conclusions 

Based on comparisons with results from BVOC studies in the Los .\ngeles and 

Atlanta areas, the Tucson region's BVOC emissions are not as low as one might e.xpect 

for a semi-arid area. Tucson's relatively high BVOC emissions are explained by (1) a 

consistent cover of high biomass, moderate-emitting trees (i.e. oak, juniper, pine, and 

Douglas fir) at higher elevations, (2) the prevalence of high monoterpene-emitting species 

(i.e. bursage and creosote-bush) at lower elevations, (3) the substantial coverage of 
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moderate-emitting species such as paloverde and acacia throughout the region, and (4) the 

occasional presence of high biomass. high-emitting species (e.g., eucaK-ptus) in the urban 

areas. 

The importance of certain vegetation types with respect to BVOC emissions depends 

on the geographic scale of analysis. These scales are important from an air quality 

management perspective, for the potential for in-situ ozone production increases as the 

geographic scale of analysis changes from regional to urban. Within the entire region, 

forest and desert lands are the major emission areas. However, when attention is placed 

on the metropolitan and urban areas, the urban forest emerges as a major BVOC source. 

Since e.xotic species, such as eucalyptus, palm, and pine, emit most of the urban forest's 

BVOCs. these species' emissions might significantly affect ambient ozone concentrations 

in the urbanized area. 

Temporal variations in BVOC emissions have been estimated by employing rough 

estimates of temporal variations in leaf biomass as well as model-derived estimates of the 

impacts of temperature and light intensity on isoprene, monoterpenes. and OVOC 

emissions. All of these factors contribute to a likely maximum BVOC emittance in 

August. The prevalence of drought-deciduous plants causes a rapid increase in BVOC 

emissions from a predominantly low leaf biomass time period (May and June) to a high 

leaf biomass time period (July and August). 

This study has revealed the usefulness of satellite imagery for deriving land cover 

classes and to ultimately map biogenic emissions. The methodology presented in this 

paper consists of combining satellite mapping methods with local vegetation information 
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and leaf biomass and BVOC emission factors from other sources to produce a detailed 

biogenic emissions inventory for an area with previously unknown BVOC emissions 

estimates. Since no BVOC measurements have been made in the Tucson region, leaf 

biomass and emission factors are taken from other regions and are applied according to 

the species' genus or family when necessary. The relatively high spatial resolution (= 30 

m) and spectral resolution (6 bands) of Landsat TM imagery allows for a sufficient land 

cover classification of urban and rural areas in the Tucson region. This classification is a 

valuable tool, for even though emission fluxes are derived from measurements made in 

other regions, the classification can be used as a planning instrument to decide which 

species to measure in the future. 

This study has showTi that an initial yet useful biogenic emissions inventory can be 

produced for the Tucson region despite a substantial amount of uncenainty concerning 

leaf biomass and emissions factors. In the Tucson region, SMOGMAP17's region-wide 

isoprene and monoterpenes fluxes are approximately four and two times greater, 

respectively, than those calculated with BELD/BEIS information. More dramatically. 

SMOGMAPlT's urban isoprene flux is nearly 70 times greater than the BELD/BEIS flux. 

BELD/BEIS considers the urban forest to be similar to that of the surrounding desert 

areas. In reality, Tucson's urban forest is comprised of many exotic trees (e.g.. 

eucalyptus, palm, and pine) that are also major BVOC emitters. With respect to ozone 

formation, it is important to capture the magnitude of ozone precursor chemical 

emissions, especially in source-intensive areas. Therefore, SMOGMAP17's more 

realistic urban BVOC fluxes alone make it an improvement over BELD/BEIS. Without 
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actual ambient BV^OC measurements, though, it is difficult to quantitatively determine 

the accuracy of SMOGMAP17. 

Future uses of the standardized inventory might include using it in ozone studies. The 

inventory can be used as input data for BEIS2 as well its updated versions to estimate 

hourly BVOC emissions over a specific time period (e.g., several days). Model output 

can then be incorporated into photochemical models, such as the Urban Airshed Model 

(U.AM) (Scheffe and Morris 1993). UAM simulations can be used to determine the 

impact of BVOC emissions on ozone production. 

This inventory marks the first attempt at quantifying BVOC emissions in the Tucson 

region, and is a suitable starting point for the development of more accurate biogenic 

emissions inventories. Enhanced inventories could be developed by (1) improving the 

land cover classification with current, multi-temporal (e.g., spring and summer). 

extremely high resolution (e.g., 1 m for the urban areas) satellite imagery, (2) performing 

a field survey that contains several hundred plots and covers the entire region, and. most 

importantly, (3) using actual measured multi-temporal leaf biomass and BVOC emission 

factors for dominant species in both the urban and peripheral areas. Multi-temporal 

imager>' would lead to a better distinction between deciduous and evergreen vegetation, 

and thus a better classification. A comprehensive field sur\'ey would eliminate problems 

associated with using surveys that were guided by different goals. The acquisition of 

multi-temporal emissions and leaf biomass information is extremely important, since 

several of the important desert species are drought-deciduous. 
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CHAPTER 4: THE COMPLEXITY OF OZONE S SPATIO-TEMPORAL 

BEHAVIOR IN THE TUCSON AREA 

4.1 Introduction 

Tropospheric (surface) ozone is a ubiquitous atmospheric pollutant that can be found 

in high concentrations in both urban and rural locations. Ozone is a major environmental 

concern because of its adverse impacts on human health, crops, and forest ecosystems 

(Sillman 1999). Significant associations have been found between respiratory-related 

hospital admissions and ambient ozone levels, with stronger relationships occurring in 

areas with higher ozone concentrations (Cody et al. 1992, Burnett et al. 1994). More 

specifically. White et al. (1994) suggest that asthma among children from low-income 

families may be exacerbated following periods of high ozone pollution. In the San 

Bernardino Mountains of southern California, decreased sizes and increased foliar 

injuries of pines have been linked with increased ambient ozone concentrations (Miller at 

al. 1989). In addition, substantial seasonal crop reductions (>30%) have occurred when 

alfalfa has been exposed to ambient ozone (Thompson et al. 1976). The recognition of 

increasing ozone levels in the United States and the realization of its adverse effects on 

people and vegetation initiated the establishment of an ozone air quality standard in the 

early 1970s and the subsequent enforcement of the standard by the United States 

Environmental Protection Agency (US EPA). Consequently, most metropolitan areas 

have one or more monitors that continuously measure ambient ozone concentrations to 

ensure the protection of public health and welfare from elevated ozone concentrations. 
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Despite its proven deleterious effects, ozone's behavior over space and time in some 

metropolitan areas is neither sufficiently known nor explained. This information is 

needed to (1) understand the spatio-temporal variations in ozone production and transport 

so that optimal ozone reduction strategies can be implemented., (2) develop deterministic 

models (e.g., linear regression) that explain and/or predict variations in ozone over space 

andybr time, and (3) determine the causal importance of ozone with respect to respiratory 

ailments and vegetation injury. 

4.1.1 Aims and Objectives 

This paper provides a methodological framework for answering questions concerning 

the spatio-temporal behavior of ozone in a variety of metropolitan areas. Presented is a 

case study of ozone levels in Tucson, Arizona, a semi-arid urbanized area, in which the 

impacts of atmospheric conditions and ozone precursor chemical emissions on ozone 

levels are examined. The resulting air quality information is critically important from a 

policy perspective, for it can be used to (1) improve ozone modeling, whether it be 

predictive spatial inapping or temporal forecasting, (2) influence air quality policy 

decisions regarding ozone reduction measures, and (3) enable an increased understanding 

of ozone's effect on sensitive receptors, such as humans and certain types of vegetation. 

The major objectives of this study are to relate monthly and diurnal variations in ozone 

levels to variations in ozone precursor chemical emissions and atmospheric conditions, to 

determine month-specific atmospheric conditions that are conducive to elevated ozone 

levels, and to assess the likelihood of ozone transport from Phoenix to Tucson. 
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4.1.2 Overview of Surface Ozone 

4.1.2.1 Production 

Surface ozone can be formed by the oxidation of volatile organic compounds (VOCs) 

in the presence of nitrogen oxides (NO J and sunlight (Chameides et al. 1992). Ozone is 

thus a secondary pollutant. A greatly simplified description of the ozone-formation 

process, involving just NO^ and VOCs, is as follows: 

• During daylight hours, ultraviolet (UV) radiation photolyzes nitrogen dioxide 

(NO,) 

NO, + UV ̂  NO + O 

• The oxygen atom (O) reacts with an oxygen molecule (O2) to form ozone (O3) 

02 + O O3 

• O3 reacts rapidly with NO produced in the photolysis reactions thereby resulting 

in no significant ozone formation 

03 + NO -• NO:  ̂O2 

• The degradation of VOCs in the presence of O, produces extremely reactive 

hydroxyl radicals. 

• The radicals are involved in reactions that oxidize NO to NO, thereby resulting in 

the accumulation of ozone and other photochemical oxidants. 

The production of ozone is controlled ultimately by hydrocarbon degradation even 

though nitrogen oxides are required to initiate the reactions (Elsom 1992). In addition, 

the rate of ozone production is a nonlinear function of the mi.xture of VOCs and NO^ 
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(Cardelino and Chameides 1995). VOCs essentially suppress nitric oxide (NO) 

scavenging of ozone thereby enabling the accumulation of ambient ozone concentrations. 

.Meteorology also impacts on ozone formation and transport, for ozone accumulation in 

the troposphere is critically dependent upon the physical parameters that characterize the 

planetary boundary layer, such as temperature, wind speed, wind direction, and mixing 

height (Cardelino and Chameides 1995). Generally, hot, sunny, and calm conditions are 

conducive to elevated ambient ozone concentrations. 

4.1.2.2 Transport 

Transport is an extremely important aspect of ozone pollution. Peak ozone 

concentrations usually occur at significant downwind distances (i.e. 30 to 150 km) from 

emission source areas (Seinfeld 1989, Imhoff et al. 1995). Within an airshed, such as the 

South Coast Air Basin (i.e. Los Angeles), coastal breezes and mountain winds, which are 

generated by strong daytime heating of land surfaces, can transport and distribute 

pollutants across the basin (Lu and Turco 1996). Upslope flows (i.e. anabatic winds) are 

thought to be an important mechanism whereby pollutants can be transported from source 

areas into forests and wilderness areas located in mountainous terrain (e.g., transport of 

pollutants from, the San Joaquin Valley to the Sierra Nevada Mountains) (King et al. 

19S7). On a regional scale, ozone generated near urban areas can slowly accumulate 

within high pressure cells and be transported long distances (Vukovitch et al. 1977). For 

example, NO^ emissions in the lower Ohio middle Mississippi River valleys have a high 
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likelihood of contributing to high ozone air masses arriving in western Pennsylvania 

(Comrie 1994). 

4.1.2.3 Rural vs. Urban Ozone 

The characteristics of ozone concentrations differ noticeably between urban and rural 

areas. Ozone production at a location can be described as VOC-sensitive. NO^-sensitive. 

or transitional. In urban atmospheres, where NO^ concentrations can be extremely high, 

the rate of ozone production can actually become depressed by additional NO^ (i.e. NO-

scavenging), and, essentially, be limited solely by the availability of VOCs. If NO^ 

concentrations are held constant and VOC concentrations are increased, then ozone 

concentrations increase. Increases in ambient VOC concentrations can enhance ozone 

production significantly (Chameides and Lodge 1992). In this predominantly urban 

situation, ozone production is described as VOC-sensitive. 

In heavily wooded urban areas, such as Atlanta, Georgia, and in many rural areas, 

high biogenic VOC (BVOC) emissions can actually cause peak ozone concentrations to 

be sensitive to NO^ and show little sensitivity to VOCs. Ozone in rural air depends 

strongly on NO^ concentrations but is almost independent of the amount of VOCs present 

(Sillman et al. 1990, 1995). If VOC concentrations are held constant and NO^ 

concentrations are increased, then ozone concentrations increase. Nevertheless. 

increasing some VOC concentrations tends to increase the rate of ozone destruction due 

to the reaction between ozone and VOCs (Chameides and Lodge 1992). Overall, ozone 

production in most rural areas is described as NO^-sensitive. Production in rural areas 



124 

may also be more efficient than in urban areas, for the efficiency of ozone generation 

increases as ozone precursor levels decrease (Lefohn 1992). 

Finally, areas that have transitional atmospheres are often intermediate points, both 

geographically and chemically, between VOC-sensitive urban centers and peak ozone 

concentrations and NO,-sensitive rural areas. These transitional areas often have the 

highest ozone concentrations in a region (Sillman 1999). 

4.1.3 The Study Region 

4.1.3.1 Geographical Location and Emissions Situation 

Tucson is located at 32.25° N latitude and -111° W longitude, at approximately 700 m 

above sea level (a.s.l.) in southern Arizona. It is situated in a basin surrounded by four 

mountain ranges (Rincon, Santa Catalina, Tortolita, and Tucson Mountains) (Figure 4.1). 

The region's airshed, being relatively isolated from other airsheds, is an excellent air 

pollution study area, for local pollutants probably overwhelm regionally transported 

pollutants (e.g., pollutants transported from Phoenix). Therefore, compared to 

metropolitan areas in the northeastern U.S. (e.g., Baltimore and Philadelphia) that are 

impacted by regional air pollutants, ozone concentrations in the Tucson region are more 

directly related to local emissions. 

Most of the region's ozone precursor pollutants (i.e. VOCs and NOJ are emitted from 

motor vehicles. As Tucson's population increases, mostly at the urban-rural fringe, so 

does its motor vehicle usage. Over the past thirty years, the region's population has 

exploded from over 320,000 to over 800,000 people (PAG 1997). From 1960 to the 
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present, theVegion's average daily vehicle miles traveled (VMT) have increased from 

over 1 million to over 20 million (PAG 1998). Currently. Tucson's motor vehicles emit 

over 114 metric tons of ozone precursor pollutants each day. 

4.1.3.2 Climate and Pollutant Transport 

The Tucson region is affected by several global circulation features (i.e. westerlies 

and subtropical high pressure cells), synoptic features (i.e. cyclones and anticyclones), 

and local (mesoscale) features (i.e. mountain-valley circulation) that, in turn, influence 

pollutant emissions, transport, chemistry, dispersion, and accumulation. In winter, the 

Tucson region lies at the southernmost extreme of the polar front jet stream. The 

associated storm track moves midlatitude storms through the region and brings cool air 

masses from the west and north (Comrie 1996). In addition to cyclonic storms, this 

situation also results in quasi-stationary anticyclones centered over the Great Basin which 

bring light winds and shallow mixing depths (i.e. depth above the surface through which 

pollutants may be mixed) to the region. These anticyclones have been found to the most 

likely synoptic features conducive to poor air (Holzworth 1962, Comrie 1996, and 

Comrie and Diem 1999). 

During July and August, a monsoon-like circulation forms over the region. Low-

level moisture, which is the bulk of the moisture, is advected from the eastern tropical 

Pacific Ocean and the Gulf of California while upper-level moisture is advected from the 

Gulf of Mexico (Adams and Comrie 1997). Similar to wintertime pollution potential, 

summertime ozone concentrations are highest under anticyclones in many locations. 
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including the Tucson region, due to higher temperatures and greater ultra-violet radiation 

(Comrie 1996). 

Local circulations, superimposed on the global and synoptic scale circulations, are 

important with respect to pollution transport within the Tucson region. Throughout the 

year, the region is affected by a mountain-valley circulation. Up-slope and down-slope 

air flows, generated by heating (up-slope) and cooling (down-slope) of mountainsides, 

cause consistent diurnal reversals in wind direction. Nearly all months show a diurnal 

reversal in wind direction with down-slope winds (southeasterlies) occurring during the 

early morning hours and up-slope winds (northwesterlies) occurring during times of 

maximum surface heating (Frenzel 1961). Down-slope flows, triggered by radiational 

cooling and subsequent increases in air density, from the Santa Catalina and Rincon 

Mountains fill low-lying areas (e.g., dry stream channels) with cold air (Kirby and Sellers 

1987). The cold air drainage strengthens nocturnal temperature inversions and transports 

pollutants. Both of these can lead to elevated pollutant concentrations in low-lying areas. 

Up-slope winds transport pollutants eastward/southeastward across the Tucson 

metropolitan area during the afternoon and early evening. Down-slope flows and up-

slope flows dominate the winter and summer months, respectively (Frenzel 1961). 

4.1.3.3 Ozone Situation 

Tucson has a persistent ozone problem resulting from substantial emissions of V^OCs 

and NO^ into a hot, sun-drenched, and calm atmosphere that is usually conducive to 

ozone production. During the summer months, Tucson has been close to violating the 
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federal ozone standard. In the near future, with increased motor vehicle emissions and a 

possible coincidence of atmospheric conditions that are extremely conducive to ozone 

accumulation, Tucson might exceed the standard and lose its ozone attainment status. 

Tucson would then have to submit a State Implementation Plan (SIP) which would 

provide for regulatory controls on specific sources so that the ozone standard can be 

achieved and maintained. Selecting a proper ozone reduction strategy is a complicated 

procedure. Results presented in this paper should, however, provide new information 

concerning the role and behavior of certain pollutant sources that will guide air quality 

policy decisions. 

4.2 Data 

Data used in this study consist of (1) hourly ozone concentrations. (2) hourly and 

daily meteorological information, and (3) area-wide estimates of daily ozone precursor 

emissions. Hourly ozone concentrations are obtained from the Environmental Protection 

.A,gency's (EPA) Aerometric Information Retrieval System (AIRS) for Tucson's five long-

term ozone monitors (i.e. monitors that were in operation from 1995 to 1998). These five 

monitors are scattered throughout the metropolitan area (refer to Figure 4.1), and have 

been placed in varying environments including a somewhat rural, upwind area in 

northwest Tucson (Tangerine Road (TANG), a city center area (Downtown (DT)), an 

urban/suburban area (22"'' and Craycroft (22&C)), and two downwind areas (Saguaro 

National Park West (SNP) and Faigrounds (FG)). In addition, hourly ozone 

concentrations from 1997 are obtained from AIRS for two of Phoenix's ozone monitors. 
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Fountain Hills and Mt. Ord. AIRS also provides hourly wind speed and direction data for 

the TANG and 22&C monitors. Hourly temperature, relative humidity, and insolation 

data are obtained from an Arizona Meteorological Network (AZMET) site located at the 

University of Arizona's Campus Agricultural Center in midtown Tucson. Daily 

temperature, wind speed, relative humidity, and atmospheric pressure measurements at 

the Tucson International Airport (TIA) are obtained from the National Climatic Data 

Center (NCDC). Upper air data (geopotential heights, temperatures, dew point 

temperatures, wind speed, and wind direction) acquired via radiosonde twice daily (OZ 

and 12Z) at TIA are also obtained from NCDC. Estimates of daily VOCs and NO^ 

emissions are described in Chapters 2 and 3 of this dissertation. 

4.3 Methods 

This study analyzes spatio-temporal variations in ozone levels. Therefore, the 

methods consist primarily of graphical and statistical analyses of ozone variations by 

month, day, and hour. Methods are geared toward (1) determining monthly variations in 

ozone precursor emissions and associated spatio-temporal variations in ozone production 

sensitivity, (2) determining and explaining monthly variations and diurnal variations in 

ozone levels by examining variations in meteorology and ozone precursor chemical 

emissions, (3) creating a month-specific climatology of high ozone concentrations, and 

(4) examining the possibility of ozone transport from the Phoenix to Tucson. 

First, monthly variations in area-wide VOC and NO^ emissions from all sources are 

determined- Second, monthly differences in average daily maximum and minimum 
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ozone concentrations (i.e. daily maximum l-hr and 8-hr average concentrations) as well 

as average daily ozone exposure values (i.e. SUM06 and W126) are determined. SUM06 

is an ozone exposure index which is the sum of all hourly concentrations greater than or 

equal to 0.06 (parts per million). In this study, the average monthly SUM06 is calculated 

for each station. This index and other cumulative standards have been used to quantify 

human exposure to ozone pollution (Blanchard et al. 1997). W126 is a sigmoidally-

vveighted exposure index that gives more weight to higher hourly average concentrations 

and less weight to less biologically-effective concentrations (Lefohn and Runeckles 

1987). Hourly ozone concentrations are weighted with the following equation: 

Wj = [1 + M * exp (-A * Ci)]-"' 

where M and A are arbitrary constants but have been assigned values of 4403 ppm and 

126 ppm, respectively. W/ is the weighting factor for concentration /, and C/ is the 

concentration i (Lefohn and Runeckles 1987). Using the above values, minimal weight is 

given to values less than 0.04 ppm while maximum weight is given to values greater than 

0.1 ppm. Along with the SUM06 index, this index has been used to relate vegetation 

effects to ozone exposure (Lefohn et al. 1988b). 

Third, diurnal profiles of ozone concentrations are created for an average day during 

the ozone season (April through September) as well as for various months at important 

monitors. Fourth, a month-specific climatology of high ozone concentrations is 

developed. The climatology focuses on the upper tail of the daily maximum ozone 

concentration distribution because peak ozone concentrations are strongly influenced by 

meteorological conditions (Rao et al. 1991). This climatology is constructed for the SNP 
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and TANG stations by determining the average atmospheric conditions (i.e. maximum 

daily temperature, minimum relative humidity, insolation, average daily wind speed, 

average daily atmospheric pressure, and afternoon wind speed) present on days that have 

the top 20% of daily maximum ozone concentrations at each station during each month. 

These methods facilitate a climatological comparison of upwind and downwind locations 

as well as for month-to-month comparisons. 

Finally, assessing the likelihood of ozone transport from Phoenix to Tucson is 

accomplished by examining the direction of upper air winds on days with elevated ozone 

concentrations, ozone concentrations during days with upper air winds from the 

northwest, and increases in ozone from mid-moming (9 AM) to early afternoon (1 PM). 

Rapid increases in morning ozone concentrations in other regions have been associated 

with inter-city ozone transport (Bigler-Engler and Brown 1995). The significance of 

differences is determined with the Student's T-test. 

4.4 Results and Discussion 

4.4.1 Overview of Spatio-Temporal Variations in Ozone Precursor Chemical 

Emissions 

The three major types of ozone precursor chemicals emitted in the Tucson 

meiropolitan area are anthropogenic VOCs and NO^ (AVOCs and ANO^) and biogenic 

VOCs (BVQCs). Temporal variations in anthropogenic VOC and NO^ emissions are 

caused primarily by changes in human activities and atmospheric conditions (Figure 4.2). 

For example, increased air conditioner use during the monsoon season causes an increase 
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in power plant NO^ emissions (Diem 2000). The highest AVOC and ANO^ emissions 

occur in the source-intensive area while sparse emissions occur in non-mining and non-

highway areas outside the metropolitan boundary (refer to Figure 4.1). Temporal 

variations in BVOC emissions are a function of leaf biomass, temperature, light intensity, 

relative humidity, and various phenological factors (e.g., blooming) (Dement 1975, Arey 

et al. 1991, Guenther et ai. 1993, Guenther et al. 1995, Monson et al. 1995). Over the 

course of Tucson's ozone season, BVOC emissions are lowest during the arid foresummer 

(May and June) and highest during the moist, monsoon months (July and August) (Figure 

4.3). Spatially, the urban forest and the forested upper elevation areas have the highest 

emissions while the desert lands have relatively moderate emissions (refer to Chapter 3 of 

this dissertation). 

Month-specific estimates of VOC/NO^ emissions within the metropolitan area 

provide insight concerning temporal variations in the sensitivity of ozone production 

(Figure 4.4). Due to month-to-month variations in BVOC emissions, the sensitivity of 

ozone production changes dramatically between the months (Diem 2000). Due to 

monsoon-induced increases in BVOC emissions, the largest VOC/NO^ emissions ratio 

occurs in August (Figure 4.4). Minimal BVOC emissions in June contribute to that 

month's relatively small ratio. Increased BVOC emissions associated with the monsoon 

can take ozone production from VOC-sensitive in May and June to NO^-sensitive in July 

and August. In general, April has transitional sensitivity, May is VOC-sensitive, June is 

VOC-sensitive, July is transitional/NO^-sensitive, August is transitional/NO^-sensitive, 

and September is VOC-sensitive. 
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Superimposed on the temporal variation is spatial variation. The downtown area and 

other upwind source-intensive areas are nearly always VOC-sensitive while downwind 

rural areas, such as SNP, are nearly always transitional/NO^-sensitive throughout the 

ozone season. Variations in the sensitivity of ozone production cause monitor-to-monitor 

ozone variations, month-to-month and diumal ozone variations, and the occurrence of 

elevated ozone concentrations. 

4.4.2 Month-to-Month Ozone Variations 

Even though the EPA currently considers Tucson's ozone season to be year-round, the 

fall and winter months have relatively low ozone levels on average. Figures 4.5 to 4.8 

show variations in ozone levels from April through September. Due to uncertainties 

pertaining to the adoption of either the l-hr or 8-hr average ozone standard, both 

standards are presented in this study. From a regulatory perspective, nearly all monitors 

have the highest daily maximum 1-hr and 8-hr average values occurring in August 

(Figures 4.5 and 4.6). SNP and 22&C have the highest overall ozone levels while DT has 

the lowest values. Ozone levels at TANG and FG behave similarly even though the two 

monitors are relatively distant from each other. All monitors record lower values in June. 

Monthly variations in ozone exposure values are considerably different from the 

\ ariations in daily maximum values. SUM06 and W126, which in this study are proxies 

for the magnitude of human and vegetation exposure, respectively, have nearly identical 

\ ariations. The three eastern monitors (SNP, 22&C, and FG) have the highest e.xposure 

levels in May and August and noticeable decrease in exposure in June (Figures 4.7 and 



E 
a 
a 

0.075 

0.07 

0.065 

0.06 

0.055 

0.05 

I 0.045 

S 0.04 
c 
S 0.035 
c 
Q 0.03 

g 0.025 

0.02 

0.015 

0.01 

0.005 

0 

o 
N 
O 

m 
LU < 

{£. 
Q. 
< 

>-
< 

UJ 
z 
ID 

o 

< 

0. 
UJ 
w 

o 
o O UJ 

Z Q 

Month 

—0—SNP 

o 22&C 

- • - TANG 

DT 

Figure 4.5. Month-(o-montli changes in average daily maximum 1-hr average ozone concentrations at five ozone monitoring 
sites in the Tucson area, Refer to Fig. 4.1 for monitor locations. U> 



0.075 

0.07 

0.065 

0.06 

? 0.055 
a 
a 0.05 
c 
0 0.045 '•S JH S 
** 0.04 
c 
o u 0.035 
c 
0 
o 0.03 
0> 
c 0.025 
o 
N 
o 0.02 

0.015 

0.01 

0.005 

0 
z m a: >- m 
< UJ < Q. < z 
—> u. 2 < 2 D 

—i 

>-
_l 
D -> 

Month 

O 
D 
< 

Q. 
LU 
03 

h-
O 
o 

-0—SNP 

o 22&C 

• •» - TANG 

• DT 

> o 
O HI 
Z Q 

Figure 4.6. Month-lo-month changes in average daily maximum 8-hr average ozone concentrations at five ozone monitoring 
sites in the Tucson area. Refer to Fig. 4.1 for monitor locations. 



0.35 

(O 
o 
S 
3 
(0 

0.3 

0.25 

0.2 

0.15 

0.1 

0.05 

0 
z m DC >- LU 
< UJ < Q. < Z 

u. < 5 D 
—> 

-0—SNP 

-^FG 

o 22&C 

- - TANG 

• DT 

U 
m 
Q 

Month 

Figure 4.7. Month-to-month changes in daily SUM06 values at five ozone monitoring sites in the Tucson area. Refer lo Fig. 
4.1 for monitor locations. 



18 

15 

12 

(O 
?! 9 

TANG 

0 

Month 

Figure 4.8. Month-to-monlh changcs in total daily WI26 values at five ozone monitoring sites in the Tucson area. Refer to Fig. 
4.1 for monitor locations. 

4^ 
o 



141 

4.8). The downtown monitor (DT) also has a peak in August. Unlike the other monitors. 

TANG does not have high exposure levels in August. Instead. April, May, and June have 

the highest levels. This peculiarity is explored further in Section 4.4.5. 

In general, SNP, being a downwind and predominantly rural monitor, has the highest 

daily maximum ozone concentrations among the monitors followed by 22&C, TANG, 

FG, and DT. Considerably higher values occur at SNP and 22&C than at the other three 

monitors. Downwind stations have higher ozone levels than do their upwind counterparts 

while rural monitors have higher levels than do urban monitors (DT). 

With respect to (1) ozone air quality standards, (2) human exposure, and (3) 

vegetation exposure, August is the most severe month at most of the monitors. Since 

ozone is a photochemical pollutant, it might be expected that, among the summer months, 

the highest levels should occur in June, the month with the highest overall insolation and 

temperature (Figure 4.9). However, the extreme sensitivity of ozone production to 

ambient VOC concentrations in June, as well as increased pollutant dilution resulting 

from increased surface wind speeds and a deep mixed layer (Figure 4.10), cause ozone 

levels at most monitors to be significantly lower in June compared to July and August. 

4.4.3 Diurnal Variations in Ozone Concentrations 

Diurnal variations in hourly ozone concentrations vary among the monitors (Figure 

4.11). These variations are controlled by pollutant transport as well as local pollutant 

emissions. Late morning and early afternoon winds transport ozone and its precursors 

eastward across the Tucson metropolitan area (Figure 4.12). Consequently, SNT and FG, 
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the two easternmost monitors, have the latest daily ozone peaks (3 PM) while TANG, the 

westernmost monitor, has the earliest peak (1 PM). Overall, as expected, daily ozone 

peaks tend to coincide with peak temperature and insolation periods (Figures 4.11 and 

4.13). 

Based on what other researchers have found concerning the transport of ozone within 

an airshed (Seinfeld 1989, Imhoff et al. 1995), later peaks and higher exposure levels 

(W126 and SUM06) in the Tucson region probably occur at locations that are even more 

rural and downwind than SNP. Downwind, rural areas usually have lower ambient 

concentrations of AVOCs and ANO^, and, since the efficiency of ozone generation 

increases as precursor levels decrease, these areas can experience ozone concentrations 

that are maybe equal to or higher than those present upwind (Lefohn 1992). In addition, 

most rural areas (e.g., high elevation forested areas in the Tucson region) emit large 

quantities of BVOCs, which are highly reactive and are thus effective ozone precursors 

(Lurmann 1986). Consequently, downwind, rural areas are not only the recipients of 

transported ozone, but those areas also have a substantial in situ ozone-production 

potential resulting from BVOC emissions and diluted concentrations of anthropogenic 

precursors. 

Ozone exposure values and daily maximum ozone concentrations in the Rincon 

Mountains (Figure 4.1) should hypothetically occur around 5 PM (Figure 4.11) and are 

probably equal to or higher than those measured in the metropolitan area. In fact, ozone 

exposure levels in the Rincon Moimtains have been high enough to cause noticeable 

damage to the needles of Ponderosa pines (Duriscoe and Selph 1985). The paucity of air 
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quality-related information in the region's downwind, forested areas suggests a definite a 

need for ozone monitoring and research in these areas. 

The two urban (source-intensive) monitors, DT and 22&C, are the most influenced by 

local emissions (Figures 4.1 and 4.11). Increased NO emissions during the stan of 

morning rush hour causes increased NO concentrations and subsequent NO-scavenging 

of ozone. As a result, ozone concentrations drop substantially at approximately 6 AM. 

NO-scavenging is barely noticeable at rural monitors such as SNP. In fact, SNP 

sometimes has an increase in ozone concentrations throughout the night and morning in 

April due to cold air drainage and associated low-level temperature inversions (Figure 

4.14). Kirby and Sellers (1987) associate significant temperature gradients near SNP 

with cold air drainage from the Rincons. Thus, easterly to southeasterly drainage winds 

presumably transport ozone-rich air down from the Rincon Mountains and into the 

eastern portion of the metropolitan area. Interestingly, due to the weakening of the cold 

air drainage and temperature inversions, this nocturnal ozone increase does not occur in 

July and August. 

4.4.4 Climatology of High Ozone Concentrations 

An examination of month-specific high ozone concentrations reveals the temporally 

varying characteristics of climatic controls on high ozone concentrations (i.e. top 20% of 

daily maximum 8-hr average concentrations for each month). As has been found in many 

other urban areas, high ozone days (HODs), compared to non-HODs, in the Tucson 

region are usually hot (higher surface and upper atmospheric temperatures), dry (lower 
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surface RH), sunny (higher insolation), and calm (light daily and/or afternoon winds and 

upper atmospheric winds). However, these climatic controls vary in importance by 

month and location. In this study, important determinants of HODs are those 

atmospheric conditions that are significantly different (a = 0.05 by a Student's T-test) 

between HODs and non-HODs. The magnitude of the T-statistic is a proxy for the 

strength of a certain variable in separating HODs fi*om non-HODs (Figures 4.15 and 4.16 

and Tables 4.1 to 4.4). Month-specific HOD vs. non-HOD atmospheric differences are 

presented below for both the upwind (TANG) and downwind (SNP) monitors. HOD 

conditions are described relative to non-HOD conditions for each month. 

4.4.4.1 Late Spring and Arid Foresummer 

Most atmospheric variables are important determinants of HODs in April. Both 

TANG and SNT's HODs are hot, dry, calm, and have high atmospheric pressure at the 

surface in addition to having westerly afternoon winds. The upper atmospheric levels are 

hot and thick with light winds mostly from the west to northwest. 

Except for high pressure, TANG's HODs have approximately average surface 

conditions in May. SNP's HODs are sunny, calm, and have high pressure as well as 

westerly afternoon winds at the surface. Upper atmospheric levels have light, 

westerly/northwesterly winds. 

TANG's HODs are sunny, calm, and have high pressure at the surface in June. 

Conditions for SNP's HODs are almost identical. Similar to May, westerly/northwesterly 

afternoon winds prevail. Upper atmospheric conditions for both location's HODs are also 
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Figure 4.15. Month-to-month changes in HOD vs. non-HOD differences in surface 
atmospheric conditions at TANG (a) and SNP (b). Variable descriptions are as follows: 
MAXT = daily maximum temperature; MINRH = daily minimum relative humidity; 
PRESS = average daily pressure; INSOL = total daily insolation; WS(Daily) = average 
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Figure 4.16. Month-to-month changes in HOD vs. non-HOD differences in upper level 
atmospheric conditions at TANG (a) and SNP (b). Variable descriptions are as follows: 
500H = 500 mb height; 5007 = 500 mb temperature; 500WS = 500 mb wind speed; 
700H = 700 mb height; 700T = 700 mb temperature; 700WS = 700 mb wind speed; 
850H = 850 mb height; 850T = 850 mb temperature; 850WS = 850 mb wind speed; 
7050T = 700 mb minus 500 mb temperature difference; 8550T = 850 mb minus 500 mb 
temperature difference; 8550H = 500 mb minus 850 mb height difference. 
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Table 4.1. Average surface atmospheric conditions for TANG's HODs and typical days 
during each month. HOD values in bold, italicized type are significantly different (a = 
0.05) from non-HOD values. 

MAXT MINRH PRESS INSOL WSoailv WSAHemocn WDAfli»moon 
APR 

HOD 30.2 11.9 925.5 27.96 3.2 2.97 271 
AVG 26.9 15.2 923.9 25.81 3.7 3.25 259 

MAY 
HOD 34.0 11.3 924.1 29.11 3.3 3.07 267 
AVG 33.2 11.6 923.4 28.75 3.6 3.11 266 

JUNE 
HOD 38.1 9.2 924.2 31.29 2.9 3.10 260 
AVG 37.8 10.0 922.9 29.95 3.6 2.85 265 

JULY 
HOD 40.4 17.1 924.5 27.54 3.6 3.02 259 
AVG 38.1 21.6 924.9 25.94 3.5 3.11 263 

AUG 
HOD 38.S 22.1 923.5 25.84 3.5 2.67 268 
AVG 36.9 27.7 924.6 24.02 3.5 2.68 266 

SEP 
HOD 36.3 24.7 922.1 22.32 3.2 2.60 241 
AVG 33.3 25.8 923.1 21.55 3.3 2.72 264 

Table 4.2. Average surface atmospheric conditions for SNP's HODs and typical days 
during each month. HOD values in bold, italicized type are significantly different (a = 
0.05) from non-HOD values. 

MAXT MINRH PRESS INSOL WSoailv ^^SAftpmoon ^^D Afternoon 

APR 
HOD 29.6 12.4 925.3 28.1 3.1 1.1 285 
AVG 26.9 15.2 923.9 25.8 3.7 1.5 276 

MAY 
HOD 34.1 10.9 924.3 29.6 3.2 1.2 276 
AVG 33.2 11.6 923.4 28.7 3.6 1.4 264 

JUNE 
HOD 38.1 10.2 923.7 31.6 3.0 2.3 286 
AVG 37.8 10.0 922.9 30.0 3.6 3.3 259 

JULY 
HOD 40.6 16.3 924.6 27.9 3.4 2.6 294 
AVG 38.1 21.6 924.9 25.9 3.5 2.7 284 

AUG 
HOD 38.0 24.5 923.8 25.8 3.5 2.3 262 
AVG 36.9 27.7 924.6 24.0 3.5 2.5 271 

SEP 
HOD 36.1 27.7 923.8 23.0 3.2 2.6 293 
AVG 33.3 25.8 923.1 21.5 3.3 2.5 264 



Tabic 4.3. Average upper level atmospheric conclilioiis forTANG's HODs and typical days during each month. HOD values in 

bold, ilalici/ed type arc significantly different ((x 0.05) from non-1 lOD values. Descriptions of variables arc as follows: 

500H, 700H, 850H = heights (m) at the three levels; 500T, 700T, 850T = temperatures (°C); 500DP, 700DP, 850DP = dew 

point temperatures (°C); 500WD, 700WD, 850WD = wind directions (degrees); 500WS, 700WS, 850WS = wind speeds 
(ni s '); 8550H = 500 nib minus 850 mb height difference (ni); 8570H = 700 mb minus 850 mb height difference (m). 

500 500 500 500 500 700 700 700 700 700 850 850 850 850 850 8550 8570 
H T DP WD WS H T DP WD WS H T DP WD WS H H 

APR 

HOD 5748 -13.6 -37.6 304 12.8 3107 3.7 -16.7 273 6.1 1498 15.4 -8.3 49 4.2 4250 1609 

AVG 5695 -15.3 -35.2 273 18.7 3071 1.3 -16.2 246 9.8 1477 12.6 -5.8 246 5.4 4218 1593 

MAY 

HOD 5794 -11.0 -27.8 264 14.4 3121 6.4 -11.4 252 7.6 1495 18.7 -1.9 311 4.1 4299 1626 

AVG 5779 -11.3 -29.7 249 17.0 3110 6.3 -14.4 233 9.5 1487 17.8 -2.2 237 4.8 4292 1623 

JUNE 

HOD 5848 - 8.5 -30.5 263 8.7 3150 9.7 -11.5 223 5.4 1505 21.9 -1.6 352 4.5 4343 1645 

AVG 5841 - 8.6 -29.1 232 12.8 3142 10.3 -9.8 221 9.2 1493 22.3 -0.9 223 5.4 4347 1648 

JULY 

HOD 5922 - 6.9 -17.9 91 6.7 3195 13.9 0.4 57 3.9 1519 26.8 4.8 60 4.1 4403 1676 

AVG 5902 - 6,9 -18.3 151 6.7 3183 12.2 1.0 144 5.0 1519 24.4 7.6 225 4.7 4383 1664 

AUG 

HOD 5916 - 6.6 -18.8 94 5.8 3194 12.9 2.7 51 5.1 1524 25.0 9.5 105 3.8 4392 1670 
AVG 5902 

C
O

 C
O

 

-16.2 130 5.8 3183 11.9 4.1 94 4.9 1520 23.7 11.7 114 4.7 4382 1663 

SEP 

HOD 5872 

00 CO
* 

-22.6 174 8.2 3159 11.6 0.5 149 6.1 1498 23.8 7.5 83 4.4 4373 1661 
AVG 5858 - 7.0 -27.0 234 10.0 3153 10.0 - 0.4 196 7.2 1501 22.2 8.6 149 4.6 4357 1651 



Tabic 4.4. Average upper level almospheric conditions for SNP's HODs and typical days during each month. HOD values in 

bold, italicized type are significantly different (a = 0.05) from non-HOD values. Descriptions of variables are as follows; 
500H, 700H, 85011 - heights (m) at the three levels; 500T, 700T, 850T = temperatures (°C); 500DP, 700DP, 850DP = dew 

point temperatures (°C); 500WD, 700WD, 850WD = wind directions (degrees); 500WS, 700WS, 850WS = wind speeds 
(m s '); 8550H = 500 mb minus 850 mb height difference (m); 8570H = 700 mb minus 850 mb height difference (m). 

500 500 500 500 500 700 700 700 700 700 850 850 850 850 850 8550 8570 
H T DP WD WS H T DP WD WS H T DP WD WS H H 

APR 

HOD 5736 •13.4 -35.2 291 15.1 3097 2.7 -15.3 277 4.9 1495 14.4 -6.6 49 4.2 4242 1603 

AVG 5695 -15.3 -35.2 273 18.7 3071 1.3 -16.2 246 9.8 1477 12.6 -5.8 246 5.4 4218 1593 

MAY 

HOD 6792 -10.9 -27.6 256 14.9 3120 6.2 -11.7 232 8.2 1495 18.4 -3.4 270 4.1 4297 1625 

AVG 5779 -11.3 -29.7 249 17,0 3110 6.3 -14.4 233 9.5 1487 17.8 -2,2 237 4.8 4292 1623 

JUNE 

HOD 5844 -8.3 -30.6 269 9.f 3145 9.7 -10.7 233 5.1 1500 21.7 -1,6 351 4.4 4344 1644 

AVG 5841 -8.6 -29.1 232 12.8 3142 10.3 -9.8 221 9.2 1493 22.3 -0.9 223 5.4 4347 1648 

JULY 

HOD 5925 -6.9 -17.6 82 6.1 3196 14.3 -0.7 2 4,6 1519 26.9 5.0 358 4.8 4406 1677 
AVG 5902 -6.9 -18.3 151 6.7 3183 12.2 1.0 144 5.0 1519 24.4 7.6 225 4.7 4383 1664 

AUG 

HOD 5908 -6.6 -14.4 123 5.8 3185 12.8 3.5 72 4.2 1517 24.5 10.6 112 3.2 4391 1668 
AVG 5902 -6.6 -16.2 130 5.8 3183 11.9 4.1 94 4.9 1520 23,7 11.7 114 4,7 4382 1663 

SEP • 

HOD 5857 -7.3 -25.1 180 7.7 3153 10.6 2.1 121 6,9 1495 23.4 8.9 59 5.9 4362 1657 

AVG 5858 -7.0 -27.0 234 10.0 3153 10,0 -0.4 196 7,2 1501 22,2 8.6 149 4,6 4357 1651 
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similar to those in May. However, June's HODs have much weaker winds than usual, 

and the winds at the 850 mb level are northerly. 

4.4.4.2 Monsoon Season and Early Fall 

Unlike the previous April, May, and June HODS, July, August, and September 

HODs are not dependent on surface pressure, rather they are associated with temperature-

related conditions. July's HODs are indicative of low humidity days during the monsoon 

season. Both TANG and SNP's HODs are hot, dry, and sunny at the surface. Both types 

of HODs have warm, thick, and dry conditions in the low to middle troposphere. 

Both TANG and SNP's HODs are hot, dry, sunny, and have high pressure at the 

surface in August. Additionally, SNP's HODs are also calm. Upper atmospheric 

conditions for TANG's HODs are nearly identical to HOD conditions in July. However, 

upper atmospheric conditions are less important for SNP's HODs. A calm 850 mb level 

is an important condition for these HODs. In September, TANG and SNP's HODs are 

only hot and sunny, respectively, at the surface. TANG's HODs have lower to middle 

tropospheres that are thick and warm while upper atmopheric conditions for SNT's HODs 

are less important. 

4.4.4.3 Summar>' of HODs 

There is a clear relationship between atmospheric conditions and high ozone 

concentrations during Tucson's summer. HODs during all summer months are associated 

typically with synoptic-scale anticyclones and ridges. These high pressure systems vary 
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in location and magnitude depending on the summer month, and indirectly produce 

elevated ozone concentrations in the Tucson region by creating optimal conditions for in 

situ ozone production, regional ozone transport, or both. 

Each month has a unique set of conditions that are conducive to high ozone 

concentrations. Considering both HODs and non-HODs, April does not have optimal 

afternoon atmospheric conditions from a photochemical pollutant production and 

dispersion perspective. April has the lowest temperatures, least intense insolation, and 

windiest conditions of all the summer months. Therefore, HODs are dependent on the 

co -occurrence of hot, sunny, and calm conditions at the surface that are associated with a 

warm high pressure system situated to the west of the Tucson region. This system also 

creates calm, northwesterly winds in the lower troposphere that might have a strong 

potential for ozone transport from Phoenix to Tucson. 

Ozone production at TANG and SNP is transitional to VOC-sensitive in May and 

June. Production during these months is critically dependent on high atmospheric 

pressure at the surface as well as calm, northwesterly winds aloft. These HODs are 

neither hot nor dry. Extremely high temperatures and dry conditions in the arid May and 

June might suppress BVOC emissions and increase NO, emissions from power plants, 

thereby resulting in depressed ozone concentrations. Unlike April's HODs, which have 

both high upper atmospheric pressure and anomalous upper level winds, these HODs are 

only associated with the latter. Consequently, the singular presence of calm, 

northwesterly upper level winds during May and June's HODs indicates an even stronger 

potential for inter-city ozone transport than that which exists for April's HODs. 
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A warm high pressure system and associated surface temperature and humidity are 

important factors during July and August, the core monsoon months. High surface and 

upper level temperatures, especially in July, as well as a dry lower troposphere are 

associated with high ozone concentrations. Contrary to the situation during May and 

June, these NO^-sensitive months presumably need increased NO^ emissions and/or 

decreased B VOC emissions along with hot and sunny conditions to yield high ozone 

concentrations. In addition, upper level winds are not important during these months. 

Finally, high ozone concentrations in September are associated with high 

temperatures, both at the surface and aloft, a thick troposphere and high insolation. These 

conditions are needed to increase photochemical activity and subsequent ozone 

formation. Since most of September's HODs occurred in the first half of the month, the 

above conditions reflect the final stages of the monsoon season. 

Atmospheric conditions that are conducive to elevated ozone concentrations do not 

vary considerably between upwind and downwind locations in the Tucson region. Both 

SNP and TANG are located in predominantly rural environments and have similar 

precursor-sensitive atmospheres during each month. However, SNP's HODs during most 

months are dependent on westerly to northwesterly afternoon winds at the surface while 

TANG's HODs are not. Transported ozone and its precursors contribute heavily to 

ambient ozone concentrations at SNP. Westerly to northwesterly winds maximizes SNP's 

upwind pollutant source area; consequently, ambient VOC, NO^, and ozone 

concentrations are also maximized. To summarize, the sensitivity of ozone production at 
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a site and, to a lesser degree, the site's relative upwind or downwind location determine 

which atmospheric conditions are conducive to high ozone concentrations. 

4.4.5 Inter-Cit\' Pollutant Transport 

In other regions (i.e. southern California, the Ohio River Valley, and the northeastern 

United States), transport of ozone and its precursors has been shown to occur over long 

distances (i.e. hundreds of miles) (Vukovitch 1977, Comrie 1994, Bigler-Engler and 

Brown 1995). Hypothetically, regional ozone transport should occur in the southwestern 

United States under optimal synoptic-scale atmospheric conditions. Since typical 

summertime maximum mixing heights in the Southwest are at or above 3000 m a.s.l. and 

the 700 and 850 mb levels are approximately 3100 m and 1500 m, respectively, it is 

apparent that ozone transport, especially nocturnal, from Phoenix to Tucson should occur 

below the 700 mb level (Figure 4.10 and Table 4.3). Therefore, inter-city transport is 

associated roughly with 850 mb winds from the northwest. Since the distance between 

Phoenix and Tucson is nearly 200 km and the 850 mb winds have average velocities of 6 

m s ' at both 5 AM and 5 PM, it should take approximately 9 hours to transport ozone 

between the two cities. Air from Phoenix's well-mixed late afternoon atmosphere should 

arrive in Tucson during the early morning hours. During these hours, the transported 

ozone-rich air is in a layer above Tucson's relatively shallow nocturnal mixed layer. 

Daytime heating and the subsequent increase in convection and deepening of the mixed 

layer results in the entrainment of ozone-rich air from above. Therefore, the addition of 

Phoenix-derived ozone should increase Tucson's ozone levels while also causing a rapid 
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increase in hourly ozone concentrations from mid-moming (9 AM) to early afternoon (I 

PM). This rapid increase has been observed in San Diego when Los Angeles' ozone is 

advected into the region (Bigler-Engler and Brown 1995). 

The above hypothesis is tested by examining HODs and ozone levels of the area's 

most upwind monitor, TANG. Phoenix's ozone should impact TANG's ozone levels 

most significantly of all the monitors, since TANG is the most upwind monitor and is 

thus the least affected by Tucson-derived emissions. Testing is accomplished by 

determining 850 mb wind directions on the HODs, analyzing differences in ozone levels 

between days with northwesterly (i.e. 305 to 345°) 850 mb winds (NW days) and days 

without northwesterly 850 mb winds (non-NW days), and analyzing differences in 9 

to 1 PM ozone increases between NW days and non-NW days. Results from Section 

4.4.4 (refer to Table 4.3) show that the approximate lower tropospheric (i.e. 850 to 700 

mb) wind direction at 5 AM is roughly from the northwest for HODs in April. May, and 

June. These months typically have southwesterly winds. HODs during July, August, and 

September have southeasterly to northeasterly winds while average wind directions for 

these months are southeasterly to easterly. The northwesterly winds on April, May. and 

June's HODs indicate that Phoenix's ozone might be increasing ozone levels at TANG. 

The most likely transport mechanism is a ridge of high pressure located west of the 

Tucson region. 

Comparing daily maximum 8-hr average ozone concentrations on NW days with non-

NW days provides more insight concerning the impact of ozone transport during each 

month. The overall wind direction is the average of wind directions during the previous 
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evening (5 ?M) and the morning (5 AM) of the day in question. Only NW days in June 

and July have significantly higher (a = 0.05) ozone levels than do their non-NW 

counterparts (Figure 4.17 and Table 4.5). In addition to having the largest and most 

significant differences, June's NW days also have the highest ozone levels. These results 

support the hypothesis of Phoenix-to-Tucson ozone transport in June while also 

suggesting the possibility of transport occurring in July. 

Differences between NW days and non-NW days in 9 AM to 1 PM ozone increases 

reveals that the entrainment of ozone from an upper atmospheric layer with Phoenix-

derived ozone into a deepening mixed layer has the strongest likelihood of occurring in 

all months but August. NW days usually have significant larger (a = 0.05) ozone 

increase than do non-NW days (Table 4.5 and Figure 4.17). This evidence supports the 

Phoenix-to-Tucson ozone transport hypothesis. 

Of all the months, June appears to be the most affected by Phoenix-derived ozone 

while August is the least affected month. June's high mixing heights result in a thicker 

ozone transport layer; consequently. Phoenix's ozone can potentially be transported by 

upper atmospheric winds that are near and within the 850 mb and 700 mb levels. 

Conversely, August's low mixing heights restrict transport nearer the 850 mb level. More 

of Phoenix's pollution plume can be transported by upper atmospheric winds in June than 

in August. June's VOC/NO, emissions ratio is the lowest of all the months, thus TANG's 

ozone levels in June should theoretically be smaller than those in July, a less VOC-

limited month. However, Phoenix-derived ozone appears to supplement June's ozone 

budget thereby causing ozone levels to be higher than expected (Figure 4.6). These 
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Table 4.5. Average daily maximum 8-hr average ozone concentrations (O3 8HR; in ppm) 
and percent increase in hourly ozone concentrations between 9 AM and 1 PM (O'' INC) 
for NW days and non-NW days during each month. NW values in bold, italicized type 
are significantly different (a = 0.05) from non-NW values. 

O3 8HR O3 INC 
APR 

NW 0.057 55 
Non-NW 0.056 34 

MAY 
NW 0.057 48 
Non-NW 0.054 36 

JUNE 
NW 0.059 SO 
Non-NW 0.049 34 

JULY 
NW 0.054 68 
Non-NW 0.050 58 

AUG 
NW 0.055 76 
Non-NW 0.053 82 

SEP 
NW 0.048 100 
Non-NW 0.044 81 
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results do not in any way prove that ozone transport from Phoenix to Tucson exists. 

Nevertheless, the results do suggest via circumstantial evidence a high possibility of 

inter-city ozone transport. 

Ozone levels in the Tucson area are a function of location at several geographical 

scales. Locally, high NO^ emissions in motor vehicle-congested areas (i.e. DT) tend to 

overwhelm ozone levels, especially during morning rush hour when NO-scavenging 

drastically reduces hourly ozone concentrations. On a metropolitan scale, the transport of 

ozone and its precursors becomes more important. Up-slope winds transport pollutants 

from west to east across the Tucson metropolitan area thereby resulting in high and late 

ozone peaks at downwind monitors such as SNP. On a regional scale, synoptic scale 

atmospheric circulation features, such as high pressure systems, are responsible for 

conditions that affect ozone production and destruction as well as transport at both the 

local and regional scale. 

Associated with location is the ambient VOC/NO^ ratio. This ratio indicates the 

sensitivity of ozone production to either of the ozone precursors. Sensitivity varies across 

the Tucson metropolitan area with ozone production almost always being VOC-sensitive 

and NOx-sensitive in downtown and rural areas, respectively. However, sensitivity can 

vary temporally. The sensitivites at many of the area's monitors change from month to 

month resulting from changes in ambient VOC/NO^ ratios. For example, higher 

temperatures cause an increase in the evaporation of gasoline and solvents which then 

increases ambient VOC concentrations. Higher temperatures can also increase cooling 

demand and a concomitant increase in NOx emissions from power plants. In addition. 
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increased temperatures, insolation, and atmospheric humidity increase BVOC emissions. 

In fact, the Tucson area's BVOC emissions are partially responsible for August being the 

peak ozone month. VOC/NOx ratios are dynamic both spatially and temporally. 

Spatio-temporal variations in ozone levels are relatively complex. Emissions, 

climate, and topography directly and indirectly affect ozone levels. Human activity 

cycles (e.g., motor vehicle traffic) directly impact VOC and NOx emissions while climate 

directly affects some emissions (e.g., BVOCs) and indirectly affects others (e.g., 

chemical evaporation, power plant emissions, etc.). Atmospheric conditions also directly 

affects the chemical reactions involved in ozone production. Finally, climate and 

topography directly and indirectly affect pollutant transport processes both regionally 

(e.g., high pressure systems) and locally (e.g., mountain-valley circulation). 

4.5 Summary and Conclusions 

Atmospheric conditions play a significant role in controlling the spatio-temporal 

behavior of ambient ozone levels in the Tucson region. The occurrence of the North 

American Monsoon in July causes a dramatic increase in BVOC emissions thereby taking 

ozone production at most locations firom a mostly VOC-sensitive situation in June to a 

transitional/NO^-sensitive situation in July. Sensitivity is a major determinant of the 

spatial and temporal occurrences of peak ozone levels. Overall, the highest ozone levels 

usually coincide with the most NO^-sensitive (least VOC-sensitive) locations and times. 

Thus, the highest levels are measured at a "rural," downwind monitor (SNP), although, 

theoretically, the highest levels should occur in upper forested, upper elevation (> 2000 m 
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a.s.l.) sites directly east of SNP in the Rincon Mountains. At most monitors, the highest 

ozone levels occur during the early afternoon hours (i.e. 1 to 3 PM) due to intense 

insolation, high temperatures, and a maximum in ratios of ambient VOC/NO^ 

concentrations, while August typically has the highest ozone levels resulting from the 

highest VOC/NO^ ratio of all the months. 

The occurrence of high ozone concentrations during each summer month is a function 

of the overall sensitivit>' of ozone production, the occurrence of atmospheric conditions 

that provide optimal in situ ozone production conditions with respect to the different 

precursor-sensitive situations, and the potential for upper atmospheric transport of ozone 

from Phoenix to Tucson. Atmospheric conditions conducive to elevated ozone 

concentrations differ substantially between the arid foresummer (May, and June) and the 

monsoon season (July, August). High ozone levels during May and June, which have 

mostly VOC-sensitive ozone production, are dependent on high atmospheric pressure at 

the surface as well as calm, northwesterly winds aloft. These winds have a strong 

potential for transporting ozone from Phoenix to Tucson. During July and August, the 

core monsoon months, high surface and upper level temperatures as well as a dry lower 

troposphere are conducive to high ozone concentrations. Upper atmospheric winds have 

little to no impact, thus upper atmospheric transport is negligible. In situ ozone 

production influences high ozone levels strongly in July and August, while upper 

atmospheric ozone transport appears to have the largest impact on high ozone levels in 

May and June. 
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This above results can facilitate more informed decisions regarding air quality policy. 

By uncovering strong relationships between precursor emissions, climate, and ozone 

levels, results can improve inferential and/or predictive modeling. Among the many 

possibilities, modeling results can determine optimal ozone monitoring locations, 

important factors affecting temporal variations in ozone, and projected future ozone 

levels. 

In addition, air quality planners can use the results when deciding which ozone 

precursor reduction strategy to implement in the Tucson area. Spatio-temporal variations 

in sensitivities to ozone production prohibit the adoption of a singular NO^ reduction or 

VOC reduction strategy to reduce ozone levels. Reducing NO^ emissions (VOC 

emissions) is only effective when NOx-sensitivity (VOC-sensitivity) occurs at a 

particular time and space. As an example, reducing NO^ emissions might decrease ozone 

levels during the predominantly NO^-sensitive months (July and August), especially in 

downwind, rural areas. However, 8-hr average ozone concentrations in the urban/source-

intensive area might increase due to reduced NO-scavenging effects. Consequently, 

human exposure to harmful ozone levels might increase while the exposure of downwind 

forests to harmful ozone levels might decrease. Selecting a reduction strategy involves 

deciding between various consequences. 

Based on the above results, both VOC and NO^ reductions are needed and a 

modification of the atmosphere's physical characteristics is warranted to reduce ozone 

levels. Lowering urban temperatures, which is an example of a modification, is an 

entirely feasible action. Reducing temperatures has many benefits, some of which are not 
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air quality-related (e.g., direct human comfort). The widespread planting of xerophytic, 

low-BVOC emitting trees and shrubs in the Tucson urban area can reduce ambient 

temperatures, thereby decreasing chemical rates associated with ozone production. 

Vegetation lowers air temperatures through increased shading and evapotranspiration. 

This "cool communities" concept has been modeled for the Los Angeles area, and the 

reduced temperature effect has been shown to have the most significant effects on air 

quality (Taha 1996). Compared to other cities such as Baton Rouge and Atlanta which 

have over 40% tree coverage (Nowak el al. 1996), Tucson's 14% coverage is relatively 

small. Thus, increased vegetation coverage is certainly possible. 

Resultant lowered temperatures not only decrease chemical rates but also directly and 

indirectly reduce precursor emissions (e.g., BVOCs, AVOCs from evaporated gasoline 

and solvents, and NO^ from power plants due to decreased cooling demand). In addition, 

more vegetation increases the surface deposition area for the removal of ozone. The 

lowering of urban temperatures and the control of emissions from mobile sources (the 

major sources of VOC and NO^ in the Tucson area) might be the most suitable course of 

action for reducing elevated ozone concentrations at the present time. Nonetheless, 

resource-intensive modeling studies are needed assess the impact of all major changes to 

precursor emissions and the urban atmosphere on ozone levels in the Tucson area. 
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CHAPTER 5: REGRESSION-BASED SPATIAL MODELING OF AMBIENT 

OZONE 

5.1 Introduction 

Ground-level ozone is an atmospheric pollutant that can occur in high concentrations 

in both urban and relatively pristine environments. As a result, ozone is an 

environmental concern because of its adverse impacts on human health, crops, and forest 

ecosystems (Sillman 1999). Accurate measurements/estimates of ambient ozone for 

specific populated portions of a metropolitan area are needed to facilitate optimal public 

health and welfare protection from "unhealthy" ozone concentrations. 

Unfortunately, many metropolitan areas have sparse air pollution monitoring 

networks due to the high costs of monitor acquisition and operation. As a result, 

monitoring sites are irregularly spaced and considerable bias is typically employed during 

the site selection process. Monitors are placed at perceived pollutant "hot spots" or they 

are placed in rural areas to obtain estimates of assumed background pollutant 

concentrations. 

Sparse sampling networks require spatial interpolation methods to provide estimates 

at unsampled locations. Noteworthy spatial interpolation methods include inverse 

distance weighting (IDW), splines, trend surface analysis (TSA), geostatistics (e.g., 

kriging, co-kriging, conditional simulation), and multiple linear regression. Most spatial 

interpolation methods lose power with a decrease in sample points while, for all methods, 

the locations of sample sites must be chosen carefully (Lesch et al. 1995). IDW, TSA, 
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and splines are severely limited in usefulness and versatility. IDW requires a dense 

network of regularly spaced autocorrelated observations (Myers 1994). This dense 

network, however, is typically not available for air pollution measurements. IDW also 

does not provide error estimates for predicted values (Gunnink and Burrough 1996). 

TSA and splines generalize a spatial pattern and thus produce smooth, inexact surfaces. 

These methods are of little practical use when prediction accuracy is important (Liu and 

Rossini 1996). 

5.1.1 Kriging vs. Regression: Ozone Interpolation In Metropolitan .Areas 

Knging and multiple linear regression are the two most viable methods for spatially 

interpolating ozone concentrations in metropolitan areas. Kriging is a form of weighted 

local averaging that provides unbiased estimates of values at unsampled points with 

minimum estimable variance (Leenaers et al. 1990). A major requirement of kriging is 

that the sample points be spatially correlated (Meyers 1991). Kriging weights are derived 

from a variogram, which is calculated by including all sample pairs that are a given 

distance apart and then computing the average squared differences for the sample pairs. 

Average squared differences are plotted versus distance to form the variogram (Lefohn et 

al 1987). Variograms require an abundance of spatial observations (i.e. 60 to 80 sample 

points) to allow kriging to be an accurate spatial interpolation method (Daly et al. 1994. 

Lesch et al. 1995, Liu and Rossini 1996). In addition to ordinary kriging, co-kriging can 

be used to enhance the estimation of values of a variable using values from a correlated 

variable (Myers 1991). 
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Kriging has been used at several geographic scales to spatially interpolate ozone 

levels. For example, it has been used to interpolate ozone concentrations across Austria 

(Loibl et al. 1994), the continental, southern, and northeastern United States (Lefohn et al. 

1987, 1988, Westenbarger and Frisvold 1994), and in the Toronto and Atlanta 

metropolitan areas (Liu and Rossini 1996, Mulholland et al. 1998). However, when used 

on small geographic scales (i.e. metropolitan areas), which typically have an insufficient 

number of ozone monitors, kriging's validity can definitely be questioned. 

The major obstacles to kriging-based ozone interpolation in metropolitan areas are the 

relative paucity of ozone monitors and the locations of those monitors. A valid 

variogram cannot be constructed with data from just a few monitors. Kriging also relies 

on the sample data to directly represent the actual spatial variability of the predicted 

variable. If the data are not representative, the accuracy of the resulting interpolated field 

will be questionable (Daly et al. 1994). As mentioned previously, ozone monitors' data 

do not entirely represent the actual spatial variability of ozone concentrations due to the 

monitors' placement bias. In addition, kriging might also oversimplify the spatial pattern 

of ozone concentrations by not honoring the pollutant's operational scale (i.e. spatial 

complexity). Ozone's operational scale might be much smaller (more complex) than the 

scale of a smooth ozone surface derived fi-om kriging. Based on the above disadvantages, 

kriging does not appear to be an entirely suitable method for spatially interpolating ozone 

concentrations across many metropolitan areas. 

Theoretically, multiple linear regression is a more appropriate spatial interpolation 

method. Regression-based spatial modeling has nevertheless received limited attention in 
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air pollution studies (Briggs et al. 1997). Regression has been used in a variety of other 

disciplines as a spatial prediction technique. Some examples include soil science (Lesch 

et al. 1995, Odeh et al. 1995), ecological (Mann and Benwell 1996), and landscape 

evaluation studies (Bishop 1996). 

Unlike kriging, regression models ignore the correlation inherent in spatial data 

(Lesch et al. 1995). In fact, all measurements and estimates are considered independent. 

Regression depends on the availability of spatially continuous predictor variables (i.e. 

variables with values at every spatial location). Predictor variables can be stored as 

spatial databases within a geographic information system (GIS). Given the existence of 

both spatial databases and mathematical models, it is a natural step to combine the two to 

produce predictions at different points in space (Elston and Buckland 1993). Despite its 

obvious utility within a GIS, regression modeling is mostly absent in the practice of GIS 

analysis because most commercial GIS packages are deficient in statistical tools (Anselin 

1993, Cressie 1994). 

5.1.2 Goals and Objectives 

This paper's major goal is to accurately predict ozone concentrations throughout the 

Tucson, Arizona region with a novel, regression-based approach so that fiiture monitor 

siting and epidemiology-related studies can be more effective. The approach involves the 

employment of multiple linear regression models to spatially predict daily maximum 1-

hour and 8-hour average ozone concentrations on all days from April-September of 1995 

to 1998. The major objectives of the paper are (1) to provide a detailed description of all 
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methods used to create and evaluate the regression models, and (2) to provide a 

conceptual modeling approach which other regions can consider using when attempting 

to spatially interpolate concentrations of ozone and other pollutants. 

5.1.3 Characteristics of Multiple Linear Regression Modeling 

5.1.3.1 Assumptions 

Whether a regression model is used for inferential or predictive purposes, regression 

assumptions must be acknowledged during model development and evaluation. For a 

detailed explanation of the various regression assumptions, refer to Crown (1998). When 

the objective of the analysis is prediction, as opposed to inference, multiple regression is 

a robust procedure that is influenced marginally by departures from assumptions (Mark 

1984). Thus, predictive modeling is less constrained by assumptions than is inferential 

modeling. 

5.1.3.2 Drawbacks 

Regression is not an ideal panacea for a modeling domain with few spatial 

observations of a random variable. Its disadvantages are almost as numerous as its 

advantages; the largest drawback is regression modeling's data-intensive nature. To have 

a robust and correctly specified model (i.e. one that does not exclude important predictor 

variables), many spatially continuous, region-wide, explanatory variable databases are 

needed. This is both time consuming and storage-intensive. Regression's reliance on 

theory and the understanding of spatial processes can also be a disadvantage. Many 
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variables need to be developed to ensure that the model will be substantially well-

specified. 

Another disadvantage concerns the regression assumption that the predictor variables 

are free of measurement error. For raster data that have been subjected to aggregation 

and resampling, the violation of the "x is free of error" assumption is inevitable. Most 

spatially-distributed data stored in a GIS contain errors from a wide variety of sources 

and these errors may have a significant impact on the validity of applying regression 

equations in a GIS environment. Error sources include (1) resolution at which data are 

recorded and stored, (2) properties of data source, (3) method of interpolation used to 

obtain complete coverage of a region when direct observations have been made at sample 

points, (4) positional inaccuracies, (5) representation of continuous variables as being 

constant within polygons (which eventually become grid cells), and (6) error propagation 

when a GIS is used to derive new variables (Elston et al. 1997). As a result of these 

errors, the model's parameter coefficients may be biased. Bias causes model instability, 

thereby reducing the validity of model results. 

Finally, since regression models are empirical, their versatility is dependent on the 

input data. Hence, there is no guarantee as to the reliability of the statistical model once 

it is extrapolated beyond the range of the input data used to construct it (Chock et al. 

1975). Therefore, if the sample points do not represent a substantial range of values of 

the available predictor variables, many cells will have invalid predicted values. 
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5.1.3.3 Benefits 

Regression-based modeling can be extremely advantageous if its drawbacks are 

minimized. Paradoxically, some of regression's disadvantages, such as its data-intensive 

nature, can also be considered advantages. From a geographical perspective, one of the 

ultimate benefits of multiple linear regression is that it utilizes GIS capabilities and 

extracts the maximum amount of information from the different data sets (Briggs et al. 

1997). Different datasets provide predictor information that facilitates the modeling of 

ozone-impacting spatial processes (i.e. chemical emission, production, and transport). 

Therefore, unlike kriging, a theory-based spatial model can be created that attempts to 

replicate spatial processes and thus predict spatial patterns. 

With limited spatial observations, multiple time periods can be included to increase 

the overall sample size and resultant robustness. This pooled, cross-sectional, time series 

regression model compensates for a limited amount of spatial observations with an 

abundance of temporal observations. The model then has the capability of generating 

multiple spatial patterns of a given variable based on variations in the input data. 

Finally, regression not only interpolates spatially but it also extrapolates in several 

ways. As opposed to kriging, which tends to produce inaccurate spatial predictions 

outside the sample area (i.e. the area outside a polygon created by the sample locations), 

the accuracy of a regression model is only constrained by the extent of the predictor 

variables' values. Regression models can produce reliable estimates outside the original 

sample area. Thus, regression is conducive to accurate spatial extrapolation. It can also 

extrapolate beyond the range of the measured pollutant concentrations. Therefore, 
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predicted values might be higher or lower than sample point values, which could lead to 

the identification of more accurate background and maximum ozone areas. Extrapolation 

is important with respect to epidemiological studies (e.g., relating ambient ozone 

concentrations to asthma exacerbation) and the siting of monitors at potential exceedance 

areas (i.e. areas without monitors that might be exceeding the federal ozone standard). 

Compared to the other interpolation techniques, regression can increase the proportion of 

a metropolitan area receiving reliable ozone estimates. 

5.1.4 Overview of Ozone Modeling 

Ozone is a secondary atmospheric pollutant that can be generated in both polluted and 

unpolluted atmospheres by the oxidation of volatile organic compounds (VQCs) and 

carbon monoxide in the presence of nitrogen oxides (NO^) and sunlight (Chameides and 

Lodge 1992). The VOCs have both anthropogenic (e.g., motor vehicles) and biogenic 

(i.e. vegetation) sources, while NO, emissions only have anthropogenic sources. .Many 

processes are involved in the production, transport, and destruction of ozone. These 

processes can be accounted for with numerical models, such as the Urban Airshed Model 

(UAM). The UAM can ultimately calculate ambient ozone concentrations by calculating 

the concentrations of both inert and chemically reactive pollutants through simulations of 

various physical and chemical processes in the atmosphere (Scheffe and Morris 1993). 

However, the UAM requires a tremendous amount of input data (i.e. gridded, multi-

temporal inventories of speciated VOC emissions, NO, emissions, winds, temperature. 
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and land cover) and resources to operate and is more useful as a simulation approach 

rather than as a simple spatial interpolation approach. 

Regression modeling can be viewed as a statistical complement to the UAM. It is 

similar in that it is also attempts to simulate the processes responsible for spatial 

variations in ambient ozone concentrations. Therefore, regression-based modeling of 

ozone is based upon the theory that ozone concentrations are a function of local emissions 

of VOCs and NO^ as well as transported VOCs, NO^, and ozone from upwind locations. 

By accounting for the impact of meteorology on cyclical and meteorologically-controlled 

VOC and emissions and ozone production, ambient ozone concentrations can be 

estimated spatially across the Tucson region at various times. Therefore, key predictor 

variables to be included in the models are emissions and meteorological values. Even 

though only a small number (i.e. < 10) of ozone monitors may be available for model 

development, multiple daily ozone values as well as the temporally varying precursor 

emissions and meteorological information allows for the application of a pooled, cross-

sectional, time series, regression analysis. 

5.1.5 The Study Region 

The Tucson region (centered at 32.25° N latitude and -111° W longitude) is an 

excellent domain in which to conduct an ozone modeling study. Elevation ranges from 

600 to over 2,500 meters above sea level (a.s.I.), with peaks in the Santa Catalina, 

Rincon, and Santa Rita Mountains to the north, east, and south of the city, respectively 
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(Figure 5.1). The Tucson region contains urban areas as well surrounding desert, 

agricultural, and mountainous areas. 

Similar to many regions, the Tucson region has a sparse ozone monitoring network 

that is typical of many urbanized areas. In fact, Tucson's monitoring density, which is 

approximately one monitor per 240 km" is equivalent to Atlanta's monitoring density. 

Ozone concentrations are measured hourly at six to seven monitors scattered across the 

metropolitan area. Between 1995 and 1998, the ozone monitoring network included a 

rural, upwind monitor (Tangerine (TANG)), two upwind, urban monitors (Pomona 

(POM) and River (RIV)), a downto%vn monitor (DT), a downwind, urban monitor (22"'^ 

and Craycroft (22&C)), and three downwind, rural monitors (Hidden Valley (HV), 

Fairgrounds (FG) and Saguaro National Park East (SNP)). 

5.2 Data 

The modeling and associated methods require six types of data: ozone concentrations, 

ozone precursor chemical emissions estimates, meteorological values, land use 

information, population information, and a digital elevation model (DEM). Hourly ozone 

concentrations from April through September of 1995 to 1998 at the eight ozone monitors 

are obtained from the United States Environmental Protection Agency's (EPA) 

.^erometric Information Retrieval System (AIRS). Data for the complete time period are 

a\ ailable for 22ifeC, DT, FG, SNP, and TANG. Ozone data for HV, POM, and RIV exist 

from 4/95 to 8/96, from 8/97 to 9/98, and from 4/95 to 6/96, respectively. Gridded, 

multi-temporal estimates of atmospheric VOC and NO, emissions are described in 
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Figure 5.1. Map of the Tucson region showing the metropolitan area, the surrounding 
mountains, the urban/source-intensive area, and the eight ozone monitoring sites. 
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Chapters 2 and 3 of this dissertation. Daily maximum temperature data collected by the 

National Weather Service (NWS) at Tucson International Airport (TIA) from 1995 to 

1998 are acquired from the National Climatic Data Center (NCDC). Hourly wind speed 

and wind direction data measured at The University of Arizona's Campus Agricultural 

Center from 1995 to 1998 are acquired from the Arizona Meteorological Network 

(AZMET). Hourly wind speed and wind direction data collected at several air quality 

monitoring sites scattered throughout the metropolitan area from 1995 to 1998 are 

obtained from AIRS. Spatially resolved 1995 Pima County land use data that was 

developed for a Pima County wildlife habitat inventory are provided by The University of 

Arizona's School of Renewable Natural Resources. A spatially resolved database of the 

1997 Pima County street network is provided by the Pima County Department of 

Transportation. Spatially resolved 1998 population estimates for Pima County are 

provided by the Pima Association of Governments. Finally, 30 m resolution DEMs are 

acquired from the Arizona Regional Image Archive (ARIA). 

5.3 Methods 

The methods used to develop the models consist of (1) variable creation, (2) cluster 

analysis, (3) principal components analysis (PCA) of variables, (4) regression analysis 

using PCA-screened variables, (5) model evaluation, and (6) the creation of ozone 

design-value maps. The methods consist primarily of data reduction techniques (i.e. 

cluster analysis and PCA) so that parsimonious regression models can eventually be 

developed. 
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5.3.1 Model Development 

5.3.1.1 Variable Creation 

Using a GIS, gridded emissions inventories (500 m cell size) are manipulated to 

produce potential predictor variables. Based on the success of Briggs et al. (1997) with 

using neighborhood totals of emission proxy values (i.e. traffic volume and land cover) as 

predictor variables in an NO, regression model, similar variables are created for this 

study. The spatial variables used in this study consist of actual emissions variables, 

variables that are a proxy for ozone transport, and an exposure variable. 

For each temporal situation (e.g., weekday morning in May) present in the model, 

multiple emissions values are calculated at each grid cell. At each cell, cumulative 

emissions are calculated for short radial distances (2 and 5 km) and longer wedge-like 

distances (10 and 20 km). Six, 60° wedges (centered at 45°, 105°, 165°, 225°, 285°, and 

345°, respectively) extend towards the direction from which the wind is coming during a 

certain time interval (e.g., 11 AM to 1 AM). Thus, local and upwind motor vehicle VOC 

and NO^ (MVOC and MVNOJ, other anthropogenic VOC and NO^ (OAVOC and 

OANO^), and biogenic VOC (BVOC) emissions at each ozone monitor are included in 

the model development process. 

To account for the transport of ozone, cumulative totals of built-up land (BU) (i.e. 

commercial land, industrial land, malls, mines, schools, major roadways, railway yards, 

and airpons) and road length (RL) are calculated for long wedge-like distances (i.e. 20, 

30, and 40 km). These proxy variables are intended to explain variance in the ozone data 

that is not accounted for by the emissions variables. 
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A final variable is included to make a distinction between cells that are exposed fully 

to the major air pollution plumes and those that are relatively isolated from the plumes. 

This variable, EXP, is developed within a GIS by conducting a visibility analysis on a 

high resolution (i.e. 30 m) digital elevation model (DEM). Approximately forty 

observation points within the metropolitan area are used in the visibility analysis to 

determine which cells are exposed directly to pollution within the metropolitan Tucson 

area. The basic spatial variables are listed in Table 5.1. 

Since motor vehicles are the most important ozone precursor chemical source in the 

Tucson region, predictor variables include MVOC and MVNO, emissions estimates that 

are specific to mid-momings and entire days. To cover emissions specific to the morning 

rush hour, emissions between 8 and 10 AM are calculated. Daily emissions are assigned 

to both the 11 AM to 1 PM and 12 PM to 6 PM intervals. During all of these time 

periods, wind direction and wind speed are relatively stable, thus consistent transport 

situations are captured. 

Emissions fi-om biogenic and other anthropogenic sources are only determined on a 

daily basis; therefore, daily emission totals are assigned to both the mid-day and 

afternoon time periods and morning emissions are not estimated. Due to a dependence on 

either temperature, light intensity, or both, BVOCs are emitted primarily during the 

daylight hours. In Atlanta, over 75% of daily BVOC emissions occur between 10 AM 

and 6 PM (Geron et al. 1995). The diversity of anthropogenic sources makes it difficult 

to generalize their diurnal emissions profiles and thus estimate a generalized morning 

emissions factor. 



Tabic 5.1.  Attr ibutes of  basic spatial  variables.  

Wind Radius of Radius of Wedge 
Spatial Direction Single Circle (km) Wedge (km)' Differences (km)* 
Variable Description Times Cell 2 5 10 20 30 40 (40-30) (40-20) (30-20) 

MWOC Motor vehicle VOCs 8 to 10; 11 to 1; 12 to 6 X X X X 

MVNOx Motor vehicle NOx 8 to10 ;11 to1 ;12 to6  X X X X 

OAVOC Other anthropogenic VOCs 11  to l ;  1210  0  X X X X 

OANOx Other anthropogenic NOx 11  to  1 ;  12 to6  X X X X 

BVOC Biogenic VOCs 11  to  1 ;  12 to6  X X X X 

BU Built-up land 11 to 1; 12 to 6 X X X  X X X  

RL Road length 11  to l ;  12 to6  X X X  X X X  

EXP Exposed NA X 

* Wedges are 60° and extend towards the direction from which the wind is coming during the various wind direction times 

NA = not applicable 
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5.3.1.2 Further Temporalization of Emissions and Proxy Variables 

The emissions variables are interacted with day-specific meteorological variables to 

make the emissions more representative of actual emissions on any given day. The 

meteorological variables are as follows: maximum daily temperature (MAXT). minimum 

relative humidity (MINRH), inverse of average daily wind speed (IWSd), inverse of 8 to 

10 AM wind speed (IWSg,o,o), inverse of 11 AM to I PM wind speed (IWS,,„,), inverse 

of 12 to 6 PM wind speed (IWS,2u^6), average daily atmospheric pressure (PRESS), and 

total daily insolation (INSOL). Theoretically, the three main types of emission sources 

should interact differently with the meteorological variables, thus multiple meteorological 

variables are needed For example, OANO^ emissions, which are dominated in the 

summer months by emissions from the local power plant, should increase with increases 

in temperatures and relative humidity. Hot and humid conditions lead to increased air 

conditioner use and thus increased NO^ emissions from the power plant. 

5.3.2 Clustering of Days 

Many different emissions/meteorological situations exist among the days considered 

in this study. For instance, local OANO^ emissions might be the most important 

predictors on some days, while on other days, long-distance MVVOC emissions might 

dominate. Therefore, a single model for all of the days cannot possibly elucidate 

important predictive relationships among the variables. By clustering the days, the 

unique cluster-specific dependence of ozone on emissions/meteorological interactions can 

be captured. Clustering leads to a better specification of significant predictor variables in 
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the regression models, thereby resulting in smaller errors and larger coefficients of 

determination (R*) than one would achieve with a non-clustering approach (Davis et al. 

1998). 

Groups of clusters are assembled for both 1-hr and 8-hr average daily maximum 

concentrations. Days are placed into clusters based on monitor-specific deviations from 

the average daily maximum ozone concentration. The average daily maximum 

concentration is the average of the daily maximum values at the five core monitors 

(TANG, DT, 22&C, SNP, and FG). Days with missing values at one or more of the 

monitors are excluded from the analysis. Consequently, approximately 10% of the 

original 732 days are not clustered. 

The remaining days are clustered with K-means clustering. K-means clustering is a 

non-hierarchical iterative clustering method that requires the number of clusters and 

cluster "seeds" to be specified initially. It allows for the reclassification of days after they 

have been placed into a cluster (Davis et al. 1998). In this study, iterations end when the 

locations of cluster centers remain stable in five-dimensional (i.e. five monitors) ozone 

deviation space. 

Different numbers of clusters are specified initially. The optimal number of clusters 

is based on the following criteria: (1) each cluster should have at least 40 days (= 240 

observations) to ensure a robust sample (at least 80 observations) for independent 

analyses; and (2) there should be a relatively small change in an R* value, which is 

derived from mean monitor-specific ozone deviations per cluster regressed against actual 
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ozone deviations, when moving from the chosen number of clusters to a larger number of 

clusters. 

5.3.3 Variable Screening with Principal Components Analysis 

Over two hundred potential predictor variables are created, thus principal components 

analysis (PCA) is used to reduce the list of variables down to a much smaller number of 

reasonably uncorrelated variables that represent the various emissions categories. A 

standardized PCA with rotation (Varimax) of all appropriate variables is performed for 

each cluster. Only the most important components (i.e. eigenvalue greater than one) are 

e.xtracted, and based on each component's variable loadings, a single variable is selected 

for each component that has both a relatively high loading and a relatively high 

correlation with the dependent variable (i.e. ozone deviation). The selected variables, 

which do not exhibit multi-collinearity, are then used as predictor variables in multiple 

linear regression analyses. 

5.3.4 Multiple Linear Regression using Backward Variable Elimination (Backward 

Stepwise Elimination) 

Multiple linear regression models are developed for each cluster using two-thirds of 

the available days. The remaining one-third of the days are used as independent data 

during model evaluations. The dependent variable in the multiple linear regression 

models is the deviation from the mean ozone concentration. The predicted residual 

surface is then added to the mean ozone concentrations to yield the predicted daily 
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maximum o'zone concentrations. The models are initially developed under the 

assumption that every variable (from the standardized PCA) belongs in the final model. 

Backward variable elimination removes the variables from the model one at a time based 

on removal criteria. In this study, a variable is removed if the significance level of its T-

statistic is greater than 0.05. This criterion prevents the inclusion of confounding 

variables from being included in the models. 

5.3.5 Model Evaluation 

The models are evaluated with temporally independent data. Most of the monitors 

represent unique locations on the ozone precursor emission landscape. These monitors 

have critically important values for many of the predictor variables. Therefore, fiilly 

independent data, which are both spatially and temporally independent, cannot be used. 

Creating evaluation models with "jack-knifed" data (i.e. withholding one of the monitor's 

data from the modeling process) would result in unreliable ozone predictions at most of 

the monitors. 

Multiple evaluation statistics are used to determine modeling accuracy. Inaccurate 

ozone predictions should be the result of (1) biased model coefficients, (2) errors 

associated with the spatial variation in the independent variables, and (3) model mis-

specification (Miron 1984, Heuvelink et al. 1989). The first two causes of error are 

difficult to dissolve, for they stem from errors in the gridded emissions inventories, which 

have been made as error-free as possible. However, model mis-specification, such as the 

e.xclusion of an important predictor variable, can be detected and fixed. Spatial and 
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temporal variations in root mean squared error (RMSE) among the eight stations and the 

various years, months, and types of days (weekday vs. weekend) are examined to 

determine whether or not important predictor variables have been excluded. 

In addition to evaluating model accuracy at the specific monitors, a suite of model 

evaluation statistics are calculated for each model, a pooled model (pooling of predictions 

from the models), and predictions on high ozone days (HODs). HODs are defined as 

days that have region-wide daily maximum ozone concentrations (i.e. average of daily 

maximum ozone concentrations at 22&C, DT, FG, SNP, and TANG) that are in the top 

10% of all summer (April - September) values from 1995 to 1998. Knowing the accuracy 

of extreme values is important when evaluating the validity of ozone design value maps, 

which are composites of extreme ozone values. The coefficient of determination (R"), 

RMSE, MBE, percent error, index of agreement (D,), and the proportion of systematic 

error (PSE) are calculated. D, is a dimensionless measure of the degree to which a 

model's predictions are error-free. It ranges from 0.0 (complete disagreement between 

predicted and observed values) to 1.0 (perfect agreement between predicted and observed 

values). The proportion of systematic error (PSE) is calculated as MSE/MSE, which 

measures the overall model mean-squared error that is systematic. Low PSE values are 

optimal, for systematic error is model-derived while imsystematic error represents the 

natural variability of the data that cannot be reduced by a model (Wilmott 1981, Comrie 

1997, Comrie and Diem 1999). 
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5.3.6 Model Application 

5.3.6.1 Creation of Potential Design Value and Exceedance Maps 

For this study, an air planning area might be in violation of the ozone standard if its 

ozone design value (i.e. monitor-specific, fourth highest daily maximum 1-hour average 

ozone concentration over the past three years) exceeds 0.125 ppm or if the other design 

value (i.e. monitor-specific, three year average of each year's fourth highest maximum 

daily 8-hour average ozone concentration) exceeds 0.085 ppm. Currently, the EPA only 

recognizes the 1-hr ozone standard. Since design values are monitor-specific, 

approximately only six design values are known for the Tucson region during any given 

year. 

Using modeled ozone estimates, maps of ozone design values are generated. These 

values are compared to the two federal ozone standards (i.e. 1-hour average of 0.12 ppm 

and 8-hour average of 0.08 ppm) to determine whether or not exceedance of the NAAQS 

has occurred in any portion of the region. The resultant maps of ozone design values are 

analyzed not only to determine possible exceedance areas but also to estimate the 

percentage of the region's population that might have been exposed to air that exceeded 

the federal ozone standard. 

Applying the regression models to selected high ozone days creates maps of ozone 

design values. For both the 1-hour average design value and the 8-hour average design 

values, a maximum of 32 days (i.e. four highest 8-hour average days at each of the eight 

monitors and four highest 1 -hour average days at each of the eight monitors during the 

summers of 1996, 1997, and 1998) are selected. Ozone values are then calculated for 
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each day; consequently, each cell receives up to 64 values (i.e. maximum of 32 days for 

I-hour average and maximum of 32 days for 8-hour average). 

5.4 Results and Discussion 

5.4.1 Cluster Analysis 

The cluster analysis results in five and six clusters, respectively, for the daily 

maximum 1 -hr and daily maximum 8-hr ozone concentrations. The clusters represent 

different months, different types of days (weekday vs. weekend), different magnitudes 

and spatial variations in ozone levels, and different atmospheric conditions. 

5.4.1.1 Temporal Occurrence 

Three of the 1-hr clusters are associated primarily with mid- to late summer months 

(July, August, and September) while the other two clusters are associated with late spring 

and early summer months (April, May, and June) (Table 5.2). Clusters 1 and 2 occur 

most frequently in July and August, cluster 3 occurs from July through September, cluster 

4 occurs in May and June, and cluster 5 occurs from April through May. Conceming the 

occurrence on a specific type of day, clusters 1 and 4 occur most frequently on weekends 

while cluster 5 occurs on weekdays. Clusters 2 and 3 are neither weekday- nor weekend-

biased. 

The temporal clustering of 8-hr clusters is considerably different than that of the 1-hr 

clusters (Table 5.3). Clusters 1 and 5 occur most frequently in July and August, cluster 2 

occurs in August and September, cluster 3 occurs from April through June, cluster 4 



Table 5.2. Temporal characteristics of 1-hr clusters. 

Cluster Total April Mav June Julv Auaust September 
Weekday vs. Weekend 

Dominance 

1 105 3 17 13 25 28 19 Weekend 

2 45 0 3 2 13 21 6 Neither 

3 109 10 11 16 26 26 20 Neither 

4 231 61 49 40 21 25 35 Weekend 

5 164 34 38 36 21 12 23 Weekday 

Table 5.3. Temporal characteristics of 8-hr clusters. 

Cluster Total April May June July August September 
Weekday vs. Weekend 

Dominance 

1 96 8 10 13 21 28 16 Weekend 

2 144 36 23 22 12 18 33 Weekday 

3 104 29 30 25 8 3 9 Neither 

4 80 8 22 10 8 22 10 Weekday 

5 115 1 12 14 39 34 15 Neither 

6 118 27 11 33 17 10 20 Weekday 
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occurs in May and August, while cluster 6 does not occur frequently in May and August. 

Cluster 1 occurs most frequently on weekends, clusters 2, 4 and 6 occur on weekdays, 

and clusters 3 and 5 are neither weekday- nor weekend-end biased. 

5.4.1.2 Magnitudes and Spatial Patterns of Ozone Concentrations 

The 1 -hr clusters can be split into high ozone and low ozone groups as well as several 

different groups based on spatial variations in ozone levels. Clusters 1, 2, and 3 have 

above-average ozone concentrations while clusters 3 and 5 have below-average 

concentrations (Figure 5.2). Cluster 1 has relatively higher ozone concentrations in the 

urban/source-intensive area and lower concentrations throughout the rest of the 

metropolitan area. The highest levels and lowest levels, respectively, in cluster 2 and 3 

occur east/southeast (downwind) and west/northwest (upwind) of the urban/source-

intensive area. Ozone concentrations in cluster 4 exhibit little spatial variation. Cluster 5 

has substantially depressed concentrations in downtown Tucson while also having 

relatively homogeneous concentrations throughout the rest of the metropolitan area. 

For the 8-hr clusters, clusters I and 5 have above-average concentrations, clusters 2 

and 6 have below-average concentrations, and clusters 3 and 4 have average 

concentrations (Figure 5.3). Due to the smoothed nature of the 8-hr average 

concentrations, spatial patterns are not as apparent as they are in the 1-hr clusters. 

Relatively slight spatial variations exist for most of the clusters. Downtown Tucson 

always has low ozone concentrations, especially in cluster 6. Rural, downwind areas (i.e. 

SNP) have the highest concentrations in clusters 4 and 5. Rarely do the highest 
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Figure 5.2. Standardized ozone concentrations and atmospheric conditions for each of 
the five, l-hr clusters. The eight monitoring stations refer to the daily maximum 1-hr 
average ozone concentrations at those location. The following abbreviations are used: 
MAXTEMP (daily maximum temperature), MINRH (daily minimum relative humidity), 
WS (wind speed ), U (easterly component of wind), V (northerly component wind), 
PRESS (average daily atmospheric pressure, and INSOL (total daily insolation). 
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Figure 5.3. Standardized ozone concentrations and atmospheric conditions for each of 
the six, 8-hr clusters. The eight monitoring stations refer to the daily maximum 8-hr 
average ozone concentrations at those location. The following abbreviations are used: 
MAXTEMP (daily maximum temperature), MINRH (daily minimum relative humidity), 
WS (wind speed ), U (easterly component of wind), V (northerly component wind), 
PRESS (average daily atmospheric pressure, and INSOL (total daily insolation). 
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concentrations occur in the urban/source-intensive area where excess NO^ emissions 

reduce averaged aftemoon/early evening ozone concentrations. 

5.4.1.3 Atmospheric Conditions 

Ozone accumulation in the troposphere is critically dependent upon the physical 

parameters that characterize the planetary boundary layer, such as temperature, wind 

speed, wind direction, and mixing height (Cardelino and Chameides 1995). Generally, 

hoi, sunny, and calm conditions are conducive to elevated ambient ozone concentrations. 

For the 1-hr clusters, the high ozone clusters (1, 2, and 3) are associated with high 

temperatures and mid-day winds that are more westerly than normal. Ozone transport to 

areas east of the urban area prevails among these clusters, especially clusters 2 and 3. 

The low ozone clusters (4 and 5) are associated with windy mornings (or days) as well as 

calm, and, most importantly, cool conditions at mid-day. 

More variation exists among the 8-hr clusters. Nearly identical to the 1 -hr clusters, 

the high ozone clusters (1 and 5) are associated with warm, calm, and high pressure 

conditions that have more westerly aftemoon winds. The low ozone clusters (2 and 6) are 

associated primarily with windy and low pressure conditions. The average clusters (3 and 

4) differ in that cluster 3 is associated with cool, dry, high insolation conditions while 

cluster 4 is associated with typical summer conditions. Most days in cluster 4 are average 

boih chemically and atmospherically. 
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5.4.2 Principal Components Analysis 

The cluster-specific standardized PC As resulted in 15 to 18 components for each of 

the clusters. These components explained at least 96% of the variance in the predictor 

variable data sets (Tables 5.4 and 5.5). Theoretically, the number of components (which 

are orthogonal) denotes the maximum number of predictor variables to be included in the 

regression models. As mentioned in Section 5.3, for each component, a single variable is 

selected that has both a relatively high loading and a relatively high correlation with the 

dependent variable. Every possible type of spatial variable (refer to Table 5.1) is 

represented by at least one of the cluster-specific components. 

5.4.3 Multiple Linear Regression 

The cluster-specific models are developed with an initial group of 15 to 18 predictor 

variables. Backward stepwise regression (F-remove = 0.05) results in models with 

between 5 and 12 variables. Final variables are summarized in Table 5.8 and 5.9. which 

include the letter codes used to detail the individual models in Tables 5.6 and 5.7. 

Standardized coefficients (p) are provided to denote the importance of each model's 

predictor variables. The models predict deviations from average daily maximum ozone 

concentrations, thus the models' predicted concentrations are added to the average 

concentrations to produce final predictions. All of the spatial variable categories (i.e. 

proxy emissions and short and long distance VOC and NO, emissions variables) and all 

of the meteorological variables are present within one or more of the predictor variables. 
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Table 5.4. Descriptions of cluster-specific PCA results. 

Cluster Components (#) Total Variance Explained (%) 

1 17 97 

2 15 97 

3 15 97 

4 17 96 

5 18 96 

Table 5.5. Descriptions of cluster-specific PCA results. 

Cluster Components (#) Total Variance Explained (%) 

1 16 96 

2 16 96 

3 16 96 

4 15 96 

5 15 97 

6 16 96 
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Table 5.6. l!etler codes and descriptions of predictor variables in the l-hr regression 
models. Refer to Table 5.1 for descriptions of emissions variables. Meteorological 
variables are as follows: MAXT = daily maximum temperature; PRESS = average daily 
pressure; IWS,, to i = inverse of 11 AM to 1 PM wind speed; IWSDajiy= inverse of average 
daily wind speed; INSOL = total daily insolation; and MINRH = daily minimum relative 
humidity. 

Letter Code Description 

A MWOC (20 km)8 AM * MAXT 

B MVNOx(20 km)8AM * MAXT 

C MWOC (10 i<m)8AM * MINRH 

D MVNOx (5 km)8AM * iVVSoaiiy 

E MWOC (20 km)„ am * MINRH 

F MWOC (20 km),, am * IWSoaay 

G MWOC (10 km),, am * PRESS 

H MVNOx{10km)„AM*IWS„u,i 

1 MWOC (5 km),, am * MAXT 

J MVNOx (2 km),, am * PRESS 

K OAVOC (20 km) * PRESS 

L OANOx (20 km) * PRESS 

M OAVOC (10 km) • MAXT 

N OANOx (10 km) * INSOL 

O OANOx (5 km) * MINRH 

P OANOx (5 km) * PRESS 

Q OAVOC (2 km) • MAXT 

R OAVOC (2 km) * PRESS 

S OAVOC (2 km) * INSOL 

T OANOx (2 km) - iWS„,o, 

U OANOx (2 km) * PRESS 

V BU (40 km) * PRESS 

w RL (40 km) * IWS,,,o, 

X RL(40 km) * PRESS 

Y BU(40-30 km) * MINRH 

z BU(40-30 km) * IWSoauy 

AA BU(40-30 km)' PRESS 

AB EXP 
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Table 5.7. Letter codes and descriptions of predictor variables in the 8-hr regression 
models. Refer to Table 5.1 for descriptions of emissions variables. Meteorological 
variables are as follows: MAXT = daily maximum temperature; PRESS = average daily 
pressure; IVVSg,o io= inverse of 8 to 10 AM wind speed;^IWSi:,oo= inverse of 12 lo 10 PM 
wind speed; IWSD,iiy= inverse of average daily wind speed; INSOL = total daily 
insolation; and MINRH = daily minimum relative humidity. 

Predictor Description 

A MVNOx (20 km)8AM * MAXT 
B MVNOx (20 km>8 am * PRESS 
C MVNOx (5km)eAM* IWSstoio 
D MWOC (20 km),2 PM * IWSoasy 

E MWOC (20 km),2 PM * PRESS 
F MVNOx (20 km),2PM * PRESS 
G MVNOx (20 km),2 pm * INSOL 
H MWOC (5 km),2PM * MINRH 
1 MVNOx (5 km),2 PM * MINRH 
J MVNOx (5 km),2 PM • IWSoaay 

K MVNOx (2 km),2PM * MINRH 
L MVNOx (2 km),2PM * PRESS 
M BVOC (10 km) * IWSoaiiy 

N BVOC (5 km) • PRESS 
O OAVOC (20 km) * PRESS 
P OANOx (20 km) * PRESS 
Q OANOx (20 km) * INSOL 
R OAVOC (10 km) * MAXT 
S OAVOC (10 km) * PRESS 
T OANOx (10 km) * IWSoaiiy 
U OANOx (10 km) • IWS,2,o6 

V OANOx (10 km)-PRESS 
w OAVOC (5 km) • MINRH 
X OAVOC (2 km) * MAXT 
Y OAVOC (2 km) * PRESS 
z OAVOC (2 km) • INSOL 

AA OANOx (2 km) * PRESS 
AB OANOx (2 km) * INSOL 
AC BU (40 km) * PRESS 
AD BU (30 km)* IWS,2,o6 
AE RL (40 km) * IWSoajy 

AF BU (40-30)' MAXT 
AG BU (40-30) * MINRH 
AH BU (40-20) * MINRH 
Al RL (40-20) * PRESS 
AJ EXP 
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Table 5.8. 1-hr cluster-specific regression models including predictor variables and 
associated standardized coefficients (P) and unstandardized coefficients. 
Cluster 1 
Variables ^ Unstand. Coeff. 

Q 0.7265 4.1268 * 10'^ 
I -0.2743 -1.7272* 10'® 
T -0.2730 -2.2207 MO ® 
H 0.2588 1.6161 * 10"® 
AB 0.1978 0.0071 
E 0.1514 9.9718* 10® 
M -0.1180 -4.7609* 10® 
(Constant) -0.0010 

Cluster 2 
Variables g Unstand. Coeff. 
X 0.5356 4.8446 * 10"'^ 
G 0.3475 2.4632* 10® 
AB 0.2389 0.01550 
P -0.1525 -2.3344* 10® 
N -0.1286 -1.0765* 10'® 
(Constant) -0.0259 

Cluster 3 
Variables P Unstand. Coeff. 

M -0.4465 -1.98762 * 10'® 
AB 0.3684 -3.4253 * 10 ® 
P -0.3315 0.0128 
G 0.2713 1.3448 * 10® 
L 0.2157 2.6470* 10"'° 
V 0.1907 2.4804* 10® 
C -0.1289 -1.0480* 10''^ 
(Constant) -0.0131 

"Cluster"? " 
Variables P Unstand. Coeff. 

J -0.7770 -4.7059 * 10'" 
S 0.6516 3.4325* 10"'' 
AB 0.4489 0.0078 
U -0.3973 -1.4694* 10'® 
A 0.2028 2.9557 * 10"® 
F 0.1437 4.9911 *10"' 
Y 0.1386 1.8557*10"' 
Z -0.1283 -1.1370*10'® 
O 0.0904 2.5468 * 10"® 
(Constant) -0.0063 

Cluster 5 
Variables ^ Unstand. Coeff. 
I i fria 1 mci • J -1.3736 -1.1063* 10"® 
R 0.6667 1.4947*10'® 
D 0.3540 8.6981 *10'® 
AB 0.3340 0.0127 
K 0.2448 4.9931 *10"'° 
U -0.2374 -1.2554*10"® 
AA 0.1784 7.8537*10"® 
L -0.1311 -1.6520*10"'° 
W -0.1126 -1.3318*10"® 
B -0.0883 -1.5076*10"® 
(Constant) -0.0085 



Table 5.9. S-hr cluster-specific regression models including predictor variables and 
associated standardized coefficients (P) and unstandardized coefficients. 

Cluster 1 
Variables P Unstand. Coeff. 
L -1.5488 -9.9949 * lO'^" 
X 0.6743 2.7242* 10"' 
w 0.4453 4.2160 * 10"® 
AJ 0.3635 0.0103 
C 0.2882 3.2867 * 10"® 
P -0.2181 -1.7200*10"' 
D 0.1776 5.8071 * 10"' 
AB 0.1535 2.2124 * lO"'' 
R 0.1393 1.1472 * 10"® 
AE 0.1391 1.6093 * 10"® 
T 0.1099 3.5265 * 10"' 
M -0.1018 -1.2625* 10"® 
(Constant) -0.0100 

Cluster 2 
Variables B Unstand. Coeff. 
L -1.0797 -6.8400 * 10"=" 
Y 0.5760 9.5124 * 10'® 
AJ 0.4956 0.0107 
AA -0.3010 -1.1611 * 10"® 
O 0.1803 2.8139 * 10"'° 
J 0.1767 8.2396 * 10"' 
T -0.1169 -4.5584 * 10"' 
K -0.1024 -2.5405 * 10"® 
Al -0.0674 -4.9286 * 10"'^ 
AH 0.0640 3.5724 * 10"® 
(Constant) -0.0070 

Cluster 3 
Variables P Unstand. Coeff. 

Y 0.8500 1.1537 • 10"® 
L -0.6793 -3.6670 * 10"® 
AA -0.6170 -1.9985 * 10"® 
AJ 0.3584 0.0047 
Q 0.2069 5.1980 * 10 ® 
V -0.1789 -1.9178 * 10"'° 
F -0.1312 -1.0672 * 10"'° 
B 0.1273 4.9334 * 10"'° 
(Constant) -0.0025 
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Table 5.9. (continued) 

Cluster 4 
Variables P Unstand. Coeff. 

L -1.0207 -9.5682 • 10 ® 
Y 0.5922 1.5214 * 10"® 
AJ 0.3128 0.0138 
AA -0.2844 -1.7327 • 10"® 
AG 0.2515 4.6720 * 10"^ 
U -0.2511 -1.0767 * 10"® 
G 0.2098 1.0744* 10"® 
N -0.1550 -7.3935 * 10 ® 
C 0.1181 1.4823 * 10"® 
H 0.1128 1.0598 * 10"® 
S -0.0936 -3.8266 • 10"'° 
A -0.0863 -1.6258 * 10"® 
(Constants -0.0082 

Cluster 5 
Variahlpc .^tanrl IJnstanri 

L -0.9173 -7.2419 * 10"°® 
Y 0.7155 1.4443 * 10"°® 
E 0.4201 5.6621 * 10"'° 
AJ 0.4143 0.0150 
V -0.1745 -2.3419 • 10"'° 
AA -0.1527 -7.4652 * 10"°® 
AC 0.1303 1.3398 * 10"°® 
I 0.0838 5.9043 * 10"°® 
(Constant) -0.0161 

Cluster 6 
Variables 3 Unstand. Coeff. 

L -1.2392 -1.0062 * 10"°' 
Z 0.7009 5.3376 * 10"°' 
AA -0.3572 -1.9092 * 10"°® 
AJ 0.2976 0.0131 
1 0.2524 1.9138*10^® 
F 0.1779 2.3300 * 10"'° 
AF 0.1212 1.3357*10'°' 
Al -0.1175 -1.1260*10"'^ 
R -0.1077 -9.5111 * 10"°® 
P -0.0952 -1.1714* 10"'° 
AD 0.0845 5.5476*10^ 
T 0.0822 4.0995*10"°' 
(Constant) -0.0080 
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5.4.3.1 1-hr Models 

Most of the models contain a member of each broad, non-BVOC, spatial emissions 

category. Variables related to BVOC emissions are absent presumably due to the 

relatively smooth variations in BVOC emissions across the metropolitan area. 

Consequently, BVOCs are not strong spatial predictors. VOC and NO^ variables and the 

exposed (EXP) variable are always present. Specifically, the cluster 1 model does not 

contain long distance, other anthropogenic emissions variables and proxy emissions 

variables (i.e. road length and built-up land). Local other anthropogenic VOC emissions 

(OAVOC(2 km)) is the most important predictor. The cluster 2 and 3 models do not 

contain local motor vehicle variables. These models' most important predictors are road 

length (RL(40 km)) and long-distance other anthropogenic VOC emissions 

(OAVOC(lOkm)), respectively. Local motor vehicle NO^ (MVNOJ2 km)) emissions are 

the most important predictors in the cluster 4 and 5 models. The cluster 4 model does not 

contain long distance other anthropogenic variables while the cluster 5 model contains all 

of the non-BVOC variables. These models most important predictors are local motor 

vehicle NO^ emission (MVNO>;(2 km)). Scavenging of ambient ozone by increased NO 

emissions (i.e. NO-scavenging) is the primary determinant of spatial variations in ozone 

on days in clusters 4 and 5. 

5.4.3.2 8-hr Models 

The 8-hr models are even more comprehensive than the 1 -hr models. All of the 

models contain a member of nearly every broad emissions category, including BVOC 
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emissions. BVOCs are viable predictor variables, for they are present in two of the 

models. Nonetheless, when present, they are among the least important predictors. For 

all models except for the cluster 3 model, local motor vehicle NO^ emissions (i.e. 

MVTnIO^(2 km) is the most important predictor. The most important predictor for the 

cluster 3 model is local other anthropogenic VOC (OAVOC(2 km)) emissions. Similar to 

the 1-hr models, VOC, NOx, and exposed (EXP) variables are always present. 

Specifically, the cluster 1 model is represented by every emissions category. The cluster 

2 model is missing BVOC and long distance motor vehicle variables. The cluster 3 

model does not contain BVOC and proxy emissions variables. It differs from the other 

models, for its most important predictors are local other anthropogenic VOC emissions 

(O.AVOC(2km)). The cluster 4 model is only missing proxy emissions variables while 

the cluster 5 and 6 models are only missing BVOC variables. NO-scavenging is the most 

important determinant of spatial variations across the 8-hr average ozone landscape. 

5.4.4 Model Evaluation 

The models are evaluated with independent data (one-third of the days), thereby 

resulting in cross-validated error statistics (Tables 5.10 and 5.11). Monitor-specific 

RMSEs for each cluster's model verify an absence of spatial autocorrelation among the 

residuals while a separate investigation of time period-specific errors verifies the absence 

of temporal autocorrelation. Therefore, the models have not excluded any important 

predictor variables. For space reasons, cluster-specific error statistics are not presented 

here. 



Tabic 5.10. Evaluation statistics for pooled, daily maximum i-hr avcrtige predictions for cach monitor, all monitors, and 
HODs. Descriptions of statistics arc as follows: N = number of eases; Oavc; = average observed value; Pavc; average 
predicted value; Osi)= standard deviation of observed values; Psi)= standard deviation of predicted values; MBE = mean 
biased error; RMSE = root mean squared error; MAE = mean absolute error; D| = index of agreement; PSE = proportion of 
systematic error; R = coefficient of determination; % Error = Oavo/RMSE. 

Site/ 
Days N OAVG PAVG OSD PSD MBE RMSE MAE D, PSE % Error 

22C 218 0.0639 0.0632 0.013 0.012 -0,0007 0.0033 0.0025 087 Ol2 094 5 

DT 218 0.0520 0.0526 0.013 0.013 0.0006 0.0035 0.0029 0.86 0.04 0.93 7 

FG 218 0.0582 0.0593 0.011 0,011 0,0012 0.0042 0.0033 0.81 0,16 0,88 7 

HV 59 0.0532 0.0548 0.009 0.010 0.0017 0.0044 0.0035 0,77 0,15 0,85 8 

POM 84 0,0625 0,0619 0.013 0,012 -0,0006 0.0054 0.0040 0.78 0.19 0.82 9 

RIV 69 0,0642 0.0634 0.010 0.010 -0.0008 0.0050 0,0039 0.76 0,17 0,76 8 

SNP 218 0.0643 0.0629 0.013 0,012 -0.0014 0.0044 0.0034 0.83 0.15 0,89 7 

lANG 218 0.0522 0.0522 0.010 Q.0Jfl__0.00Q6 0.0032 0.0029 0.82 0.0B__i).a8 6 

ALL 1302 0,0593 0.0594 0,013 0,012 0,0000 0.0040 0.0031 0.84 0.08 0.90 7 

HODs 149 0.0768 0.0769 0.011 0.009 0.0001 0.0055 0.0042 0.73 0.32 0.75 7 

Table 5.11. Evaluation statistics for pooled, daily maximum 8-hr avcrajge predictions for each monitor, all monitors, and 
HODs. Refer to Table 5. lO's caption for descriptions of evaluation statistics. 

Site/ 
Days N OAVG PAVG OSD PSD MBE RMSE MAE D, PSE R" % Error 

22C 218 0.0555 0,0551 0.010 0.010 -0.0004 0,0030 0,0023 0,86 0,10 0,92 5 

DT 218 0.0436 0.0436 0.011 0.011 0.0000 0.0029 0.0023 0.86 0.05 0.93 7 

FG 218 0,0521 0,0525 0,009 0,009 0,0004 0,0030 0.0023 0.84 0.07 0.90 6 

HV 73 0.0470 0.0472 0.009 0.009 0,0001 0,0043 0,0032 0,78 0,06 0.78 9 

POM 97 0.0552 0.0552 0.010 0.010 0.0000 0.0034 0.0026 0.84 0.02 0.90 6 

RIV 68 0.0549 0.0549 0.008 0.008 0.0000 0,0038 0.0028 0,78 0,07 0.79 7 

SNP 218 0.0570 0,0565 0,010 0.010 -0.0006 0.0030 0.0022 0,86 0.05 0.92 5 

TANG 218 0.0522 0.0527 0.009 0.009 0.0005 0.0031 0.0023 0,85 0,07 0.90 6 

ALL 1328 0.0522 0,0522 0,011 0,011 0,0000 " 0,0032 0,0024 " 0,86 0,05 0.92 " 6 
HODs 110 noRBfi n06R7 0 007 noofi nnnni nnn?B nnn?2 n77 nifi obi 4  
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5.4.4.1 Pooled Predictions 

5.4.4.1.1 1-hr Predictions 

The daily maximum 1-hr average ozone concentration predictions are typically within 

0.004 ppm (RMSE) of the observed values, and are neither positively nor negatively 

biased (MBE). In addition, the pooled predictions have just 7% error as well as an R" 

value of 0.90 and an index of agreement value (D,; ranges from 0 to +1) of 0.84. The 

PSE value of 0.08 indicates that 8% of the error is model-derived, and that the remaining 

92% is natural variability of the data that cannot be reduced. Visually, a good fit exists 

between observed and predicted values, with only several minor outliers (Figure 5.4). 

The urban/source-intensive monitors, 22«S:C and DT, have the most accurate predictions 

while HV, POM, and RIV, the three monitors that provided the least amount of data 

during the model development process, have the least accurate predictions. 

5.4.4.1.2 8-hr Predictions 

The 8-hr average predictions are more accurate than the 1-hr predictions. This is 

expected since less variation exists among the smoothed, 8-hr values. Daily maximum 

concentrations are within 0.003 ppm (RMSE) of the observed values, and are neither 

positively nor negatively biased (MBE ~ 0). The pooled predictions have a mere 6% 

error, an R' value of 0.92, a D, value of 0.86, and a PSE value of 0.05. Virtually no 

significant outliers exist in the observed vs. predicted scatterplot (Figure 5.5). The 

monitors have nearly identical error statistics except for HV and RIV, which are low data-

providing monitors. 
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Figure 5.4. Scatter plot of observed vs. predicted daily maximum I-hr average ozone 
concentrations. The intercept (a) and slope (b) of the regression line are included. 
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Figure 5.5. Scatter plot of observed vs. predicted daily maximum 8-hr average ozone 
concentrations. The intercept (a) and slope (b) of the regression line are included. 
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5.4.4.2 HOD Predictions 

T>'pically, a regression model performs poorly on the tails of the dependent variable's 

distribution, overestimating the lowest observed values and underestimating the highest 

observed values (Clark and Karl 1982). However, developing separate regression models 

for each cluster decreases the errors associated with extreme values. Thus, the cluster-

specific models replicate the spatio-temporal processes responsible for spatio-temporal 

ozone patterns. 1-hr and 8-hr predictions for HODs are almost as accurate as the 

complete set of pooled predictions (Tables 5.10 and 5.11). HOD predictions have 

slightly lower R" and D, values, but have equal or smaller % error values. However, a 

considerable increase in PSE values from 0.08 to 0.32 and from 0.05 to 0.16 for the l-hr 

and 8-hr predictions, respectively, indicates that more model-derived error is present in 

the HOD predictions. The HOD predictions are still valid and useful for determining 

spatial variations in elevated ozone concentrations. 

5.4.5 Design Value Maps 

5.4.5.1 1-Hr Design Values 

Maps of design values for 1997 and 1998 indicate a strong likelihood that an 

exceedance did not occur anywhere in the Tucson region in either of those years (Figures 

5.6 and 5.7). After adjusting the highest design values by adding the average residuals 

from the 22&C and SNP monitors, the maximum design value (0.102 ppm) is still less 

than 82% of the federal ozone standard (0.125 ppm) (Tables 5.12 and 5.14). All of the 

cells with design values in the 99th percentile of the 1997 values (i.e. the black cells) are 
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Ozone Monitoring Site* Interetale 
City of Tucson S TANG • 22&C 

•I' POM 4  ̂HV 
O RIV • FG 

DT • SNP 

Boundary of most reliable predicaons 
Upland Contour Lines 
(Base fltevation = 1100 m a.s.l.; Interval = 400 m) 

Figure 5.6. Predicted 1997 design values of daily maximum l-hr average ozone 
concentrations in the Tucson region. A design value is the fourth highest value at a cell 
from 1995 to 1997. 
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Figure 5.7. Predicted 1998 design values of daily maximum 1-hr average ozone 
concentrations in the Tucson region. A design value is the fourth highest value at a cell 
from 1996 to 1998. 
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Table 5.12. Monitor specific observed and predicted I-hr design values and residuals for 
1997 and 1998. 

Monitor 
1997 

Predicted 
1997 

Observed Residual 
1998 

Predicted 
1998 

Observed Residual 

22&C 0.096 0.099 -0.0031 0.093 0.094 -0.0010 

DT 0.082 0.084 -0.0025 0.081 0.082 -0.0013 

FG 0.084 0.089 -0.0053 0.081 0.084 -0.0027 

SNP 0.098 0.101 -0.0035 0.089 0.094 -0.0052 

TANG 0.080 0.083 -0.0027 0.080 0.082 -0.0026 

Table 5.13. Monitor specific observed and predicted 8-hr design values and residuals for 
1997 and 1998. 

Monitor 
1997 

Predicted 
1997 

Observed Residual 
1998 

Predicted 
1998 

Observed Residual 

22&C 0.076 0.078 -0.0025 0.074 0.078 -0.0046 

DT 0.067 0.068 -0.0015 0.064 0.069 -0.0049 

FG 0.072 0.071 0.0014 0.070 0.067 0.0031 

SNP 0.078 0.080 -0.0021 0.076 0.079 -0.0031 

TANG 0.071 0.072 -0.0010 0.068 0.071 -0.0029 

Table 5.14. Maximum observed and predicted Ihr and 8-hr design values for 1997 and 
1998. % Pop. and % Pop. in Nonattainment refer to the percent of population associated 
with a valid, predicted design value and percent of population associated with design 
values above the federal standard, respectively. 

Year and 
Level 

Design 
Value 

(Monitors) 

Design 
Value 

(Models) 

Design 
Value 

(Adjusted) 
% 

Change 
% of 
Pop. 

% 0 f  
Pop. in 

Nonattainment 

1997 (1-hr) 0.101 0.099 0.102 +1 89 0 

1997 (8-hr) 0.080 0.083 0.085 +6 74 0.2 

1998 (1-hr) 0.094 0.096 0.099 +5 90 0 

1998 (8-hr) 0.079 0.080 0.084 +6 74 0 
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located either in or downwind of the urban/source-intensive portion of the region. In 

1997, the largest design values occur mostly between the 22«&;C and SNP monitors (i.e. 

downwind, suburban area). In 1998, the largest value occurs in the highly industrialized 

portion of the city while the downwind areas have slightly smaller values. With simple 

interpolation techniques (e.g., IDW), the above potentially high ozone areas would not 

have been realized. 

Both design value maps illustrate the importance of local VOC and NO^ emissions 

and the predominant transport of VOCs, NO^, and ozone from west to east across the 

Tucson metropolitan area. Upwind areas tend to have small VOC and NO^ emissions and 

receive negligible amounts of transported ozone. Within the source-intensive area, large 

NO, emissions reduce ozone levels through NO-titration. The highest levels occur either 

in areas that have both large VOC and NO^ emissions or areas that are slightly downwind 

of the source-intensive area. More importantly, the downwind areas have more reliable 

estimates of ozone levels. 

Another interesting feature of the maps is the speckled nature of the ozone surface 

between the city and the surrounding mountains. These relatively abrupt variations in 

design values are the result of topography-induced protection from the regional pollution 

plume. Consequently, these protected areas have lower ozone concentration than do 

e.xposed areas. The HV monitor was located in an unexposed, downwind area and thus 

had consistently lower ozone values than did its exposed, downwind counterparts (i.e. 

SNP and FG). 
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Most importantly, the ozone maps show that the City of Tucson, which is the most 

populated part of the Tucson region, is almost completely covered with reliable 

predictions of design values. A reliable prediction is one that is derived from variables 

with values that are within the range of the values used to develop the regression models. 

Theoretically, the valid design values are the most accurate values. Approximately 90% 

of the region's population is associated with a reliable design value (Table 5.14). The 

remaining 10% are located mostly in the NO DATA areas towards the center of the city. 

These areas are affected by large VOC and NO^ emissions; consequently, ozone 

predictions in these areas unreliable. 

5.4.5.2 8-Hr Design Values 

Unlike the l-hr maps, the maps of 8-hr design values indicate that some parts of the 

Tucson region may have exceeded the federal ozone standard during both 1997 and 1998 

(Figures 5.8 and 5.9). The most reliable design values that are in the 99th percentile (i.e. 

the black cells) of all 1997 values are located in the downwind, suburban area. For both 

years, the largest of the most reliable design values occur mostly between the 22&C and 

SNP monitors. Large, relatively unreliable design values occur in the highly 

industrialized portion of the region. Adjusting the maximum design value using the 

procedure described in the above section results in maximum design values (0.085 and 

0.084 ppm) that nearly exceed the federal ozone standard (0.085 ppm) (Table 5.13 and 

5.14). In fact, it is possible that approximately 1,500 people (0.2% of population) may 

have been exposed to "unhealthy" ozone levels. 
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Figure 5.8. Predicted 1997 design values of daily maximum 8-hr average ozone 
concentrations in the Tucson region. A design value is the fourth highest value at a cell 
from 1995 to 1997. 
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Figure 5.9. Predicted 1998 design values of daily maximum 8-hr average ozone 
concentrations in the Tucson region. A design value is the fourth highest value at a cell 
from 1996 to 1998. 
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These maps are similar to 1-hr design value maps and thereby also illustrate the 

importance of local VOC and NO, emissions as well as transported VOCs, NO,, and 

ozone. Topographically protected areas also have lower 8-hr average concentrations than 

do nearby exposed areas. However, unlike the 1-hr maps, the City of Tucson is covered 

much less by valid 8-hr design values. The 8-hr models are less parsimonious and cause 

up to 25% of the region's population to be associated with a highly uncertain design value 

(Table 5.14). Most of the heavily populated cells with unreliable design values are 

located in the NO DATA areas in and proximate to the highly industrialized portion of 

the city as well as the western foothills of the Santa Catalina Mountains (i.e. Catalina 

foothills area). These areas are affected by large and small precursor emissions, 

respectively. 

5.5 Summary and Conclusions 

By understanding the spatial processes responsible for the spatial patterns of ozone 

concentrations, this paper has represented those processes with various predictor variables 

created partially within a GIS. However, the strength of relationships between the 

predictor variables and the dependent variable vary over time, thus it is important to place 

days into clusters and perform data reduction measures before proceeding with regression 

modeling. Compared to regression modeling without clusters, clustering elucidates 

stronger relationships between the variables (Davis et al. 1998). For example, in cluster 

2's model, ozone transport is the most important predictor variable while in cluster 4 and 

5's models, local NO, emissions from motor vehicles are the most important predictors. 
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PCA is used to reduce the list of several hundred potential predictor variables down to a 

dozen or so components from which high loading and highly correlated (with the 

dependent variable) variables are selected. For each cluster, all of the PCA-derived 

variables are included initially in a backward stepwise regression. Variables that do not 

improve the model's performance are subsequently removed. The employment of cluster 

analysis, PCA, and stepwise regression modeling reduces a large list of potential 

predictor variables down to a reasonable number of variables that, when combined within 

a statistical model, explain nearly all of the spatio-temporal variability in ozone 

concentrations. 

The cluster-specific regression models are useful for several reasons. First, the 

models can be used to create high resolution (500 m) ozone maps for most summer days 

from 1995 to 1998. Maps can also be created for post-1998 summer days after those days 

have been assigned to a cluster within which they most likely belong. Second, by 

producing average maps for each cluster, the core spatial patterns of ozone can be 

compared and contrasted. Third, the models can be used for inferential purposes, such as 

determining the importance of local NO, emissions from motor vehicles during certain 

atmospheric situations. Finally, the pooling and subsequent manipulation of cluster-

specific maps can produce valuable regulatory databases, such as maps of ozone design 

values. These maps can then be used to detemiine the location of potential exceedances 

of the federal ozone standard. Regression can produce reliable predictions that are larger 

than the ozone levels measured at the monitors. 
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Additional, properly sited ozone monitors are certainly needed in the Tucson region 

to better protect public health and welfare (e.g., crops and forests) as well as to increase 

the interpolation and extrapolation capabilities of regression modeling. It appears sound 

to place additional ozone monitors in the following areas: (1) near the city's industrial, 

NO DATA areas and (2) in the westem portion of the Catalina foothills area for health 

and modeling purposes; (3) in a downwind, suburban location for health purposes, and 

(4) at a downwind, forested, high elevation site for welfare and modeling purposes. All 

of these areas are substantially populated by sensitive receptors, either humans or trees, 

and have potentially unhealthy ozone levels. The models' accuracy and spatial 

interpolation and extrapolation capabilities would definitely improve by placing monitors 

in NO DATA areas, such as heavy anthropogenic emissions areas and downwind areas 

(i.e. high elevation, forested areas) with negligible anthropogenic emissions but heavy 

biogenic emissions, that have relatively unreliable design values. For instance, a monitor 

in a downwind, forested location (i.e. on top of the Rincon Mountains) should 

theoretically record the highest 8-hr average levels due to a considerable flux of 

transported ozone and minimal NO-titration. The highest ozone levels in the Los 

Angeles area have been measured downwind of the urban area in the San Bernardino 

.Mountains. With the dominance of BVOC emissions and the absence of local 

anthropogenic emissions in the Tucson region's forested areas, a monitor in this type of 

environment would increase the presence and importance of BVOC emissions in the 

regression models. This monitor would also cause a substantial increase in reliable, 

predicted ozone levels throughout the region's rural areas by increasing the range of 
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BVOC, AVOC, and ANO^ emissions. Consequently, ozone impacts on humans, crops, 

and forests could be better assessed. 

Although this paper has described a relatively data-rich example of regression-based 

pollution modeling, different input variables can be used depending on data availability. 

Gridded emissions estimates are not necessarily needed to produce accurate models. In 

fact, the use of emissions estimates, which are usually modeled and thus relatively error-

laden, might introduce more error into the modeling process compared to the use 

measured proxy variables (e.g., road length). Many metropolitan areas do not have 

gridded, multi-temporal emissions inventories but they probably do have high resolution, 

digital street network, land use, and land cover maps; consequently, regression-based 

modeling may be a viable spatial interpolation method in those areas. 

Regression modeling is inherently flexible, thus this paper's basic methods can be 

used to model not only air pollutants, such as ozone, but also other spatial phenomena 

(e.g., meteorological variables). The use of pooled, cross-sectional, time series, 

regression models to produce ozone surfaces is an effective procedure due to the 

abundance of multi-temporal ozone data and the significant relationships between ozone 

concentrations and various spatial variables (e.g., gridded ozone precursor emissions 

estimates). Fortunately for this study, the ozone monitoring network is viable for 

regression modeling, for the monitors represent a wide range of ozone precursor 

emissions environments. Without this range, spatial interpolation and extrapolation 

would be much less extensive and overall model accuracy would be reduced 

considerably. 
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It is difficult to compare this paper's results with those from simple interpolation 

techniques, such as IDW and kriging, for spatio-temporal regression modeling is 

considerably more resource-intensive. With respect to air pollution, regression modeling 

is much more than an interpolation technique. In fact, it is more comparable and possibly 

a complement to numerical models such as the Urban Airshed Model (UAM). Finally, 

since ozone is a relatively complex pollutant (i.e. difficult to infer its spatio-temporal 

variations), using a similar methodology to predict spatial patterns of simpler, primary 

pollutants, such as carbon monoxide, should produce even more accurate results. 
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CHAPTER 6: SUMMARY AND CONCLUSIONS 

This dissertation examines ground-level ozone pollution, an important geographical 

issue, especially when viewed from ±e discipline's human-environment perspective. 

Interactions between human activities, atmospheric conditions, and biospheric processes 

cause ozone's behavior to be complex and dynamic both spatially and temporally. A 

comprehensive understanding of ozone's behavior can only be elucidated through a 

holistic examination of the phenomenon. Consequently, information derived from spatio-

temporal analyses of human and natural processes is integrated to form a detailed picture 

of ozone pollution in the Tucson region. 

The major questions driving the dissertation concern the selection and employment of 

a sound interpolation/modeling method for the creation of ozone "maps" and the 

subsequent application of the resulting spatial information to air quality policy matters 

(e.g., future monitor placement and the adoption of ozone precursor reduction strategies). 

Tucson has a small number of ozone monitors, thus the overarching theme of this 

research is the depiction of spatial patterns of ozone concentrations from sparse spatial 

samples. The paucity of ozone monitors in the Tucson region makes noteworthy 

interpolation techniques, such as IDW and kriging, inappropriate. However, regression 

modeling is a feasible alternative if multiple time periods and spatially continuous 

predictor variables are used. If significant relationships exist between ozone 

concentrations and various spatial variables (e.g., gridded ozone precursor emissions 
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estimates), effective pooled, cross-sectional, time series regression models can be 

developed and thus used to produce ozone "maps." 

Various geographical sub-disciplines, such as GIS, remote sensing, and climatology, 

are employed in a geographical examination of ozone pollution; results are integrated in 

an effort to answer the above questions. This dissertation begins with examinations of 

ozone precursor emissions, relates those emissions to ambient ozone levels, and then 

concludes with the development of models that used emissions, meteorological, and 

topographical data to predict spatial variations in ozone levels. Summaries of the 

methods and results associated with the above examinations are presented in the 

following sections. 

6.1 Emissions Inventories 

GIS and remote sensing are fully employed during the development of gridded, multi-

temporal anthropogenic and biogenic emissions inventories (Els). Spatially resolved 

estimates of VOC and NO^ emissions are produced with "top-down" and "bottom-up" 

methods. The "top-down" method yields sub-regional emissions estimates by modifying 

regional estimates typically with surrogate statistics (e.g., population, land use, etc.), 

while the "bottom-up" method involves dividing an emissions area into grid cells or 

administrative units and then creating separate inventories for each sub-unit. When 

possible, the more reliable and accurate "bottom-up" method is used to produce the 

Tucson region's emissions inventories. 
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Since Tucson is a typical automobile-centric western city, considerable attention is 

placed on producing accurate estimates of on-road vehicle emissions. Combining output 

from a transportation planning model (i.e. TRANPLAN), which is spatially resolved, and 

output from a mobile emissions model (i.e. Mobile 5a), month-specific, daily emissions 

totals are estimated for every major road segment in the region. Results from this 

detailed treatment of on-road vehicle emissions provides concrete evidence of on-road 

vehicles' dominance of the emissions landscape. During most months, on-road vehicles 

are the largest source of VOC and NO^ emissions. Spatially, most on-road vehicle 

emissions occur within the City of Tucson. 

The multi-temporal component of the anthropogenic EI also revealed the sporadic 

nature of emissions from several sources. Residential wood combustion is an important 

wintertime VOC source. These VOC emissions occur typically in the evening during the 

coldest and lowest insolation times of the year and thus have a negligible impact on 

ozone levels. Another inconsistent source, the local electric power plant, is an important 

NO, emitter only during the summer months. Nevertheless, unlike VOC emissions from 

residential wood combustion, NO^ emissions from the power plant surely affect 

summertime ozone levels, especially during the NO^-sensitive months of July and 

.A.ugust. 

Remote sensing plays a crucial role during the development of the biogenic EI. 

Unlike the anthropogenic EI, the biogenic EI is created entirely with the "bottom-up" 

method. A vegetation-based land cover classification is derived from multi-spectral data. 

Using this classification, associated vegetation surveys, phenological information for 
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dominant species, and biogenic emissions-related factors, a gridded, multi-temporal 

inventory of BVOC emissions is produced. The inventory revealed that the Tucson 

region, as a whole, has substantial BVOC emissions. In fact, the Tucson region's BVOC 

emissions total during the monsoon season are approximately equal to that of the Los 

Angeles area. High emission areas include the Madrean evergreen oak woodland at 

middle elevations, coniferous forests at high elevations, and the urban forest, which 

occurs almost entirely within the City of Tucson. Temporal variations in BVOC 

emissions are caused by variations in temperature, sunlight, atmospheric humidity, and 

phenology (e.g., blooming). Although little is known about the humidity effects on 

emissions from xerophytic vegetation, it is suspected that the least humid months (May 

and June) have the lowest emissions while the most humid months (July and August) 

have the highest emissions. Low emissions during May and June definitely occur as a 

result of substantial leaf drop by drought-deciduous species. Increased BVOC emissions 

associated with the presence of the North American Monsoon is a major reason for the 

spatial prevalence of a NO^-limited atmosphere in August, and that month's relatively 

high ozone levels. 

Despite the plausible results from analyses of the inventories, both inventories contain 

a substantial amount of uncertainty. Scrutinization of each emissions source can uncover 

one or more areas of uncertainty associated with a source. In fact, the inventories are not 

entirely comprehensive. It is impossible to account for every imaginable VOC and NO^ 

source. A major goal during the development of the anthropogenic EI was to invest most 

of the resources in the production of on-road vehicle emissions estimates. Therefore. 
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obtaining the best possible emissions estimates for the presumed major source, on-road 

vehicles, is the top priority. The estimates can undoubtedly be improved by using output 

from an improved transportation model, updated and spatially resolved fleet distribution 

information (i.e. vehicle information for each census block), and improved mobile 

emissions factors. 

Emissions estimates in the biogenic EI are even more uncertain. The semi-arid, 

southwestern United States has received little attention from researchers measuring VOC 

emission rates from vegetation. Few actual emission factors can be assigned to the 

Tucson region's vegetation. In addition, less is known about the effect of variations in 

atmospheric humidity on BVOC emissions. The measurement of multi-temporal 

variations in BVOC emission rates is well beyond the scope of this dissertation. 

6.2 Relationships between Emissions, Atmospheric Conditions, and Ozone Levels 

Emissions estimates, whether measured or hypothetical, contributed to an enhanced 

understanding of ozone's spatio-temporal behavior. By considering ozone levels, 

atmospheric conditions, and emissions simultaneously, the impacts of VOC and NO^ 

emissions on ozone levels are realized both from a spatial and a temporal perspective. 

E.vplorator>' data analyses, which include graphical and statistical examinations, are 

performed to relate monthly and diurnal variations in ozone levels to variations in ozone 

precursor chemical emissions and atmospheric conditions, to determine month-specific 

atmospheric conditions that are conducive to elevated ozone levels, and to assess the 

likelihood of ozone transport from Phoenix to Tucson. 
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Spatio-temporal variations in the sensitivity of ozone production were determined. 

Downwind, predominantly rural areas, which are usually NO^-sensitive, have the highest 

ozone levels due to the transport of ozone as well as in situ ozone formation resulting 

from local B VOC emissions and transported anthropogenic precursor chemicals, 

especially NO^. Temporally, the local transport of ozone was evident in the earlier and 

later occurrence of diurnal ozone peaks at upwind and downwind monitors, respectively. 

Highest concentrations occur in the early afternoon due to intense insolation, high 

temperatures, and a maximum in ambient VOC/NO^ concentration ratios. In addition, the 

relatively low and high ozone levels in June (mostly VOC-sensitive) and August 

(transitional to NO^-sensitive), respectively, can be tied to dramatic variations in BVOC 

emissions between the months. 

A climatology of high ozone days (HODs) helps to reinforce evidence concerning the 

impacts of BVOC emissions. The occurrence of high ozone concentrations during each 

summer month is a function of the overall sensitivity of ozone production, the occurrence 

of atmospheric conditions that provide optimal in situ ozone production conditions with 

respect to the different precursor-sensitive situations, and the potential for upper 

atmospheric transport of ozone from Phoenix to Tucson. Atmospheric conditions 

conducive to elevated ozone concentrations are nearly identical at upwind and downwind 

locations; however, the conducive conditions did differ substantially between the arid 

foresummer (May and June) and the monsoon season (July and August) at both locations. 

High concentrations during the arid foresummer are dependent on high atmospheric 

pressure at the surface, which is conducive to in situ ozone production, as well as the 
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transport ozone from Phoenix to Tucson near the 850 mb level. This inter-city ozone 

transport is most likely to occur in June. Results from an assessment of the likelihood of 

inter-city ozone transport also support the Phoenix-to-Tucson ozone theory. During the 

monsoon season, high concentrations are dependent on atmospheric conditions that 

maximize in situ ozone production. The above analyses uncover the important physical 

processes responsible for spatio-temporal variations in ozone levels. 

6.3 Spatial Predictive Models 

The use of emissions, topographical, and meteorological data in conjunction with 

some results from the above analyses enable the development of pooled, cross-sectional, 

time series, multiple linear regression models. During the development of the models, 

common GIS tools (e.g., visibility analyses, database manipulation, etc.) and multivariate 

statistical tools (e.g., cluster analysis and principal components analysis) are employed. 

The multi-temporal nature of emissions, meteorology, and ozone levels compensate for 

the lack of ozone measurements over space. These models interpolate ozone levels 

throughout the region and prove to be an optimal solution to the problems associated with 

creating ozone surfaces with a small number of spatial ozone measurements. 

Predicted spatial patterns of ozone design values are reliable enough to influence air 

quality policy decisions. The 1-hr design value is the cell-specific, fourth highest daily 

maximum I -hour average ozone concentration over the past three years while the 8-hr 

design value is the cell-specific, three year average of each year's fourth highest 

maximum daily 8-hour average ozone concentration. Currently, the EPA only recognizes 
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the 1-hr ozone standard. All maps predict that the largest design values occur in a 

monitor-less area on the eastern edge of the City of Tucson. Maps of 1-hr design values 

for 1997 and 1998 indicate a strong likelihood that an exceedance of the federal ozone 

standard did not occur anywhere in the Tucson region in either of those years. Unlike the 

1-hr maps, the maps of 8-hr design values do indicate that some parts of the Tucson 

region may have exceeded the federal ozone standard during both 1997 and 1998. In fact, 

it is possible that approximately 1,500 people may have been exposed to "unhealthy" 

ozone levels. It appears sound to place additional ozone monitors in the following areas: 

(1) near the city's industrial areas and (2) in the western portion of the Catalina foothills 

area for health and modeling purposes; (3) in a downwind, suburban location for health 

purposes, and (4) at a downwind, forested, high elevation site for welfare and modeling 

purposes. These results can help to further protect the Tucson region's sensitive receptors, 

both people and vegetation, from adverse responses to ambient ozone levels. 
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