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ABSTRACT 

This thesis, consisting of an exploratory analysis, compositing analysis, and a 

modeling section, examines the temporal characteristics and climatology of wintertime 

carbon monoxide (CO) concentrations in central Phoenix (AZ). 

Initially, relationships between motor vehicle traffic levels, atmospheric 

conditions, and CO concentrations are explored. Compositing analyses segregate 

momings with high and low CO concentrations and reveal typical atmospheric conditions 

that are related to high and low CO mornings. Finally, a set of CO forecasting models are 

developed to predict early morning CO concentrations. 

This study has produced several major results. The first three weeks of December 

have the most days with exceedances of the national ambient air quality standard for CO. 

Atmospherically, high CO concentrations are associated with anticyclonic conditions 

while low CO concentrations are linked to the passage of a cold front or trough. Specific 

details are available in the body of the thesis. The final CO forecasting models have a 

root mean squared error (RMSE) less than 1.05 ppm, a mean absolute error (MAE) less 

than 0.80 ppm, and a proportion of systematic mean squared error to overall mean 

squared error (MSEs/MSE) less than 0.15. Most models are reasonably accurate and 

relatively error-free. 



13 

CHAPTER 1: INTRODUCTION 

In urban atmospheres, carbon monoxide (CO) is a dangerous pollutant. CO is a 

poisonous, colorless, odorless, and tasteless gas that is normally formed during the 

incomplete combustion of carbonaceous material. Within urban environments, motor 

vehicle exhaust is the major source of CO; therefore, ambient CO concentrations are 

closely related to the use of vehicles powered by gasoline and diesel fiiel. Without 

emission restrictions, an increase in vehicular traffic within an urban area leads to 

increased CO concentrations; hence, humans living m urban areas become more exposed 

to this form of air pollution. Increased exposure may result in breathing difficulties and a 

decrease in physical endurance. Most importantly, human exposure to high levels of 

carbon monoxide can be fatal. This introduction describes various CO sources, trends in 

CO concentrations, relationships between CO concentrations and atmospheric factors, 

previous CO research, the effect of city structure on CO concentrations, and the purpose 

for examining CO concentrations in Phoenix, Arizona. Phoenix's stable wintertime 

clunate and the dominance of CO-emitting motor vehicles on the city's roadways has led 

to high CO concentrations, especially in central Phoenix. There is a clear need to 

understand more fiilly the causes and temporal characteristics of potentially unhealthy 

levels of CO in Phoenix. 

1.1 CO Sources 

Besides entering the atmosphere via motor vehicle exhaust, CO is emitted by other 

anthropogenic and natural sources. Important stationary emitters include coal 

combustion, industrial processes, and refuse disposal. However, motor vehicles are the 

leading source of carbon monoxide, for they contribute 55 percent of the total emissions 

(WHO 1979). Important natural sources of CO include the oxidation of methane in the 
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atmosphere and emissions from the ocean. Forest and grass fires, marsh gases, and 

electric storms are other natural sources of carbon monoxide; in addition, some carbon 

monoxide is formed in the upper atmosphere (>75 km.) by the photodissociation of carbon 

dioxide (WHO 1979). To simmiarize, carbon monoxide is present in the atmosphere 

largely as a result of the incomplete combustion of fossil iiiels and biomass, the 

atmospheric oxidation of methane and other alkanes, and the oxidation of organics emitted 

by vegetation (Graedel et al. 1993). 

1.2 Trends in CO Concentrations 

Even though many countries, mcluding the United States, have created strict 

emission standards for motor vehicles, the percentage of CO that is produced 

anthropogenically is mcreasing due to growing motor vehicle use. Worldwide vehicle 

sales are expected to increase to nearly 75 million in the year 2010 (Markham 1994). In 

general, as more cars congest roadways, the overall speed of traffic will decrease, thereby 

leading to higher emission rates of CO (McCrae et al. 1990). Currently, it is believed that 

half of the global carbon monoxide emissions are from man-made sources; this percentage 

is certain to increase in the future if motor vehicles become more prevalent (WHO 1979). 

Global carbon monoxide levels have been increasing consistently since 

measurements first began. The US, on the other hand, has experienced a decline in CO 

levels over the past twenty years due to emission control measures (Boubel et al. 1994). 

Nonetheless, no matter how efiBcient car engines become and no matter how many 

catalytic converters are fitted to motor vehicles, it will not be long before the growth in 

the car population will transcend these technical controls, and air pollution will begin to 

rise again (Fergusson et al. 1989). Carbon monoxide levels are also becoming a serious 

problem in developing countries due to tremendous increases in motor vehicle use. For 
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example, in south-east Asia, the number of vehicles increased by almost 25 percent, or by 

20 million vehicles, between 1984 and 1988 (UNESCAP 1990). In addition, the increased 

use of vehicles in less developed regions results in excessive congestion of roadways, a 

decrease in driving speeds, and a consequent increase in emissions (Singh et al. 1990). 

Petersen and Allen (1982) have also noted this inverse relationship between CO levels and 

driving speeds. Overall, global increases in carbon monoxide levels are due to the 

increased use of motor vehicles in both the developed and developing worlds. 

1.3 CO Behavior 

Carbon monoxide levels also change in accordance with the seasonal changes in 

atmospheric factors. Low wind speeds, relatively low temperatures, and a stable 

atmosphere characterized by a low inversion base height are conducive to high carbon 

monoxide levels. Harrop et al. (1990) found that a low lying temperature inversion in 

January, 1989 caused high CO levels to be present in London for several days. Most 

exceedances of air quality standards for CO occur during the winter months; therefore, 

when examining carbon monoxide levels, many researchers focus on CO levels during the 

winter season. 

In urban areas, where carbon monoxide concentrations are a primary concern, the 

concentrations follow a pronounced diurnal pattern and are closely related to the amount 

of vehicular traffic. In general, there are two daily peaks in CO levels with one peak 

corresponding to the morning rush hour and the other peak connected to the evening rush 

hour. This pattern seems to be present worldwide. On a weekly basis, the weekends, 

which have traffic distributed more evenly throughout the day than do weekdays, usually 

have lower carbon monoxide levels. 
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The spatial characteristics of carbon monoxide levels are reasonably stable with 

regard to the world's urban areas. The highest concentrations occur proximate to 

automobiles where levels can be nearly four times higher than levels at a fixed site by the 

side of the road (Petersen and Allen 1982). High CO concentrations occur near multilane 

intersections that are filled with idling cars and are enclosed by tall buildings (Boubel et al. 

1994). This "urban canyon" effect is the result of the microclimate produced by the 

adjacent structures and is not affected substantially by the prevailing climatological 

conditions (Luria et. al 1990). As streets widen, the influence of external parameters such 

as meteorological factors begin to show their effects (Qin 1993). Typically, urban areas 

have higher CO concentrations than do rural areas, and, within urban areas, busy 

intersections with idling cars proximate to massive buildings will have the highest 

concentrations. 

1.4 Literature Review 

Literature concerning carbon monoxide levels in urban areas mentions the 

relationship between specific meteorological factors and carbon monoxide levels. Most 

scientific literature that deals with urban CO levels describes only the factors which lead to 

high pollution levels in particular urban areas. Several articles present predictive models 

that employ variables such as past CO levels, meteorological variables, trafiBc variables, 

and other miscellaneous variables. This literature review summarizes and critiques papers 

that have examined CO concentrations and air pollution in general fi^om broad-scale 

meteorological, synoptic climatological, local-scale meteorological, and modeling 

perspectives. 
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1.4.1 Initial Research 

Much initial air pollution research focused on the typical relationship between air 

pollution and meteorological conditions. Holzworth (1962) examined the air pollution 

potential for the western United States and concluded that several synoptic-scale features 

tend to be associated with high pollution episodes. The most potent feature, an 

anticyclone centered over the Great Basin, is usually observed between storms and is 

associated with light winds and shallow mixing depths during the fall and winter. 

Holzworth concluded that synoptic-scale features are related to surface air pollution 

episodes. 

1.4.2 Synoptic Climatology 

Synoptic typing is an elegant way of succinctly describing a region's climate, thus 

it is a common procedure employed in a synoptic climatological analysis. Yamal (1993, 1) 

stated, "by definition, the field of synoptic climatology studies the relationships between 

the atmospheric circulation and the surface environment of a region." Synoptic typing is 

commonly performed with either a circulation-to-environment or an environment-to-

circulation approach. Synoptic typing can uncover a location's common synoptic-scale 

atmospheric pressure patterns or it can identify particular pressure patterns that are 

associated with environmental conditions at the surface. MuUer (1972) used a circulation-

to-environment approach when simplifying New Orleans' climatology. He identified 

several synoptic weather patterns typical of the region; in turn, these similar synoptic types 

were combined to forai environmental baseline indices (e.g., storminess). Therefore, by 

reducing the myriad of potential pressure patterns over the region to several distmct 

synoptic types, Muller determined that storms were associated commonly with several 

synoptic types. 
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With air pollution data, baseline indices can be created for pollution episodes. 

Robinson and Boyle (1979) used a synoptic weather classification scheme to type regional 

weather patterns in the St. Louis area. The researchers discovered that high carbon 

monoxide (CO) levels corresponded with wintertime synoptic weather situations. 

Synoptic typing not only improves the interpretation of the relationship between 

atmospheric and environmental features, it also provides better results than traditional 

statistical manipulation of raw weather variables (Kalkstein and Corrigan 1986). Kalkstein 

and Corrigan found that the use of a synoptic index provides more information about the 

relationships between weather and sulfior dioxide concentrations than do traditional 

correlation techniques. Hopefiilly, the same statement can be applied to other atmospheric 

pollutants. 

Taking synoptic typing one step fiirther, Comrie (1992) used sequencing to obtaua 

the mean sequence of events leadmg up to an air pollution episode. Compositing is used 

to generate the average pressure map (surface, near-surface, or upper-level) of typical 

pollution episode conditions and the average pressure maps for one or two days prior to 

an episode. Comrie illustrated that the forecasting potential of a conventional synoptic 

climatology can be enhanced greatly by using a sequencing technique. 

Few studies of carbon monoxide pollution have employed synoptic classification 

procedures. As previously mentioned, Robinson and Boyle (1979) did use a synoptic 

classification scheme to understand CO concentrations in St. Louis; however, they did not 

provide an in-depth discussion of the relationship between CO levels and synoptic types. 

1.4.3 Local-Scale Meteorology 

Several studies have concentrated on the relationship between certain weather 

variables and CO concentrations. Bardeschi et al. (1991) noted that concentrations 
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measured at a given time depend on the history of the emissions and on the meteorological 

conditions of the hours preceding the hour considered. Thus, to understand why a certain 

CO level occurred at a given time, one must look at the weather conditions and traffic 

conditions that immediately preceded that hour. Colucci et al. (1969) compared CO 

concentrations in Detroit, New York, and Los Angeles and found that Los Angeles' high 

levels are related to frequent atmospheric temperature inversions and lower wind speeds. 

Other researchers have also noticed the link between winds and CO levels. During 

the 1970 New York City taxi strike, CO vehicle emissions in midtown Manhattan were 

reduced by 34 percent; however, due to low wind speeds, CO concentrations were 

reduced by only a few percent (Norbeck et al. 1979). At low wind speeds, a substantial 

reduction in vehicular emissions in a midtown area can lead to only a slight improvement 

in air quality, thus wind speed affects CO levels significantly. McCrae and Hickman 

(1990) noted that the highest concentrations should occur downwind of the source, and, in 

urban canyons, concentrations are higher on the upwind side than on the downwind side. 

They found that an eddy flow recirculated and subsequently concentrated pollutants in 

particular areas. Nkendirim (1988) found that atmospheric ventilation factors are 

important with respect to the air pollution process. In Phoenbc, surface wind speed and 

the difference in temperature fi-om 30 to 8 feet above the surface influence the diumal 

behavior of CO; consequently, stable conditions characterized by cold surface air and low 

wind speeds are conducive to increasing CO levels (Tiao et al. 1989). 

Calms may be a prominent factor influencing diumal peaks in CO levels in urban 

areas. Frenzel (1961) noticed a diumal reversal in wind direction in Phoenix that is 

associated with a mountain-valley circulation; consequently, this diumal reversal is related 

to the diumal variation in the number of reported cahns. The morning maximum in calms 

occurs several hours after sunrise, thereby indicating that several hours of solar heating are 
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required to reverse the well-developed drainage flow from the east that develops after 

sunset. During the time of maximum heating, up-slope motion from the west is observed 

while, several hours later, nocturnal cooling leads to the drainage wind. The constraining 

influence of South Mountain on the air flow at Phoenix is noted by the absence of strong 

north or south winds. 

The lowest persistency values (low persistency indicates that light winds are 

blowing from various directions) occurred at 8 and 9 PM, thus these low values occur at 

the onset of the down-valley wind, while the highest values occur when the drainage wind 

has reached maximum development (approximately sunrise). In addition, the winter 

months tend to have lower wind speeds, a greater frequency of cahns, and a higher 

frequency of easterly winds than do the summer months. 

A reversal in wind direction can lead to high CO levels due to the prevalence of 

calms and the subsquent decrease in dispersion. A well-developed drainage flow can also 

cause escalated pollutant levels. Cool, stable winds related to the "urban heat island 

effect" can trap and transport pollutants to the center of an urban area from peripheral 

areas (Escourrou 1991). Country breezes create a shallow inversion which subsequently 

causes pollution peaks to occur several hours after traffic peaks. Wind speed and wind 

direction appear to be important factors with respect to CO pollution. 

1.4.4 CO Modeling 

The modeling of CO concentrations m Los Angeles has been undertaken by several 

researchers. An attempt at predicting hourly and daily maximum CO concentrations in the 

Los Angeles basin was undertaken by McCollister and Wilson (1975). A linear stochastic 

model was used, thus the only predictors were past CO concentrations. This one-

dimensional model could not predict extreme events; consequently, the researchers 
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emphasized the importance of including meteorological variables and pattern recognition 

techniques (e.g., synoptic typing) in the models. 

Tiao et al. (1975) attempted to understand the variation in CO concentrations by 

examining traffic densities, wind speeds, and inversion heights. It was felt that disparities 

between the relative magnitudes of the morning and afternoon peaks in traffic density and 

CO levels were caused by meteorological factors. Consequently, a model was devised to 

predict CO levels at certain hours of the day at downtown Los Angeles. Model evaluation 

statistics were not presented by the researchers; however, it was stated that "the 

agreement [between the predicted and the] observed values is very close" (Tiao et al. 

1975, 1131). 

Through modeling, several researchers discovered that the effect of a change in the 

inversion height on CO was much stronger at low inversion heights than at high inversion 

heights (Tiao et al. 1975). Inversion ceiling heights tend to increase as the effects of 

cooling at the surface penetrate to higher levels (Piggin and Alley 1994). In addition, days 

with low inversion base heights had higher than average morning and evening CO levels 

(Tiao et al. 1975). Piggin and Alley (1994) noticed that inversion strength is also an 

unportant inversion descriptor. The strength of inversions tend to mcrease as the night 

progresses; however, if the lower layers of air become saturated during the night, latent 

heat is released through condensation. This results in a slower rate of cooling at lower 

levels than at higher levels and a weakening of the inversion. Since CO is primarily emitted 

several feet from the surface, an extremely low inversion base height and a steep 

temperature gradient Avithin the inversion layer will keep the pollutant close to the surface. 

Aron and Aron (1978) forecasted daily maximum CO concentrations throughout 

the Los Angeles area and discovered that the most important variables were as follows; 1) 

the preceding day's CO concentration, 2) the pressure differences between nearby stations. 
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3) the height of the 500 mb level, 4) the temperature at the surface, 1000 mb, and/or 950 

mb level, 5) the day of the week, 6) the length of daylight, 7) the potential solar radiation, 

and 8) the height of the inversion base. Interestingly, maximum mixing height did not 

prove significant m any of the models; thus, afternoon conditions have a low forecasting 

potential. 

Jakeman et al. (1991) used a hybrid model to predict seasonal extremes of one-

hour average urban CO concentrations. The hybrid model was basically a deterministic 

model with some statistical features. The authors noted the diSerence between 

deterministic and statistical models: a deterministic model can reveal causal relationships 

between emissions, meteorology, and mean ground level concentrations while a statistical 

distribution model can predict the fi-equency distribution of all events about the mean. 

Thus, their model was created to predict the 1-hour average and 8-hour average annual 

maxima. These particular values are important in the assessment of air quahty goals. In a 

similar article. Miles et al. (1991) noted that the general ability of deterministic models to 

predict high-percentile extreme events is limited. The authors described a model that 

predicted CO concentrations for an average hour in an average year. The model used a 

combination of trafSc volumes, emission rates, and meteorological conditions to determine 

ground level pollutant concentrations for a given road network. The predicted average 

one-hour CO concentrations were within a factor of two of the observed concentrations; 

however, the meteorological data that was included in the model varied little fi-om year to 

year, thus most of the variance in the CO levels should have been explained by the traffic 

variables. Needless to say, the predicted concentrations varied insignificantly from year to 

year; however, the actual concentrations changed drastically during the time frame. 

Predicting the average annual CO concentration seems pointless, for, globally, the 

winter season is usually the only threatening season. Miles et al. (1991) calculated the 
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average weather conditions during the year (wind speed, wind direction, cloud cover, and 

inversion height), and as was shown in their results, average annual weather conditions are 

not good predictors of average hourly CO concentrations. If they had only concentrated 

on the winter season, then a change in the conditions may have been more noticeable. By 

examining conditions over an entire year, an extremely stable winter can be canceled out 

by an extremely unstable summer; hence, the resultant average conditions represent the 

conditions that commonly occur during moderately stable winters and moderately unstable 

summers. 

Almost all of the research on CO concentrations has neglected to mention natural 

variations in pollutant concentrations. Natural variability implies that for constant 

meteorological conditions, observed hourly CO concentrations can be expected to 

fluctuate. Nonetheless, CO levels are not as variable as other pollutants because CO has 

mostly area sources which induces less natural variability than do other point sources 

(Hanna 1982). Carbon monoxide's natural variability certamly further complicates the 

modeling of its concentrations. 

Papers describing ambient CO modeling as well as the links between meteorology 

and CO concentrations have not undergone many significant changes during the last 25 

years; the changes that have occurred include the inclusion of more statistical information 

due to recent advances in data manipulation software. With an increase in available 

atmospheric data, the field of synoptic climatology emerged and the possibility of more 

accurate CO forecasts increased. 

1.5 City Structure and CO Exceedances 

In the US, CO concentrations appear to be decreasing, however, dangerously high 

CO concentrations in urban areas remam a serious problem. The relationship between CO 
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emissions, trafiBc patterns, and meteorological factors needs to be more fiilly understood. 

Phoenix, Arizona is a metropolitan area that is growing at a substantial rate, and, due to its 

relative lack of public transportation, dispersed nature, and low population density, it is a 

car-dependent area that has a high CO pollution potential. Thus, Phoenix is characterized 

by greater travel distances and little option to walk or use public transport; in addition, the 

city has an annual gasoline use per capita that is over 1.5 times higher than that for New 

York City (Newman and Kenworthy 1989). Phoenix is similar to Los Angeles and many 

other western cities in the US in that it has been "designed around the automobile." 

Public service officials such as planners and politicians need to know the effects 

that atmospheric variables have on CO levels to plan properly the development of the 

Phoenix metropolitan area, to warn residents of dangerous CO levels, and to alter existing 

traffic patterns. In 1984, 8 hour average CO levels in Phoenix exceeded the national 

standard on 99 days; however, there was just one exceedance in 1993 (EPA 1996). An 

exceedance occurs when the average hourly CO concentration over a period of 8 hours 

exceeds the national ambient air quality standard of 9 ppm. A maximum of three 

exceedances can occur on any given day. Human exposure to 9 ppm for 8 hours will 

result in 1.3 percent carboxyhemoglobin saturation; consequently, initial adverse health 

effects are expected to occur when this much CO is present in the bloodstream (Godish 

1991). Based on the freqency of exceedances, Phoenix's air is getting cleaner. 

Apparently, some pollution abatement practices (e.g., pollution advisories, emissions 

testing, and oxygenated gasoline) have successfully reduced exceedance frequencies. 

1.6 Purpose of Study 

High CO concentrations are typically recorded in Phoenix; as a result, state and 

county environmental agencies desire a climatological analysis of the city's CO 
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concentrations. Therefore, this thesis' purpose is to examine the relationship between 

carbon monoxide and meteorological conditions, synoptic climatoiogical conditions, and 

motor vehicle use in central Phoenix. Essentially, the study's goal is to understand more 

completely the traffic and atmospheric factors that influence CO pollution and to 

ultimately develop a model that incorporates acquired knowledge and forecasts CO 

concentrations accurately. The covariates are predominantly the meteorological variables 

and the human-related variables (e.g., time of day, day of week, traflBc, etc.) while the 

dependent variable is the concentration of ambient carbon monoxide. Therefore, it is 

hypothesized that carbon monoxide levels in Phoenk are controlled primarily by motor 

vehicle use and meteorological conditions. In particular, assuming known traffic patterns, 

certain surface meteorological and synoptic-scale pressure patterns are associated strongly 

with periods of high and low CO concentrations. 

The broad intent of the study is to develop generalizations that contribute to air 

pollution theories and that enable one to explain, understand, and predict central Phoenix's 

carbon monoxide levels more accurately than before. Specific thesis objectives are as 

follows; 1) to examine the source of CO pollution and to demonstrate how variations in 

emissions lead to variations in CO levels; 2) to identify important atmospheric factors and 

explain their influence on CO levels, 3) to explain the relationship between traffic levels, 

atmospheric factors, and the consequent accumulation of CO; 4) to determine the 

atmospheric/meteorological conditions that precede, occur concomitantly with, and follow 

winter days with high and low CO levels; 5) to develop a reliable CO forecasting model 

for central Phoenk to be used during the winter season. 

The theoretical perspective underlying this study states that CO levels are related 

primarily to the interplay between variations in traffic intensity and atmospheric ventilation 

factors. Thus, high emissions coupled with atmospheric conditions that are conducive to 
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high CO levels lead to exceedingly high CO concentrations. Put another way, the more 

stable the atmospheric conditions, the higher the likelihood of encountering high CO 

levels. 

This study is intended to clarify the relationship between emission and ventilation 

factors in central Phoenix. In addition, CO forecasting models are to be developed that 

will provide the Arizona Department of Environmental Quality (ADEQ) with reliable 

predictions of early morning CO concentrations. These predictions are critical pieces of 

information, for, if the predicted concentrations exceed the national ambient air quality 

standard, ADEQ may suggest some immediate exceedance avoidance measures (e.g., 

sending state employees home before the evening rush hour). 
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CHAPTER!; DATA AND METHODS 

2.1 Description of Study Area 

The Phoenix metropolitan area is located in the Salt River Valley at an elevation of 

approximately 1,100 feet (335 meters) above sea level. Phoenix has an arid climate with 

an annual precipitation total normally registering below seven inches. Summers are 

extremely hot with temperatures periodically exceeding 115° F (46° C) in early July. 

However, monsoonal rains during the summer bring strong winds and occassional heavy 

rain showers. The winter is characterized by morning temperatures dropping below 50° F 

(10° C) while temperatures greater than 60° F (16° C) are reached in the afternoon. 

Cyclonic storms (associated with the jet stream) sometimes afifect the region during winter 

(Sellers and Hill 1974). For the most part, light winds dominate the region with the 

lightest winds occurring during the winter season; in fact, average wind speeds do not 

exceed 8.3 mph (3.7 m/s) (Blair 1992, Sellers and Hill 1974). Local winds are controlled 

mostly by thermal characteristics of the basin and nearby mountains which are located 

primarily to the east of the city (Frenzel 1961). 

In 1994, the Phoenix metropolitan area had a population of 2,355,900 and 

1,338,219 available motor vehicles (US Census 1994). Most of these vehicles are on 

Phoenix's roadways during part of any given weekday, since nearly 95 percent of the 

residents use private vehicles to commute to their jobs (Newman and Kenworthy 1989). 

Phoenix's substantial human and automobile populations along with its seasonally light 
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winds and frequent temperature inversions make its winters susceptible to high carbon 

monoxide concentrations. 

2.2 Data 

Data used in the study consists entirely of surface and near-surface records. These 

include data on air quality, meteorological conditions, and traffic volumes. Each of the 

three main data types are discussed in the following subsections. 

2.2.1 Air Quality Data 

Hourly carbon monoxide concentrations from five winter seasons (October 

throughFebruary of 1990/1991, 1991/1992, 1992/1993, 1993/1994, and 1994/1995) were 

obtained from the EPA's Aerometric Information and Retrieval System (AIRS) database. 

There were no missing data. Three air quality monitoring stations in the central Phoenix 

area were targeted due to their association with high CO levels (Figure 2.1). Initially, four 

stations were considered; however, one station had erroneous data and was thus omitted 

from the analysis. The following is a description of the three stations: 

1. Station 0016: This station is located at 3333 W. Indian School Road near 

several industrial parks. It is also proximate to two major thoroughfares. Grand 

Avenue and 35th Avenue, and a shopping center. Park West. The monitoring 

equipment is housed in a converted trailer and the intake hose is located directly 

over the sidewalk. As a result ofthe hose's location, local traffic conditions 
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Figure 2.1: Map of metropolitan Phoenix showing the locations of the three air quality 
Tnnnitnrin? stations in central Phoenix. Black dots indicate the stations' locations. 
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may iofluence hourly readings significantly. Of the three stations, Station 0016 

is the closest to potential CO emitters. 

2. Station 0019: This station is located at 3847 W. Earll Drive which is not a 

major road. It is less than one mile to the southwest of Station 0016, thus it is 

proximate to the aformentioned industrial parks. Two significant line sources of 

pollutants, 43rd Avenue and Thomas Road, are nearby. Unlike Station 0016, this 

station is situated in a residential neighborhood. 

3. Station 3002: This station is located at 1845 East Rooseveh Street near 16th 

Street and Van Buren Street. The monitoring equipment is housed on top of a 

municipal building and the intake hose is situated over a small parking lot. Similar 

to Station 0019, this station is surrounded by a residential area; however, less than 

one mile to the east is the Papago Freeway. Based on its location and the location 

of possible CO sources, Station 3002 appears to be the most regional of the three 

stations. Regional implies that the CO sources are further away, thus less drastic 

changes in CO concentrations are recorded at the station. 

In 1995, all three stations had 8 hour average CO concentrations that were among the 100 

highest reported by all US monitors for that year. Stations 0016, 0019, and 3002 had the 

16th highest value (10.1 ppm), 26th highest value (9.1 ppm), and 33rd highest value (8.8 

ppm), respectively (US EPA 1996). These stations probably reflect the CO situation in 
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the Phoenix metropolitan area, and, when compared to other US monitors, they are 

capable of recording relatively high CO concentrations. 

2.2.2 Meteorological Data 

The meteorological variables used in the study have been selected due to their 

availability and successflil application m previous studies (Bardeschi et al. 1991, Colucci et 

al. 1969, Jakeman et al. 1991, Ziegler et al. 1969, Aron and Aron 1978, Tao et al. 1975). 

Hourly meteorological data were obtained from several sources. Wind speed, wind 

direction, and delta T (difference in temperature from 30 feet to 8 feet above the ground) 

data were obtained from the EPA's AIRS database. Wind speed and wind direction data 

for all three air quality monitoring stations and delta T values for two stations (Station 

0019 and another station in north Phoenix) were collected. The wind speed and wind 

direction data spanned the entire five seasons; however, each station had several months 

with missing data. The delta T data were more continuous; however, data for the last two 

winter seasons (1993/1994 and 1994/1995) were not available for Station 0019. The 

north Phoenix station had delta T data for three full winter seasons (1990/1991, 

1991/1992, 1992/1993) and for the first three months of the fourth winter season 

(1993/1994). 

Hourly temperature, relative humidity, dew pomt temperature, atmospheric 

pressure, wind speed, and wind direction data (October through February of 1990/1991, 

1991/1992, 1992/1993, 1993/1994, and 1994/1995) were obtained from the National 
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Climatic Data Center (NCDC)/SAMSON database. These meteorologicai data are 

collected at the first order National Weather Service station at Sky Harbor International 

Auport. These data contained no missing values. In addition, daily meteorological data 

for Sky Harbor Airport (October through February of 1990/1991, 1991/1992, 1992/1993, 

1993/1994, and 1994/1995), which includes high temperature, low temperature, average 

dew point temperature, average atmospheric pressure, and total precipitation, were also 

obtained fi-om the NCDC. 

Temperature data were also obtained fi-om the Arizona Department of 

Environmental Quality (ADEQ). Temperatures fi'om the top of the Bank One Building 

(615 feet (187 meters) a.g.l) were available for the 1994/1995 winter season. These data 

were used in conjunction with the hourly temperature values at Sky Harbor Airport to 

increase the deha T dataset. 

2.2.3 TrafHc Data 

Hourly trafiBc counts for various Phoenix locations during various times of the year 

were obtained fi'om the Maricopa Association of Governments Department of 

Transportation. Due to the variable nature of these data (multiple trafiBc counts were not 

available for any of the stations), other traffic data were obtained. Hourly traffic counts at 

three locations in central Phoenbc were obtained. Traffic patterns at these three stations 

should typify the traffic patterns near the three air quality monitoring stations. The three 
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traffic locations are Central and Montebello, Indian School and 47th Drive, and Grand 

Avenue (US 60) and Glendale. Each station is described as follows; 

1) Central Avenue and Montebello Avenue. (Station A): located several miles 

north of downtown; within two miles (3 km) of Christown Shopping Center and 

Park Central Mall 

2) Grand Avenue and Glendale Avenue. (Station B): located 7 to 8 miles (11 to 

13 km) northwest of downtown; within one mile of Valley West Mall 

3) Indian School Road and 47th Drive. (Station C): located 5 to 6 miles 

northwest of downtown; within 1/2 mile (0.8 km) of Maryvale Mall 

These data contained continuous hourly traffic counts during 1992, thus every month is 

represented. For research purposes, only the winter months' data were analyzed. 

2.3 Methods 

The methodology employed in this study involves three components, exploratory 

analysis, compositing, and modeling. To gain a general understanding of the various 

relationships among the variables, broad patterns such as diurnal variations and variations 

over an average winter season are determined. 

2.3.1 Exploratory Analysis 

The primary purpose of the exploratory analysis is to clarify the most probable 

hours and periods during the winter season for both high and low values of a particular 
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variable associated with CO. For each variable, the average hourly value for each month 

was calculated; therefore, month-to-month comparisons with respect to diurnal variations 

of all variables was made possible. 

The other portion of the exploratory analysis focuses on national ambient air 

quality exceedances at the three air quality monitoring stations. The ultimate purpose of 

this study is to understand atmospheric and other conditions that are associated with CO 

concentrations that are near the 8 hour average national ambient air quality standard of 9 

parts per million (ppm). The EPA states that once an 8 hour average CO exceedance 

occurs (e.g., an 8 hr. avg. of 10 ppm is recorded at 3 AM) another exceedance cannot 

occur for another eight hours. Therefore, 8 hour average exceedances cannot occur more 

than three times during a 24 hour interval. This stipulation reduces exceedance totals and 

only penalizes municipalities once during an exceedance period. In this study, however, 

for data analysis purposes, all 8 hour averages that exceed 9 ppm were termed 

"exceedance hours"; consequently, the analysis is more robust than if only the actual 

exceedance hours were used. Exceedances comprise a fraction of the top percent of all 8 

hour average CO concentrations; therefore, knowing the timing and frequency of their 

occurrence is important when trying to develop a model that forecasts high CO levels 

accurately. Subsequently, relating the occurrence of exceedances to the various 

atmospheric and traffic variables allows one to discern a cause of the excessively high CO 

concentrations. 
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2.3.2 Compositing 

The second portion of the study involves the compositing of atmospheric 

conditions that precede and follow weekday mornings with high and low 8 hour average 

CO concentrations. Early morning hours (I AM to 5 AM) of weekdays were chosen 

because these hours tend to have the lowest trafQc levels and it is felt that the prevailing 

atmospheric conditions exert the greatest influence on CO levels during this time span. 

Therefore, the 95th and 10th percentile of hourly CO values were found for each station 

and concentrations for early morning hours that fell within the top five percent and bottom 

ten percent of all CO values were collected. If each station had a high CO concentration 

on a certain day, that day was deemed high. Conversely, if each station had a low CO 

concentration on a certain day, that day was deemed low. A three station compliance 

hopefully filters out anomalous emissions or micrometeorological conditions that may 

have occurred at one of the sites. 

Once the high and low CO days were compiled, the days were sorted out by month 

and the average sequence of atmospheric events preceding and following typical high and 

low CO mornings for each month was determined. In conjunction with plotting the 

variations of a suite of atmospheric variables, a sequence of 850 millibar (mb) maps were 

produced. These maps show the near-surface pressure patterns associated with high and 

low CO mornings and illustrate the synoptic-scale movement of atmospheric features that 

influence pollutant dispersion. In addition to producing the sequence of averaged values, 
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the averaged values were also standardized with respect to hourly means for each month. 

By plotting the standardized values, lines became smoothed which then reduced the 

number of peaks and troughs among the values while also enhancing the major peaks and 

troughs. Most importantly, relating the value of a certain variable to the monthly mean 

becomes possible with standardization. Although the standardization hinders month-to-

month comparisons, it does assist in explaining the atmospheric conditions that precede 

and follow a high CO morning during any given winter month. Figures depicting 

standardized sequences of atmospheric conditions are not presented in this study; 

however, the standardized values are analyzed to discern the degree to which certain 

hourly values were above or below the monthly average. 

2.3.3 Modeling 

The final portion of the study encompasses the modeling of hourly and 8 hour 

average CO concentrations. In preliminary modeling approaches, multivariate linear 

regression with neither squared nor interaction terms was used. To account for possible 

non-linearities and the various interactions that occur among the variables, the terms were 

expanded (squared and interaction terms are added to the list of independent variables). 

Finally, forward stepwise regression analysis was employed to retain the most statistically 

significant variables and to produce each of the hourly models. 

The objective of the modeling was to develop a suite of models that predict 

accurately the 3 AM 8 hour average CO concentration at each air quality monitoring 
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Station. Maximum 8 hour average CO concentrations typically occur around 3 AM 

(Figure 2.2). A regression equation was created for each of the eight hours included in the 

3 AM 8 hour average (i.e. 8 PM to 3 AM). Using eight separate models should 

theoretically produce a more robust predicted value for the 3 AM 8 hour average CO 

concentration. Therefore, a highly erroneous prediction for a given hour will be less 

influential when averaged with predictions for the other seven hours. Each equation uses 

the same master set of 13 or 14 variables, so the same basic variables are present in all of 

the models. Using the eight hourly models, the average of the predicted CO 

concentrations from the eight models becomes the 3 AM 8 hour average CO 

concentration. 

To increase the predictive power of the hourly models, a separate model was 

created that predicts 11 PM delta T values at Station 0019. Hourly CO forecasting 

models that include the predicted 11 PM delta T value are labeled "Model B" while the 

original hourly models are labeled "Model A." The two different types of models were 

produced primarily for model comparison purposes, and to determine whether or not 

adding a predicted delta T value into the model is beneficial. 

Besides developing the two base models (Models A and B), two specialty models 

were created that target high and low 8 hour average CO concentrations. The specialty 

models were designed to increase the forecasting ability of the regression models since 

both the high and low CO models use only the top quarter and bottom quarter of the 8 

hour average CO concentrations as dependent variables, respectively. 



Figure 2.2: Typical diumal variation in 8 hour average CO concentrations. The early morning hours (2 to 4 AM) have the 
highest values. 6 PM has the lowest CO concentration. 
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This study's methodology adopts a strategy that stresses the acquisition of general 

knowledge and the presentation of average conditions during various scenarios. The 

compositing and modeling procedures depend on information obtamed during the 

exploratory analysis section of the study. Therefore, the study culminates in the modeling 

of CO concentrations based upon typical relationships that are discovered during the 

exploratory phase of the analysis. The methodology is designed to discern average 

situations and not to focus on specific events, thus this study uses a climatological 

approach when examining CO concentrations in Phoenix. As a result, unwanted noise in 

the data is reduced and important nuances are revealed. 
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CHAPTERS: BASIC ANALYSES OF TRAFFIC, CLIMATOLOGY, AND 

CARBON MONOXIDE CONCENTRATIONS 

3.1 Traffic 

Motor vehicle exhaust is the primary som^ce of CO in most urban areas. In fact, 98 

percent of the CO in the Los Angeles Basin is derived from automobile exhaust (Tiao et 

al. 1975). Thus, it is reasonable to assume that Phoenix and Los Angeles have similar 

emission charactersitics. 

Several CO studies mention traffic characteristics briefly. In Milan, Italy, 

Bardeschi et ai. (1991) noticed a difference between weekday and weekend traffic levels 

with weekdays having two distinct peaks in traffic volumes corresponding to the morning 

and evening rush hours. The weekends have a general rise m traffic from the mommg 

until approximately 7 PM. For Los Angeles, Tiao et al. (1975) found the same 

weekday/weekend difference in traffic levels while the two rush hour peaks have also been 

reported in China and Australia (Qin et al. 1993, Jakeman et al. 1991). 

The following section describes and explains diurnal variations in traffic levels at 

three traffic monitoring stations that were in operation in 1992. The available data are for 

January, February, October, November, and December of 1992. Although these are all 

winter months, they are for a calendar year rather than the entire winter season. The basic 

traffic pattern is likely to vary minimally from year to year; consequently, it is assumed that 

these data approximate a continuous winter season (e.g., October (1992), November 

(1992), December (1992), January (1993), and February (1993)). Traffic counts for each 

station are analyzed with respect to daily and hourly differences to determine the pattern 

of high and low traffic counts for each station. 
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3.1.1 Diuraal Variations in Traffic Counts 

Two of the three stations have the distinctive dual-peak pattern in trafBc flows that 

has been mentioned previously. Stations A and B both have morning and evening peaks in 

trafBc levels and the relative variations in trafBc flows match the average variations for 

Phoenix (Figures 3.1 and 3.2). At Station A, weekday rush hour trafBc exceeds 2,500 

vehicles per hour while in the early morning (midnight to 5 AM) traffic is nearly 

nonexistent. At Station B, weekday rush hour trafBc exceeds 2,000 vehicles per hour, but 

its early morning levels are higher than those at Station A A weekday/weekend diflference 

in trafBc flows is noticeable at both stations; during Saturdays and Sundays, each station 

recorded a general rise in traffic from the early morning until 1 PM and then a decline in 

traffic thereafter. Little disparity between weekdays exists at the stations with respect to 

maximum traffic levels; nonetheless, Tuesday has the highest levels at the two peak 

periods. Both of the stations recorded typical patterns in traffic flows with the weekdays 

possessing two rush hours and the weekends having peak traffic flows in the early 

afternoon. 

The traffic pattern at Station C differs markedly from the other stations (Figure 

3.3). A morning rush hour is not noticeable at this station; however, the evening rush 

hour produces peak traffic flows that usually exceed 2,500 vehicles per hour. 

The weekday data appear to behave like exaggerated weekends, for they both possess 

heavy afternoon traffic flows. Except for the early morning, Friday has the most traffic at 

every hour. Apparently, trafBc recorded at this station is related primarily to shopping and 

commercial activites, for afternoon traffic levels dwarf those of the mid- and late morning. 

There is a tremendous amount of afternoon traffic in this part of central Phoenix compared 

to Stations A and B. 



Figure 3.1: Average hourly traffic counts at Station A (Central and Montebello). 
Weekdays have two rush hour traffic periods. Weekend traffic is more evenly distributed. 
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Figure 3.2; Average hourly traffic counts at Station B (US 60 and Glenda(e). 
Weekdays have two rush hour traffic periods, Weekend traffic is more evenly distributed. 
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Figure 3.3: Average hourly traffic counts at Station C (Indian School Road and 47th Drive). 
This station is characterized by high late morning and afternoon traffic levels. 
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While traf5c levels in central Phoenix vary both spatially and temporally, generally 

these data show that intersections in central Phoenix have typical peak traffic volumes 

during the morning (approx. 8 AM) and evening (approx. 6 PM) rush hours. 

Superimposed upon these are local variations, such as those near shopping centers, where 

afternoon traffic levels exceed late morning and early evening levels. CO emissions are 

related directly to traffic levels. During rush hour, the maximum number of motor vehicles 

are on urban arteries; subsequently, congestion is common. This congestion results in 

slow moving traffic and an increase in idling vehicles at intersections. The increase in 

vehicles and subsequent increase in congested intersections adds to a peak in CO 

emissions. Pollutant concentrations are influenced partially by emission levels. 
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3.2 Climatology 

Once vehicular exhaust is emitted into the atmosphere, many meteorological 

factors influence pollutant dispersion. Ventilation factors such as inversion strength and 

wind speed have been noted as the primary dispersion-controlling variables for CO 

(Harrop et al. 1990, Holzworth 1962, Miles et al. 1991, Nkemdirim 1988, Norbeck et al. 

1979, Tiao et al. 1975, Ziegler et al. 1969). There is usually a positive relationship 

between inversion strength and CO concentrations, and a negative relationship between 

wind speed and CO concentrations. Other atmospheric variables such as temperature, 

pressure, relative humidity, and dew point temperature are also important, because 

fluctuations in their values are related directly to variations m ventilation. This portion of 

the study examines average atmospheric conditions for each winter month and develops a 

detailed summary of the basic meteorological conditions that interact with CO emissions. 

Based on atmospheric characteristics, the potential for a winter month to exhibit high or 

low CO levels is noted. 

3.2.1 Temperature 

Diurnal variations in temperature for each month display similar characteristics 

(Figure 3.4). October, a seasonal transition month, is the warmest of the winter months 

with an average high around 90° F (32° C) and an average low near 70° F (21° C). 

Incidentally, this month has the greatest range in hourly temperature values, and, as will be 

discussed later, this range has a direct influence on the strength of low level nocturnal 

inversions. December and January are the coldest months with highs in the mid 60s (17 to 

19° C) and lows in the upper 40s (7 to 9° C). The other months, November and February, 

have highs in the lower 70s (22 to 24° C) and lows in the lower 50s (11 to 15° C). In 



Figure 3.4: Diurnal variations in surface temperature at Sky Harbor Airport. October and December are the wannest 
and coldest winter months, respectively. 
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October and November, the highest temperatures are recorded at 3 PM, while for the 

other months, 4 PM is the hour of maximum heating. Minimum temperatures occur at 7 

AM in October and November and at 8 AM during the other months. Thus, diurnal 

variations in temperature for the winter months reflect Phoenix's Northern Hemisphere 

location and the lingering effect that the intense summertime heating of the region has on 

October's hourly temperature values. There is certainly a lag between the time of least 

intense/smallest duration of insolation and the time of lowest temperatures; consequently, 

even though October and February are shoulder months, October has summertime 

characteristics while February possesses more wintertime nuances. 

3.2.2 Atmospheric Pressure 

With respect to the winter months, diurnal variations in pressure are nearly the 

inverse of temperature variations. Simply, the coldest months have the highest pressures. 

Sequences of days with high pressures are associated commonly with stagnating 

anticyclones that are closely related to the southward displacement of the jet stream. 

Overall, Phoenix is situated under a subtropical high pressure ceU that provides the region 

with relatively higher pressures than many other North American locations have. 

The worldwide average sea level pressure is 1013 millibars (mb), and except for 

October, average hourly surface pressures at Phoenix never fall below this level during the 

winter (Figure 3.5). High pressures tend to facilitate little atmospheric ventilation, thus 

the prevalence of relatively high pressures during Phoenix's winter is a major factor in the 

labeling of winter as the "CO season." 

The late aftemoon hours tend to possess the lowest surface pressures due to 

convective turbulence associated with the maximum heating of the surface. Consequently, 

the most dispersion activity occurs during the aftemoon. 



Figure 3.5: Diurnal variations in surface atmospheric pressure at Sky Harbor Airport the highest pressures occur in December 
and January. The lowest pressures occur in October. 
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3.2.3 Wind Speed 

Wind speeds are examined at Sky Harbor Airport and at three air quality 

monitoring stations in the central Phoenix area. Of the four stations, average speeds are 

highest at Sky Harbor and lowest at Station 0019 ^Figures 3.6 to 3.9). Sellers and White 

(1974) noted that low wind speeds are common in Phoenix. Indeed, average wintertime 

wind speeds never exceed 4 mph (1.8 m/s) at the three air quality monitoring stations, 

while at Sky Harbor, average speeds never exceed 7 mph (3.1 m/s). 

With all other factors constant, wind speeds are inversely related to CO 

concentrations; hence, it is essential to know what months and what hours of a day have 

the lowest average wind speeds. An exceptionally high or low wind speed month is not 

apparent at any of the stations; furthermore, the order of the months with respect to 

average wind speeds varies among the stations. Smce this study deals with pollutant 

concentrations at particular locations, the wind speeds recorded at those stations and not 

at Sky Harbor are analyzed further. In addition, the Sky Harbor data has much higher 

wind speeds and it does not exhibit substantial variations between daytime and nighttime 

wind speeds. This is most likely the result of the airport's somewhat exposed location and 

the nocturnal drainage of winds down, and the upslope flow of winds up, the Salt River 

channel. 

Generally, November has the highest and October has the lowest afternoon wind 

speeds, but these are not necessarily related to high CO levels. It is more important to 

concentrate on the morning and evening hours understand more thoroughly monthly 

variations in hourly wind speeds with respect to CO concentrations. All three stations 

possess the typical diurnal variations in wind speeds that are tied closely to differences in 

the heating of the ground surface and the lowest layer of the atmosphere. Mean wind 

speeds begin to increase several hours after daybreak, thus the speeds increase the earliest 



Figure 3.6; Diumal variation in surface wind speed at Sky Harbor Airport. Mid-day and evening have the strongest 
and lightest winds, respectively. 
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Figure 3.7: Diurnal variation in surface wind speed at Station 0016. Late afternoon and late evening/early morning 
have the strongest and lightest winds, respectively. 
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Figure 3.8; Diurnal variation in surface wind speed at Station 0019. Late afternoon and late evening/early morning have 
the strongest and lightest winds, respectively. 
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Figure 3.9: Diumal variation in surface wind speed at Station 3002. Mid-day and late evening have the strongest 

and lightest winds, respectively. 
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(approx. 7 AM) in October and the latest (approx. 9 AM) in December. Wind speeds 

below 2 mph (0.9 m/s) tend to persist until after the December's morning rush hour. 

Consequently, during December, pollutants have less horizontal dispersion than during the 

other months. 

During the afternoon, mean wind speeds exceeding 3 mph (1.3 m/s) are usually 

recorded, but these speeds are still relatively low and not particularly dispersive. As the 

altitude of the sun lessens during the late afternoon, wind speeds decline dramatically. 

Within 3 hours, winds are one-half to one-third their afternoon intensity and, in December, 

this transition from slight turbulence to calm conditions occurs several hours before the 

evening traffic peak. Sunilar to the morning situation, light winds are present during the 

evening rush hour, especially in December. Consequently, with respect to wind speeds, 

December is the optimal month for high evening CO levels due to a relatively lengthy 

duration of calm conditions. Even though October has the lightest winds, the transition 

from convective turbulence to calm conditions occurs approximately one hour later than in 

December. 

The timing of certain wind regimes and traffic levels is extremely important. 

Substantially lowered traffic levels may not necessarily result in lowered CO levels. As 

mentioned above, Norbeck et al. (1969) concluded that, due to the prevalence of light 

winds, a Manhattan taxi strike did not result in lowered CO levels. CO concentrations 

that result from heavy rush hour traffic coinciding with strong winds may actually be less 

than concentrations resulting from early morning traffic and light winds. Light winds tend 

to propagate pollution episodes; nonetheless, besides dispersing pollutants such as CO, 

winds also have transporting capabilities. 
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3.2.4 Wind Direction 

Surface wind directions in Phoenix are extremely variable; however, when an 

average for each hour of a given month is obtained, some structure is revealed. Average 

hourly wind directions are determined for each station and due to the trivial variations 

between the months, only the average winter season hourly wind directions are examined 

in this section (Table 3.1). 

Frenzel (1961) stated that, during the winter months in Phoenix, there is a strong 

nocturnal occurrence of katabatic winds from the East. Therefore, one would expect 

these easterly winds to dominate the nighttime/morning hours (approximately 6 PM to 8 

AM). All three monitoring stations record these easterly winds; however, a lag exists 

between temperature and wind direction variations. At Station 0016, from 1 to 10 AM, 

the winds are predominantly from the Northeast and East. Several hours after sunrise, the 

winds shift to the Southeast and remain at that du^ection until the late afternoon. From 5 

to 8 PM, the winds blow from the South, and, from 9 PM till midnight, the winds shift 

back to the East. The diurnal variations in wind directions at the two other stations are 

similar to those at Station 0016 in that persistent easterly winds during the late 

evening/early morning hours and transient southerly and westerly winds during the early 

evening hours are present. 

Since over 750 hourly wind directions were averaged together to obtain the mean 

wind direction for each hour, the variety of directions associated with synoptic-scale 

atmospheric systems are deemphasized. Consequently, the averaged data reveal the 

topographic causes of Phoenix's wintertime wind direction fluctuations. Once again, the 

results of the analysis are congruent with Frenzel's (1961) conclusions regarding the local 

controls of wmds in Phoenix. 



Table 3.1; Diurnal variation in hourly wind direction at the three air quality monitoring stations. Katabatic drainage occurs at night while 
anabatic winds occur in the afternoon. 

Azimuthal Wind Azimuthal Wind Azimuthal Wind 
Direction (Degrees) Compass Direction (Degrees) Compass Direction (Degrees) Compass 

Hour (ST 0016) Direction (ST 0016) (ST 0019) Direction (ST 0019) (ST 3002) Direction (ST 3002) 
1 75 East 131 Southeast 98 East 
2 74 East 116 Southeast 94 East 
3 73 East 110 East 87 East 
4 70 East 92 East 86 East 
5 74 East 94 East 80 East 
6 71 East 93 East 78 East 
7 75 East 91 East 78 East 
8 99 East 87 East 83 East 
9 97 East 110 East 92 East 

10 103 East 125 Southeast 100 East 
11 106 East 131 Southeast 98 East 
12 108 East 140 Southeast 102 East 
13 120 Southeast 156 Southeast 116 Southeast 
14 133 Southeast 176 South 147 Southeast 
15 146 Southeast 192 South 237 Southwest 
16 158 South 209 South 257 West 
17 169 South 228 Southwest 270 West 
18 188 South 246 West 283 West 
19 189 South 256 West 309 Northwest 
20 161 South 253 West 334 Northwest 
21 107 East 201 Southwest 359 North 
22 85 East 83 East 43 Northeast 
23 78 East 89 East 72 East 
24 78 East 106 East 90 East 
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With cloudless skies and weak broad-scale atmospheric motion, the differential 

heating of valleys and mountain slopes induces horizontal temperature and pressure 

gradients. It appears that topographically-generated (anabatic [upslope] and katabatic 

[downslope]) winds are consistent throughout the winter season; in addition, the relative 

dominance of drainage winds is certainly typical of the winter season. During the evening 

and morning hours, katabatic winds from the Superstition Mountains (located to the 

northeast of Phoenix) drain down the Salt River valley and thus predominantly easterly 

winds occur between 10 PM and 10 AM. Referring back to the wind speeds section, it is 

readily apparent that these cold, easterly winds are also light. 

From 10 AM until noon, the katabatic drainage declines in intensity and anabatic 

winds begin to dominate. Accompanying this reversal is a slight decrease in wind speed 

around noon and 1 PM. From 1 PM until approximately 9 PM, anabatic winds dominate. 

Anabatic winds are southerly at Station 0016 and southwestery or westerly at Station 

0019 and 3002, all flowing up the Salt River in the afternoon. These winds flow towards 

the mountains to the north and east of the city and are stronger and more turbulent than 

katabatic winds. Anabatic winds at Phoenix are two to three times stronger than katabatic 

winds, thus daytime surface conditions at Phoenix are characterized by southerly/westerly 

winds that have much more dispersive potential than the the nocturnal easterlies. 

From the standpoint of pollutant transport, the easterlies are more likely to 

increase CO concentrations and to transport CO effectively. Effective transport implies 

that the pollutant is not only moved from one area to another but it is also kept close to 

the surface, and thus it poses a threat to human health. With usually twelve hours of 

relatively stable easterlies during the winter season's late evening to mid-moming hours. 

Phoenix is extremely susceptible to high nighttime CO concentrations; fortunately, the 

appearance of these winds occurs after the evening rush hour. Nonetheless, these cold 
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drainage winds completely overlap the morning rush hour. In summary, with respect to 

CO concentrations, the turbulent daytime period is associated with dispersive southerlies 

and westerlies. Throughout the night, cold, stable easterlies dominate and are 

subsequently conducive to high pollutant concentrations not only due to low speeds and 

stability but also as a result of a higher potential for transporting pollutants into the central 

Phoenix area from surronding areas. 

3.2.5 Delta T 

Another variable related closely to wind speed and wind direction is the near-

surface temperature gradient (i.e. inversion strength). This gradient is measured as the 

temperature difference between some height above ground and the surface, referred to as 

delta T. The principal delta T measure examined here is the 30 ft. to 8 ft. (9.1 m to 2.4 m) 

temperature difference, because it was closely related to CO behavior. A 615 ft. (187 m) 

delta T (difference in temperature between Bank One Building m central Phoenix and 

surface temperature at Sky Harbor) was available but not used because the delta T values 

did not relate well to CO concentrations. 

Hourly delta T values are available at two air quality monitoring stations; however, 

due to the similarity of the two data sets and the fact that one of the stations is colocated 

with one of the CO stations mentioned in this study, only the relevant station (Station 

0019) is examined. 

When examining delta T data, it is important to focus on the intensity of hourly 

values and the duration of positive and negative delta T sequences. Thus, intensity levels 

relate directly to the strength of stable and unstable conditions while duration levels relate 

directly to the duration of inversions or turbulent conditions. This section is divided into 

two parts: the first part examines diurnal variations in hourly delta T values while the 
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second part analyzes differences between winter days with respect to low level inversion 

formation, destruction, and duration. 

3.2.5.1 Diurnal Variations in Delta T Values 

Regarding diurnal variations in hourly delta T values, each winter season month 

exhibits the same basic pattern (Figure 3.10). Positive values occur between sunset and 

sunrise while negative values occupy the daytime hours. Positive (stable) conditions are 

relatively more intense than negative (unstable) conditions. This situation is related to the 

low angle of the sun during the winter months which results in less intense heating of the 

surface. As the surface cools during the night, the loss of longwave radiation through the 

atmospheric "window" causes a downward flux of sensible heat from the atmosphere's 

lowest layers (Oke 1987). The cooling of the ground and lowest layers of the atmosphere 

causes a radiation inversion. This type of inversion is extremely common over Phoenix in 

each winter month 

The months that are transitional between summer and winter have the highest 

delta T values. With summertime atmospheric conditions still lingering and wintertime 

situations becoming increasingly prevalent, October and November possess the most 

stable low level atmospheric conditions. Around sunset, the rapid cooling of the ground 

causes a substantial difference between the relatively low surface air temperature and the 

relatively high air temperature at 30 feet (9.1 m). Wind speed affects delta T values 

inversely, thus October's high delta T values are in accordance with its low wind speeds. 

November, on the other hand, is the windiest winter month but still maintains high delta T 

values, thereby leading one to believe that, if November had the lightest winds, it would 

have the highest deha T values and the most intense mversions. 



Figure 3.10: Diurnal variation in delta T values at Station 0019. Positive values denote inversion conditions and negative values 
denote mixing conditions. Oct.and Nov. have the strongest inversions. 
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The dhimal cycle of delta T values displays several distinctive peaks and dips. 

There is a sharp decline in delta T following sunrise and this drop occurs until the 

afternoon. February, October, and January have the strongest negative afternoon values 

while December and November have the weakest negative values. From the late 

afternoon until approximately 9 PM, the values increase steeply. Each month seems to 

have a peak in delta T at 9 PM, thus the very lowest level of the atmosphere is most stable 

at this hour. October and November have the highest maximum delta T values (> 4° F, > 

2.2° C) while January and February have the lowest maximum delta T values (< 3° F, < 

1.7° C). After 9 PM, delta T values decrease gradually until the steep drop at sunrise. At 

9 PM, the lower level inversion is the strongest, and, thereafter, the inversion expands 

upward thereby reducing the temperature gradient in the lower level. Possible saturation 

of air due to cooling and the subsequent release of latent heat of condensation may also 

cause the slight decrease in delta T values after 9 PM. However, the average relative 

humidities at Sky Harbor Airport do not support this idea, since they are substantially 

below 100 percent (Figure 3.11). Nonetheless, on certain occasions, the lower level air 

becomes saturated which then reduces the delta T. If cool easterlies were not draining 

into the central Phoenix area during the night, the delta T values might not be as positive. 

It is likely that the katabatic drainage from the Superstition Mountains assists in stabilizing 

the lowest atmospheric layer throughout the night. The diurnal variations in delta T values 

are a direct consequence of the differential heating that occurs throughout the day and the 

difference in thermal propoerties between the ground surface and the atmospheric 

boundary layer. Since the delta T values examined in this study apply to only the lowest 

levels of the atmosphere, the maximum delta T value does not coincide with the maximum 

inversion height which presumably occurs prior to sunrise. 



Figure 3.11: Diumal variation in relative humidity at Sky Harbor Airport. Highest relative humidities occur just before sunrise. 
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3.2.5.2 Time of Inversion Formation 

Not only is the strength of a delta T value important but the approximate time of 

transition from negative to positive and positive to negative values is also important with 

respect to CO pollution. To fiirther understand the variations in these transition times 

throughout the winter season, the average time of transition is calculated for a group of 

hours using the three seasons of delta T data. Data from both monitoring stations (Station 

0019 and Station 1004) equipped with delta T thermometers are used in the analysis. 

The transition from negative to positive delta T values occurs in the late afternoon 

and signals the formation of the low level inversion (Figure 3.12). The times of inversion 

formation per day of the winter season are approximately the same at both stations. 

Station 1004 is 20 minutes ahead of Station 0019 in early October while the reverse 

situation occurs in late February. In early October, inversions tend to form at 

approximately 5:30 PM which is up to 15 minutes before sunset (World Almanac 1996). 

By early to mid-December, inversions are forming at 4:30 and 5 PM at Station 1004 and 

Station 0019 respectively. Therefore, the inversion is well formed and gaining strength by 

6 PM, which is near the expected peak hour for evening traffic levels. By the end of the 

winter season in late February, inversions tend to form at 6 PM and later. By analyzing 

the time of inversion formation, one is able to estimate which days of the winter season 

have inversions with the highest potential for trapping emissions associated with the 

evening rush hour. A three week period from late November to mid-December appears to 

have the highest likelihood of such inversions. 

3.2.5.3 Time of Inversion Destruction 

Besides knowing inversion formation times, it is equally crucial to know inversion 

destruction times. The destruction of nocturnal temperature inversions is related to 



Figure 3.12: Typical low level inversion formation times at Stations 0019 and 1004 throughout the winter season. From late 
November to mid-December, inversions form the earliest (before 5 PM). 
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sunrise and the subsequent transition from positive to negative delta T values (Figure 

3.13). In early October, nocturnal radiation inversions disappear at approximately 8:45 

AM ( nearly three hours after sunrise) (World Almanac 1996). However, by mid-

December, the nocturnal inversion is still present at 9:45 AM; consequently, the December 

inversion can potentially trap all of the emissions associated with the morning rush hour. 

From late December through early January, the inversion tends to perish at around 9:30 

AM (Station 0019) and 8:15 AM (Station 1004). Since both stations experience this 

period with earlier times of inversion destruction, it appears legitimate; however, the 

relatively small data sample have resulted in an anamalously early time at Station 1004. In 

late January and early February, the time of destruction shifts later, until nearly 10 AM. 

These late destruction times are even later than the times in early December. Inversions 

that occur in early December and late January can persist throughout most of the morning 

hours, including the morning rush hour. 

3.2.5.4 Duration of Inversions 

Using the results obtained through the examination of mversion formation and 

destruction times, the duration of the low level, nocturnal inversions are calculated (Figure 

3.14). The longest lasting inversions (> 17 hours at Station 1004; > 16.5 hours at Station 

0019) occur in early December, and these particular inversions are present throughout 

both the morning and evening rush hours. Other long-lasting inversions occur throughout 

November (> 16.5 hours at Station 1004; > 16 hours at Station 0019) and in late January 

(>16 hours). 

Knowledge of inversion strength and duration is a vital component in any air 

pollution study. Inversions affect the dispersion of pollutant emissions and the two 



Figure 3.13; Typical low level inversion destruction times at Stations 0019 and 1004 throughout the winter season. During 
December and early February, inversions last beyond 9:30 AM. 
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Figure 3.14: Typical inversion duration times at Stations 0019 and 1004 throughout the winter season. The longest lasting 
inversions occur in mid-December. 
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atmospheric parameters that primarily influence dispersion are the temperature and wind 

regimes (Piggin and Alley 1994). Thus, the mixing depth of the temperature inversion and 

the wind speed affect the vertical and horizontal diffusion of the pollutant (Tiao et al. 

1975). Furthermore, the simultaneous occurrence of high-pressure fields, frequent cakn 

winds, and a thermal inversion induce air stagnation which, in turn, prevents pollutant 

dispersion (Bardeschi et al. 1991). Of course, certain atmospheric conditions that are 

conducive to air stagnation are interrelated. When high-pressure systems exist over a 

region, cloud-free, cahn conditions prevail; therefore, maximum daytime heating coupled 

with maximum nocturnal cooling induces strong, nocturnal radiation inversions. High 

pollutant concentrations should be expected when this meteorological scenario occurs. 

3.2.6 CO Pollution Potential 

With the aid of the basic climatology and traflBc charactersitics of an urban area, 

one can hypothesize when and where the highest CO concentrations occur. Theoretically, 

the highest concentrations in Phoenix should occur during the month with the highest 

traffic levels and the most stagnant conditions. Regarding winter months' traflBc volumes, 

October tends to have slightly more vehicular traflBc than other months (Table 3.2). 

October's wind speeds also tend to be low while its maximum delta T value is the highest 

of all the months. A factor that detracts from October's CO potential are the times when 

low level inversions form and perish. At Station 0019, radiation inversions tend to form 

between 5:15 PM and 5:40 PM and disintegrate at approximately 8:45 AM. 

Consequently, October's relatively strong inversions trap only partial quantities of rush 

hour CO emissions. 

Since there is little disparity between the months with respect to hourly wind speed 

and delta T values, the timing and strength of inversions should relate directly to 



Table 3.2; Average daily traffic counts per month at the three traffic count locations. October appears to have the highest traffic levels. 

Month Station A Station B Station C 
October 23,699 25,187 34,140 
November 22,912 24,250 32,982 
December 22,662 23,266 35,305 
January 20,879 24,134 34,300 
February 22,638 25,279 35,272 

Table 3.3: Average evening (7 PM to 11 PM) traffic counts at the three trafHc count locations. The first three weeks of December have higher evening traffic 

levels than the other time periods considered. 

Time Period 
Station A 

(Central and Montebello) 
Station B 

(US 60 and Glendale) 
Station C 

(Indian School and 47th Drive) 
First 3 v/eeks of December 4,159 3,967 7,770 
2 border weeks 3,172 3,595 6,580 
January 3,303 4,051 7,069 
Rest of winter season 3,538 4,066 7,002 
First 3 weeks of December 
(% change from border weeks) 

+31 +10 +18 

First 3 weeks of December 
(% change from January) 

+26 -2 +10 

First 3 weeks of December 
(% change from rest of season) 

+18 -2 +11 
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differences in month-to-month hourly CO levels. Even though October has low wind 

speeds and highly positive nocturnal delta T values, its inversions form too late and perish 

too early to trap rush hour emissions successfiilly. Winter days with inversions that form 

before the evening rush hour and disentegrate after the morning rush hour should be 

associated with the highest CO concentrations. Therefore, even if it does not have 

exceedingly high trafiBc levels, the early to mid-December period should theoretically 

possess the highest CO concentrations. The next section explores CO concentrations and 

relates the concentrations to factors described in this and the previous section. 
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3.3 CO Concentrations 

To understand the broad behavior of a particular pollutant, it is essential to analyze 

the data from several perspectives. In this portion of the study, hourly and 8 hour average 

CO concentrations are examined for all five winter months, days of the week, and the 

hours within those days. Most CO literature mentions the diurnal variations and 

weekday/weekend differences in CO levels; subsequently, the results usually reveal that 

CO concentrations coincide with peak traffic volumes and that weekdays have higher 

pollutant levels than do weekends. Conclusions lead the reader to believe that hourly CO 

concentrations are the highest on weekdays during the rush hours. 

One would expect Phoenix to possess similar characteristics. This section analyzes 

the variations in CO levels at a variety of temporal scales. Distinctive nuances in CO 

levels are revealed and related to the previously examined traffic and meteorological 

characteristics. 

3.3.1 Generalized Diurnal Variations in Hourly CO Concentrations 

Using the entire five season dataset for all three air quality monitoring stations, the 

average CO concentrations for all hours of the day are calculated and graphed (Figure 

3.15). Two peaks in the curve correspond broadly to the two daily rush hours; however, 

the CO evening peak lags several hours behind the evening peak in traffic levels (Figures 

3.1 to 3.3). This situation does not directly match the temporal relationship between 

traffic and CO levels noticed by other researchers. Apparently, other factors alter the 

relationship between evening emissions and pollutant concentrations in Phoenix. The 

morning peaks correlate more strongly, for peaks in CO concentrations and traffic levels 

both occur at 8 AM. 
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Figure 3.15: Generalized diurnal variation in wintertime hourly CO concentrations in central Phoenix. Two peaks in CO levels 
correspond generally to rush hour traffic periods. 
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Differences between the stations are also observed. Station 0016 is the most 

polluted of the three stations and this is a consequence of its proximity to several major 

thoroughfares and the intake valve's position virtually over W. Indian School Road. 

Stations 0019 and 3002 are fiirther away from emission sources, thus their hourly values 

are less. Station 0019, the most remote of the stations, is affected more by morning 

emissions than is 3002; however, afternoon and evening CO levels at Station 3002 are 

higher than those at Station 0019. These differences in concentrations are probably 

related to a lack of morning rush hour traflSc near Station 3002 and anomalously higher 

traffic levels during the evening hours. All three stations experience a consistent increase 

in concentrations from 7 PM till approximately 10 PM even though traffic levels drop 

simultaneously. Lagged relationships seem to characterize the interactions between CO 

emissions and measiired concentrations. 

3.3.2 Diurnal Variations per Month 

Monthly differences in hourly CO levels reflect the predominant atmospheric 

conditions of each month. The following subsections describe daily CO fluctuations that 

correspond to each of the five winter months with hourly CO concentrations plotted for 

each month. 

3.3.2.1 October 

CO concentrations peak at approximately 10 PM at Stations 0016 and 3002 and 

at 12 AM at Station 0019 but decline monotonically thereafter until approximately 5 AM 

(Figure 3.16). The lowest levels occur m the early and late afternoon with maximum 

atmospheric mixing; however, a steady rise in levels continues from 5 PM to the 



Figure 3.16; Diurnal variation in hourly CO concentrations during October. Relatively low mid-moming CO concentrations 
result from destruction of inversion before morning rush hour. 
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previously mentioned peak. Interestingly, at all stations, the peak in CO corresponding to 

the morning rush hour is considerably lower than the nighttime levels even though October 

has the highest commuter traffic volumes of all the winter months. 

Atmospheric factors are a highly probable cause of relatively low morning rush 

hour CO levels. October's low morning CO levels are almost certainly due to an early 

sunrise and the subsequent early demise of the nocturnal inversion. Surface heating is 

occurring by 9 AM, thus the morning CO peak occurs at 8 AM. Emissions occurring after 

8 AM appear to be dispersed rapidly. The intense daytime heating of the surface results in 

much vertical and horizontal dispersion of pollutants, thus the late morning and afternoon 

hours have extremely low CO concentrations. Convective turbulence weakens and traffic 

levels increase during the early evening; consequently, pollutant levels begin to increase 

October has strong low-level inversions and this is reflected in its high evening CO 

levels. Even though inversions do not usually form until after 5:15 PM at Station 0019, 

the inversion (delta T values > 4° F at 9 PM) traps the evening CO emissions effectively. 

A peak in CO levels occurs at 10 PM (Stations 0016 and 3002) and at 12 AM (Station 

0019). Maximum CO levels lag behind the maximum delta T values by approximately one 

hour at two of the three stations, thus stations with nearby CO sources tend to exhibit a 

stronger correlation between CO levels and delta T values. Since Station 0019 does not 

have high traffic levels nearby, its 12 AM maximum in CO levels may be explained by the 

westward transport of pollutants by cool, stable easterlies. Station 0019's early morning 

levels do not decrease as rapidly as those at the other stations which leads one to believe 

that the influx of westward migrating pollutants and not the local traffic is the major 

source of nightime CO levels. To summarize, October's 12 AM CO concentrations are as 

high or higher than the 8 AM concentrations at all three stations; thus, with respect to 
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extremely high CO levels, the morning rush hour is less threatening than the evening rush 

hour and post rush hour traflBc. 

3.3.2.2 November 

In November, the morning peak in CO levels is as large as or greater than the 

corresponding nightime peak (Figure 3.17). The morning peak is approximately 1 ppm 

greater than October's morning peak while the nighttime peaks are nearly equal in 

magnitude. Thus, November marks the beginning of morning conditions that are 

conducive to weak dispersion. 

Several factors influence November's peaks in diurnal CO concentrations. A 

significant factor is the post-rush hour destruction of the nocturnal inversion. Low-level 

radiation inversions can persist as late as 9:30 AM; therefore, November's inversions are 

capable of keeping nearly all of the emissions associated with the morning rush hour close 

to the surface. However, wind speeds tend to increase after 8 AM thereby decreasing the 

stagnation effects of the long lasting inversion. Besides a persistent inversion, November 

also has the strongest low-level inversion of aU the winter months. High delta T values 

and the persistence of the nocturnal inversion increase the potency of morning CO 

emissions in November. 

November's nighttime peak is not substantially greater than October's peak even 

though the radiation inversion forms one half hour earlier in November (5:00 PM as 

opposed to 5:30 PM). Regarding post-sunset hours, November is the windiest month; 

consequently, increased wind speeds may offset early inversion formation times. Deha T 

values are greater than 3° F (1.3° C) throughout the night and exceed 4° F (1.8° C) at 

approximately 8 PM. 



Figure 3.17: Diurnal variation in hourly CO concentrations during November. Longer lasting inversions cause mid-morning 
(8 AM) CO concentrations to equal those of the evening (10 PM). 
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3.3.2.3 December 

December is the "CO month." Of all the months, December has the most 

pronounced morning CO peak with high levels still occurring at 9 AM (Figure 3.18). Its 

nighttime CO levels are also the highest of all the months. In fact, for every hour of the 

day, December has the highest average CO concentration. This can be explained partially 

by atmospheric variables; however, inversion formation/destruction times provide a better 

explanation. 

Stagnant conditions associated with subsidence inversions are common during 

December, for hourly atmospheric pressures rarely fall below 1016 mb. Associated with 

this high pressure and the relatively low angle of the sun is a reduction in daytime mixing 

which is noticeable with respect to wind speeds and delta T values. The most significant 

influence on morning and nightime CO concentrations is the duration of a typical 

December inversion. During this month, inversions tend to form at around 5 PM and 

disintegrate after 9:30 AM. Consequently, typical low-level inversions last for up to 16.5 

hours and can fully overlap both rush hour time intervals. In addition, low wind speeds 

are typical of the stable December atmosphere. 

3.3.2.4 January 

December's morning CO peak persists into January; however, the nightime peak 

diminishes substantially (Figure 3.19). Interestingly, January's low-level inversions form at 

approximately 5:30 PM which is the same as for October. Evening peaks in CO levels are 

congruent for these two months. January's morning rush hour levels tend to be 1.5 to 2 

times higher than October's levels. Even though January's morning delta T values are 

usually 1° F (0.6° C) less than October's values, the high pressure (1016 to 1019 mb) and 



Figure 3.18; Diurnal variation in hourly CO concentrations during December. Highest hourly CO concentrations of all 
winter months. 
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Figure 3.19: Diurnal variation in hourly CO concentrations during January. Compared to December, January's mid-morning 
levels remain high. Its evening levels decrease due to a later forming inversion. 
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low wind speeds coupled with an inversion destruction that occurs between 9:30 and 9:45 

AM induce high CO concentrations. 

3.3.2.5 February 

Similar to the transition from December to January, February's morning CO levels 

are substantially lower than January's levels (Figure 3.20). Atmospheric conditions in 

February are approximately the average of the five winter months. It has the weakest 

evening CO peak; however, its morning peak is greater than October's. Inversions usually 

form at approximately 6 PM in February which is one half and one hour later than the 

formation times in October and December, respectively. Hence, its inversions do not have 

the capability of trapping the majority of the evening rush hour's emissions. The situation 

differs in the morning, for February's inversions can last until 9:45 AM. This destruction 

time is similar to that in November; however, a stronger inversion in November causes its 

morning CO levels to be higher than February's levels. 

3.3.3 Diurnal Variations per Day of Week 

This subsection focuses on variations in CO levels within and between days of the 

week. Therefore, month-to-month fluctuations in meteorological factors such as pressure, 

temperature, inversion duration, etc. are averaged and only the relationship between 

emissions, mixing, and inversion formation/destruction times are revealed. 

3.3.3.1 Sunday 

Except for its early morning hours (as a consequence of Saturday night leisure 

traffic), Sunday is the day with the lowest hourly CO concentrations (Figure 3.21). At 8 

AM, there is a slight peak in CO which correponds with an increase in traffic levels during 



Figure 3.20; Diumal variation in hourly CO concentrations during February. Both the mid-moming and evening CO peaks 
are reduced as a result of late-forming and early-destructing inversions. 
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Figure 3.21; Diurnal variation in hourly CO concentrations on Sunday. Apart from 1 to 5 AM, Sunday has the lowest 
concentrations of all days of the week. 
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the previous hours (probably daytrippers and.church-goers). CO levels rise sharply at 5 

PM (inversion begins to develop); however, traffic is declining. Nonetheless, CO levels 

exceed 4 ppm (Station 0016) between 9 PM and midnight. Sunday's CO peaks are due to 

lengthy wintertime inversions (for the peak in CO at 8 AM is not associated with a peak in 

trafBc at that hour); in actuality, traffic is just beginning to increase at that hour. The rise 

in CO levels at 5 PM is related to the beginning stages of inversion formation and perhaps 

to the exodus of traffic from shopping areas. 

3.3.3.2 Monday 

On Monday, the work week commences and the CO spike associated with the 

morning rush hour becomes noticeable (Figure 3.22). 8 AM levels nearly reach 6 ppm at 

Station 0016 (3 ppm on Sundays). Low traffic levels on Sunday evening (lowest of all 

days) cause low CO levels (lowest of all days) during early Monday morning. The 

evening CO peak (linked to the evening rush hour) does not have the morning peak's 

amplitude, thus CO concentrations are more evenly distributed over the hours. 

3.3.3.3 Tuesday, Wednesday, and Thursday 

Tuesday, Wednesday, and Thursday exhibit slight variations of Monday's profile 

of hourly CO concentrations (Figures 3.23 to 3.25). All three days have higher hourly 

concentrations than does Monday; subsequently, Wednesday's CO peaks have the largest 

magnitude (8 AM on Wednesday has the highest average CO concentration of all 168 

hours of the week). Tuesday has the most intense rush hour traffic; however, Wednesday 

and Thursday have similar traffic levels. The day of the week with the greatest rush hour 

traffic levels probably varies across the city, thus rush hour traffic near the three air quality 

monitoring stations probably peaks on Tuesday or Wednesday. Tuesday, Wednesday, and 



Figure 3.22; Diumal variation in hourly CO concentrations on Monday. As the morning rush hour resumes, the mid-morning 
CO peak appears. 
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Figure 3.23: Diurnal variation in hourly CO concentrations on Tuesday. Compared to Monday, Tuesday's increased commuter 
traffic leads to slightly higher CO levels. 



Figure 3.24; Diurnal variation in hourly CO concentrations on Wednesday. In general, Wednesday has slightly higher CO 
levels than does Tuesday due to the maximum amount of commuter traffic. 



Figure 3.25; Diurnal variation in hourly CO concentrations on Thursday. Compared to Wednesday, Thursday has slightly 
lower CO levels as a result of decreased commuter traffic. 
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Thursday are greatly similar; consequently, their CO levels are a reflection of the 

commuter trafSc maxima during mid-week. 

3.3.3.4 Friday 

Friday's mid- to late morning CO concentrations are similar to those of the 

previous days, but the situation changes during the evening (Figure 3.26). Coupled with a 

typical evening rush hour is the most intense evening/nighttime traf5c of all days of the 

week. This post-rush hour traffic causes Friday night's CO levels to peak at 

approximately 11 PM (Station 0016) instead of the usual 10 PM peak time. Of all 

evenings, Friday evening has the highest CO concentrations; m addition, Friday is the only 

day when the evening peak is similar to the morning peak. Due to the combined effects of 

commuter and leisure trafiBc, the work week ends with a strong increase in CO levels. 

3.3.3.5 Saturday 

Friday night's heavier traffic results in Saturday having the highest early morning 

CO concentrations figure 3.27), but these high levels are not followed by a rush hour 

peak. In traffic terms, Saturday is simply an exaggerated Sunday, thus it has higher CO 

concentrations during all hours of the day. Even though Saturday does not have an 

evening rush hour, its nighttime leisure traffic contributes significantly, thus Saturday has 

the second-highest nighttime CO concentrations for the average week. Due to the 

occurrence of leisure traffic during the nocturnal mversion, both Friday and Saturday's 

post-10 PM CO levels tend to remain high into the next morning. 



Figure 3.26; Diurnal variation in hourly CO concentrations on Friday. Friday has the highest evening CO levels due to the 
coupling of commuter and leisure traffic. 
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Figure 3.27: Diurnal variation in hourly CO concentrations on Saturday. Saturday has the highest early morning CO levels 
(result of Friday night traffic) and high evening CO levels (leisure traffic). 
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3.3.4 Exceedances 

To examine the extreme CO values, all hours at all three stations that exceeded the 

9 ppm national ambient air quality standard are considered. The "oflBcial" 9 ppm standard 

applies only to 8 hour averages and, as defined by the EPA, can only potentially occur 

three times over a 24 hour interval. However, all 8 hour average values that exceed 9 

ppm are considered in this portion of the study; consequently, data robustness is increased. 

Exceedance hours are extremely rare, for they represent the uppermost 0.003%, 0.0007%, 

and 0.0004% of the values at Stations 0016, 0019, and 3002, respectively. A temporal 

clustering of exceedances highlights the times when atmospheric conditions and/or 

emissions are most conducive to escalating CO concentrations. 

3.3.4.1 Exceedances per Month 

A deductive approach is used in the analysis of exceedance hours. Using the CO 

data from the five winter seasons, the frequency of exceedance days are determined per 

month and week while the frequency of exceedance hours are determined per day and 

hour. On a monthly basis, December is the undisputed "exceedance month"(Figure 3.28). 

Seventy percent of the days with at least one hour exceeding 9 ppm occurred in 

December. Only one exceedance day occurred in January; consequently, since, 

atmospheric conditions (except for inversion formation/destruction times) are similar 

during these two months, it seems plausible that an increase in emissions during December 

is partially responsible for the high number of exceedance days. 

3.3.4.2 Exceedances per Week 

For further detail, weeks throughout the winter seasons are analyzed (Figure 3.29). 

The results show the variation within the months. From the monthly graph, December and 



Figure 3.28: Number of days per winter month with at least one 8 hour average CO concentration that exceeded 9 ppm. This 
is a 3 station total over 5 winter seasons. December is the "exceedance month." 
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Figure 3.29: Number of days per week over a 5 winter season period with at least one 8 hour average CO concentration 
exceeding 9 ppm. Typically, most exceedances occur during the first 2 weeks of December. 
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November have the highest frequency of exceedance days; however, examining individual 

weeks reveals a specific four week interval when these exceedance days have been most 

frequent. Nearly 80 percent of the exccedance days occured from late November to mid-

December. Give or take a few days, the first two weeks of December are the "exceedance 

weeks," for nearly 40 percent of the exceedance days occur during these particular weeks. 

The first two weeks of December represent the prime period for CO exceedances while 

the Christmas holiday is the boundary between the exceedance period and the infrequent 

exceedance period of the new year. 

3.3.4.3 Exceedances per Day of Week and Hour of Day 

It is usefiil to examine exceedance hours per day and number of exceedances per 

hour simultaneously. Considering all three stations, most exceedances occurred between 2 

AM and 4 AM while no exceedances occurred between noon and 11 PM (Figure 3.30). 

For example, a 3 AM 8 hour average CO concentration that exceeds the national ambient 

air quality standard is actually the average hourly CO concentration from 8 PM to 3 AM. 

Even though hourly CO concentrations tend to peak at approximately 10 PM, the 8 hour 

average for this hour incorporates the low levels that occur during the late afternoon; 

consequently, exceedances at this hour did not occur during the five winter seasons. Over 

the five winter seasons, approximately 43 percent of the exceedance hours have occurred 

on Saturdays (Figure 3.31). Since these exceedance hours are based on 8 hour average 

CO concentrations, the Saturday exceedances actually refiect Friday night's high CO 

levels. In addition, since Sunday has the lowest evening traffic levels of all the days, 

Monday morning had no exceedance hours. 



Figure 3.30: Number of exceedances per hour of day over 5 winter seasons. Most exceedances occurred between 2 and 
4 AM while none occurred from noon to 11 PM. 
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Figure 3.31: Number of exceedances per day of week over 5 winter seasons. Saturday's exceedances are a reflection of 
Friday night's high traffic levels. 
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3.3.4.4 Pre-Holiday Exceedance Period 

Summarizing the occurrence of exceedance hours, most of the exceedances have 

occurred during the four weeks preceding the Christmas holiday. During this period, 

Saturday mornings have probably had the most exceedance hours. From late November 

to late December, low-level inversions tend to form before 5 PM at Station 0019. Overall, 

inversions form earliest during the first two weeks of December, and, fi"om early to mid-

December, the inversions last the longest (disappearing after 9:30 AM). The four weeks 

preceding the Christmas holiday have the most persistent low-level inversions. It seems 

likely that the inversions are partially responsible for the high frequency of exceedance 

hours during the four weeks prior to Christmas. 

In addition to the persistent inversions, evening traffic levels associated with 

holiday shopping journeys influence the number of exceedances. Even if December's 

traflBc levels are equal to or slightly lower than other month's levels, December's 

persistent inversions increase the effects of emissions associated with the traffic levels. The 

steep drop from December's high to January's low frequency of exceedances supports the 

view that increased evening emissions coupled with persistent inversions cause the 

disparity between the months. The frequency of exceedances is not totally 

climatologically controlled, for the inversion analyses do not reveal a sharp difference 

between the months with respect to time of inversion formation, time of inversion 

destruction, and length of inversions. 

Since most 8 hour exceedances occur between the hours of 2 and 4 AM, it is felt 

that evening traffic levels have the greatest unpact on early morning 8 hour average CO 

concentrations. Based on experience and common sense, most shopping journeys 

associated with the holiday season occur during the evening (7 PM to 11 PM) of the last 

several weeks before Christmas. In fact, one-third of all Americans complete their holiday 
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shopping within the &st two weeks of December while only seven percent finish their 

shopping before Thanksgiving (Waldrop 1990). Thus, a large proportion of Phoenicians 

are still motoring between shopping centers and malls during the weeks immediately 

preceding Christmas. 

To determine whether or not holiday shoppmg journeys impact evening trafi&c 

levels and ultimately the number of exceedances during December, evening trafiBc counts 

(7 PM to 11 PM) during the first three weeks of December are compared to evening 

trafl&c counts during the two shoulder weeks and to the rest of the winter season (Refer to 

Table 3.3 in section 3.2.6). As noted previously, during the first several weeks of 

December, nocturnal inversions form earliest in the evening. It is hypothesized that these 

early forming inversions coupled with increased evenmg trafiBc levels are the primary 

causes of December's multiple exceedances. At two of the three traffic stations, an 

average day during the first three weeks of December had more evening traffic than an 

average day during the rest of the winter season. Stations A and C had 20 percent and 9 

percent more traffic, respectively. Compared to the two shoulder weeks (last week of 

November and the week following Christmas), all three traflfic stations recorded higher 

evenmg traffic counts during the first three weeks of December. Stations A, B, and C had 

30 percent, 10 percent, and 16 percent more traffic, respectively. 

December's evening traffic levels are significantly higher than those that occur 

during the rest of the winter season. During days within the first three weeks of 

December, Station A's evening traffic levels were significantly higher (0.01 significance 

level) than those levels that occurred during any other day of the winter season. Station 

C's levels were significantly higher at the 0.10 significance level. Thus, it is reasonable to 

assert that high evening traffic levels and an inversion that commonly forms before 5 PM 



are the major factors affecting the disproportionate number of exceedances that 

during the first several weeks of December. 
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CHAPTER 4: COMPOSITING ANALYSIS 

In tills section of the study, the atmospheric conditions preceding, during, and 

following weekday mornings with either high or low 8 hour average CO concentrations 

are examined. An environment-to-circulation approach to air pollution analysis is used, 

which involves the identification of the atmospheric circulation associated with specific 

environmental conditions at the surface (Yamal 1993). In the above analyses, I found that 

poor ventilation conditions (high delta T values, low wind speeds, and a long-lasting 

inversion) are related to high CO concentrations. However, the exact combination of 

these variables and the sequence of changes in these and other related variables preceding 

and following the resultant high or low CO concentrations is not known for Phoenix. 

Thus, through compositing, average atmospheric conditions associated with various 

pollutant levels are found. More specifically, the typical meteorological conditions and 

synoptic-scale near-surface pressure patterns that precede and follow weekday mornings 

(1 AM to SAM) that have either high or low 8 hour average CO concentrations are 

examined. This procedure will reveal specific CO-weather relationships for incorporation 

into model development in Chapter 5. 

Compositing of high and low CO mornings was performed for almost all of the 

winter months (February did not have any high CO mornings). A high CO morning is a 

weekday morning (1 AM to 5 AM) that has at least one hour at each station with a high 8 

hour average CO concentration. A low CO morning is a weekday morning that has at 

least one hour at each station with a low 8 hour average CO concentration. If each station 
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has outlying early morning CO levels, then atmospheric conditions rather than emissions 

are the predominant cause of the extreme CO levels. High CO levels are classified as the 

top 5 percent of all 8 hour average CO concentrations over the five winter seasons while 

low CO levels are the bottom 10 percent of all values. Usmg these particular thresholds, 

over 100 high and 100 low CO mornings were detected and extracted for analysis. When 

the three station compliance criteria was activated, the number of high and low CO 

mornings were reduced to 56 and 23 days, respectively. These days were considered to 

possess atmospheric conditions that were most conducive to high and low CO 

concentrations. This section considers first the occurrence of high CO mornings and then 

the occurrrence of low CO mornings. 

4.1 High CO Mornings 

All high CO mornings are weekday mornings with high 8 hour average CO 

concentrations during the time of the day with the lowest traffic levels (1 to 5 AM). 8 

hour average concentrations were chosen because these tend to be less influenced by 

anomalous traffic patterns. 8 hour average CO concentrations that are in the 95th 

percentile (exceed 6.7, 5.8, and 5.1 ppm at Stations 0016, 0019, and 3002, respectively) 

of all 8 hour average CO concentrations are categorized as "high." Pollutant levels at 

these hours are a reflection of the previous day's atmospheric conditions because of the 8 

hour averaging. To provide greater detail, atmospheric conditions and pollutant levels of 

the 50+ hours preceding the high CO mornings are examined. In addition, conditions 
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during and 30+ hours after the high CO mornings are also examined. Overall, atmospheric 

conditions (atmospheric pressure, delta T, temperature, dew point temperature, relative 

humidity, and wind speeds) of a sequence of 80 hours are analyzed to determine the 

average conditions that precede and follow weekday mornings with high CO levels. Over 

the five winter seasons, the aforementioned procedure revealed 5,15, 25, and 11 high CO 

days in October, November, December, and January, respectively. Late-forming and weak 

low-level inversions have resulted in zero high CO days in February. 

4.1.1 October 

October marks the beginning of the "CO season" and the related influence of 

stable atmospheric conditions. High CO mornings during this month tend to have 8 hour 

average CO concentrations that exceed 7 ppm, 6 ppm, and 5 ppm at Stations 0016, 0019, 

and 3002, respectively. A peak in atmospheric pressure (>1015 mb) and delta T (> 7° F, 

> 3.9° C) during the previous evening lead to extremely stable conditions (Figure 4.1). 

Values for both variables are well above the monthly average. High temperatures of days 

preceding and following the high CO mornings exceed 90° F (32° C) while the early 

morning lows fall below 70° F (21° C) (Figure 4.2). High CO days are related to warmer 

and drier than average days with greater than average temperature differences between the 

afternoon and early morning (nearly 25° F (13.9° C)). In addition, the afternoon of the 

high CO day experiences warmer and more humid conditions, apparently indicating the 

replacement of the cold and dry polar air with continental or maritime tropical air. 



Figure 4.1; Typical changes in surface atmospheric pressure and delta T associated with a high CO morning in October. Peaks 
in pressure and inversion strength nearly coincide with the high CO morning. 
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Figure 4.2: Typical changes in surface temperature, dew point temperature, and relative humidity associated with a high CO morning in 
October. A large daily temperature range is conducive to high CO levels. 
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One of the most important variables affecting ventilation and subsequent 

concentration of pollutants is wind speed. The intensive daytime heating and nightime 

cooling of the days preceding the high CO morning produce not only the high nighttime 

delta T values but also high daytime and low nighttime wind speeds (Figure 4.3). Wind 

speeds are typically less than 1 mph during the hours preceding the high CO morning. 

However, the following afternoon has strong winds (> 4 mph, >1.8 m/s) while the evening 

has higher than average wind speeds. 

Considering all of the variables, it is apparent that high CO mornings in October 

occur simultaneously with a peak in atmospheric pressure and a consequent peak in 

inversion strength and a lull in wind speeds. The high pressure induces warm, dry, and 

stable conditions that are conducive to increased CO levels. During the late morning of 

the high CO day, the conditions change, for the atmospheric pressure drops which then 

results in warmer yet more humid atmospheric conditions that lead to stronger winds and 

less intense inversions. Consequently, early morning 8 hour average CO concentrations 

are reduced by over 20 percent on the following morning. 

4.1.2 November 

High CO levels in November are linked to high atmospheric pressures, similar to 

the situation in October. High CO mornings during November tend to have 8 hour average 

CO concentrations that exceed 7 ppm at Station 0016 and are approximately 6 ppm at 

Stations 0019 and 3002. Unlike October, there is a lag between high CO mornings and a 



Figure 4.3: Typical changes in wind speed associated with a high CO morning in October. Light winds are present before 
and during the high CO morning but increase substantially afterwards. 
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peak in pressure, for pressures reach a maximum (approximately 1020 mb) two to three 

days before the high CO morning (Figure 4.4). Conversely, delta T values reach a 

maximum the previous evening (> 6° F, > 2.7° C). For the most part, the days preceding 

a high CO morning have higher than average atmospheric pressures and stronger than 

average inversions. Daily temperature ranges tend to exceed 20° F (11° C) with high 

temperatures reaching nearly 80° F (27° C) and low temperatures dipping below 55° F 

(12.8° C) (Figure 4.5). 

A decrease in atmospheric pressure during the evening preceding the high CO 

morning results in cooler and slightly more humid conditions. As a result, wind speeds 

increase throughout the early morning hours and exceed 4 mph (1.8 m/s) (Station 3002) 

by the afternoon (Figure 4.6). The early morning hours mark the transition from lower 

than average to higher than average wind speeds. The lower pressures, weaker inversions, 

and stronger winds cause the next morning's 8 hour average CO concentrations to be less 

than 80 percent of those that occurred during the high CO morning. 

November's high CO days are associated closely with strong inversions that tend 

to occur after the passage of a high pressure center. Soon after the high CO morning, the 

region experiences stronger winds; incidentally, a low pressure center becomes centered 

over Arizona and warm, moist air is adverted into the region (Figure 4.7). Both October 

and November's high CO mornings were followed immediately by a change in 

atmospheric conditions. 



Figure 4.4; Typical changes in surface atmospheric pressure and delta T associated with a high CO morning in November. 
Strong low level inversions occur on high CO mornings. 
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Figure 4.6; Typical changes in wind speed associated with a high CO morning in November. Extremely light winds occur 
during the high CO morning. 
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Figure 4.7: Sequence of 850 mb composite maps associated with high CO mornings in 
November. Day t is the day that possesses the atmospheric conditions that are conducive 
to high 8 hour average CO concentrations during the n»ct morning. The sequence begins 
on day t-2 and ends on day ^+1. 
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4.1.3 December 

December's sequence of atmospheric events associated with high CO days is 

almost a composite of Ortober and November's sequences. High CO days during this 

month tend to have early morning 8 hour average CO concentrations that are 7 ppm and 6 

ppm at Stations 0016 and 0019, respectively, and approximately 5 ppm at Station 3002. 

As with November, surface atmospheric pressures peak (approx. 1021 mb) several days 

before the high CO morning while delta T values reach a maximum (> 5° F, > 2.8° C) on 

the previous evening (Figure 4.8). Daily temperature ranges exceed 20° F (11° C) with 

high temperatures approaching 70° F (21° C) and low temperatures reaching nearly 45° F 

(19.4° C) (Figure 4.9). 

Lower than average pressures occur immediately after the high CO morning (daily 

maximum of 1018 mb); consequently, temperatures increase, the days and nights become 

warmer, the inversion weakens, and nighttime wind speeds increase (Figure 4.10). Like 

October and November, this sequence of events implies the advection of warmer, more 

humid air into the region which subsequently reduces the strength of the nocturnal 

inversions. Unlike October and November, the morning following the high CO morning 

does not have lower 8 hour average CO concentrations. This is most likely the result of 

an insufficient increase in wind speeds and/or decrease in delta T values. 



Figure 4.8: Typical changes in surface atmospheric pressure and delta T associated with a high CO morning in December. A 
strong inversion occurs on the evening prior to the high CO morning. 
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4.1.4 January 

A composite of atmospheric conditions preceding and following a high CO 

morning in January yields the same basic results as those that are obtained for the other 

months. High CO days during this month tend to have early morning 8 hour average CO 

concentrations that reach nearly 7 ppm and 6 ppm at Stations 0016 and 0019, respectively, 

and exceed 5 ppm at Station 3002. Surface atmospheric pressures peak (>1021 mb) two 

to three days before the high CO morning while the maximum delta T values (> 4° F, > 

1.8° C) occur two evenings prior to the high CO morning (Figure 4.11). On the evening 

prior to the morning, delta T values only reach 3° F (1.7° C). Daily temperature ranges 

approach 25° F (13.9° C) with high temperatures exceeding 70° F (21° C) and low 

temperatures dipping below 50° F (10° C) (Figure 4.12). 

Lower than average pressures occur immediately after the high CO morning (daily 

maximum of 1019 mb); as a result, the days and nights become warmer, the inversion 

weakens, and morning wind speeds increase (Figure 4.13) . Similar to the other winter 

months, the changing atmospheric conditions reveal the advection of a warmer and more 

humid air mass into the region. However, wind speeds do not increase immediately 

following the high CO morning. Since the CO concentrations of the high CO morning and 

the following morning are approximately the same, a significant change in atmospheric 

conditions probably does not occur until two days after the high CO day. 



Figure 4.11; Typical changes in surface atmospheric pressure and delta T associated with a high CO morning in January. A 
moderately strong inversion exists throughout the period. 
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4.1.5 All Winter Months 

All of the monthly composites point towards the presence of an anticyclone, strong 

inversions, large daily temperature ranges, and low wind speeds as being favorable to the 

accumulation of CO during the late evening and early morning hours. High CO mornings 

occur several days after maximum pressures occur over the region and when an 

anticyclone is centered over the Four Comers area, thus the situation of central Arizona 

under the western edge of a surface anticyclone is the cause of higher CO levels (Figure 

4.14). Since the atmospheric feature is migrating eastward and rotating clockwise, wind 

directions and wind speeds at Phoenix should change as the anticyclone moves eastward. 

The position of central Arizona under the anticyclone indicates the predominant wind 

direction and, ultimately, the characteristics of air masses that are adverted to the region. 

In addition, the southward displacement of upper level atmospheric features dictates the 

latitudinal position of surface anticyclones, thus as the winter season progresses, the 

anticyclones are centered over lower latitudes. The relatively high frequency of high CO 

days from mid-January to late February is a consequence of the maximum frequency of 

anticyclones over central Arizona. 

For the hours with high CO concentrations, the typical winds at all stations during 

all months are either light easterly winds or extremely light and variable winds from all 

directions. Both situations conform to hypotheses connecting the concentration of 

pollutants to wind directions, for the easterly winds originate from katabatic drainage and 
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Figure 4.14: Sequence of 850 mb composite maps associated with high CO mornings 
during the winter. Day t is the day that possesses the atmospheric conditions that are 
conducive to high 8 hour average CO concentrations during the next morning. The 
sequence begins on day t-2 and ends on day /+1. 
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are consequently cool and stable. Frenzel (1961) noticed that variable winds are 

associated closely with cahn conditions; therefore, a lack of wind inhibits the ventilation of 

pollutants. Variable winds are also indicative of Phoenix's position under the 

southwestern portion of a surface anticyclone, for this portion of the high pressure system 

has light, variable winds. Consequently, for high CO mornings during the winter, 

easterly/northeasterly winds (1 to 2 mph, 0.45 to 0.9 m/s) are either enhancing the 

nocturnal inversion and possibly transporting pollutants into central Phoenix, or stagnant 

conditions are resulting from weak (< 1 mph, < 0.45 m/s) winds. 

Several hours to several days after the high CO morning, atmospheric conditions 

associated with the passage of the anticyclone and the subsequent southerly/southeasterly 

transport of warmer air (lower atmospheric pressures, weak inversions, small daily 

temperature ranges, and higher wind speeds) increase the boundary layer ventilation 

thereby reducing the early morning CO concentrations. During the subsequent evening 

and the next morning following the high CO morning, wind directions are more steady and 

are usually from the southeast while the wind speeds tend to be greater (Figure 4.14). 

The main difference between the days is the high CO morning's stronger nocturnal 

inversion which is a consequence of enhanced radiational cooling of the surface 

throughout the night. Soon after the morning, the anticyclone is displaced to the east of 

central Arizona and a more tropical air mass replaces the modified polar air. 

Temperatures then increase by several degrees, the relative humidity increases by several 

percent, and wind speeds increase by 0.5 to 1 mph (0.2 to 0.45 m/s). The subtle change in 
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atmospheric conditions is substantial enough to weaken the nocturnal inversion and 

diminish the morning CO concentrations. 

4.2 Low CO Mornings 

All low CO mornings are weekday mornings with low 8 hour average CO 

concentrations during the time of the day with the lowest traffic levels (1 to 5 AM). 8 

hour average CO concentrations that are in the 10th percentile (less than 1.1, 0.65, 0.61 

ppm at Stations 0016, 0019, and 3002, respectively) of all 8 hour average CO 

concentrations are categorized as "low." The aforementioned sequencing procedures are 

employed with respect to the low CO mornings. Using the same selection critieria as was 

used with the high CO mornings, 4, 7, 5, 3, and 4 low CO days are uncovered in October, 

November, December, January, and February, respectively. 

4.2.1 October 

Atmospheric conditions associated with low CO mornings over the five winter 

seasons are dramatically different firom the conditions linked to high CO mornings. 

October's low CO days possess extremely low pollutant levels, for early morning 8 hour 

average CO concentrations are approximately 1 ppm at Station 0016 and 0.5 ppm at 

Stations 0019 and 3002. Pressure and delta T values of the preceding hours are 

consistently much lower than the monthly average, thus maximum monthly pressures do 

not exceed 1010 mb while delta T values during the evening immediately prior to the low 
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CO morning are barely positive (Figure 4.15). The relatively low atmospheric pressure 

and weak delta T values signify a well-mixed boundary layer. 

Temperatures drop during the hours preceding the low CO morning; consequently, 

the previous day's high temperature is approximately 80° F (27° C) while the next 

morning's low temperature barely reaches 70° F (21° C) (Figure 4.16). The small daily 

temperature range of 10° F (5.6° C) results from increasing humidity levels and likely 

cloud cover. As the low CO morning approaches, atmospheric instability causes an 

increase in cloud cover while perpetuating strong winds. Wmd speeds are relatively high 

(approx. 3 mph (1.3 m/s)) during and prior to the low CO morning; however, calm 

conditions occur on the following morning (Figure 4.17). The low CO morning is marked 

by a small diurnal temperature range, a weak nocturnal inversion, and higher than average 

wind speeds. 

A cold front passage is linked to October's low CO mornings. Daily high 

temperatures are reduced by over 10° F (5.6° C) while water vapor condensation becomes 

more regular. Relatively low atmospheric pressures prevail during the days preceding the 

low CO morning. Nighttime cloud coverage causes long-wave radiational heating of the 

surface. Radiational cooling of the ground by long-wave radiation emission through the 

atmospheric "window" is retarded; consequently, the nocturnal inversion weakens (Oke 

1987). After the front passes, atmospheric pressures increase, temperatures remain low, 

and humidity levels drop, thus the atmosphere becomes relatively more stable. The 

morning following the low CO morning still has relatively low 8 hour average CO 
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Figure 4.15; Typical changes in surface atmospheric pressure and delta T associated with a low CO morning in October. An 
extremely weak low level inversion is present during the low CO morning. 
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Figure 4.17; Typical changes in surface wind speed associated with a low CO morning in October. Winds are slightly 
stronger than normal. 
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concentrations, but the levels mcrease by over 50 percent. 

4.2.2 November 

As with the high CO mornings, the atmospheric conditions associated with low CO 

momuags in November are similar to October's conditions. November's low CO 

mornings have early morning 8 hour average CO concentrations that are less than 1 ppm 

at all stations. A low pressure center (approx. 1010 mb) occurs a day before the low CO 

morning while a steady rise in pressure occurs thereafter (Figure 4.18). Moderate 

evening/morning delta T values (> 3.5° F, > 1.9° C) persist until the hours immediately 

prior to the low CO morning. At this time, the delta T values reach a maximum of only 

1.5° F (0.83° C). The aftemoon prior to the low CO morning has a high temperature 

greater than 60° F (15.6° C) while the morning's low temperature is approximately 45° F 

(19.4° C); consequently, the diurnal range in temperature is only 15° F (8.3° C) (Figure 

4.19). Overall, there is a drop in temperature and an increase in relative humidity 

throughout the sequencing period. 

The low CO levels result from an increase in ventilation which is noticeable in the 

6 to 7 raph (2.7 to 3.1 m/s) wind speeds of the previous aftemoon (Figure 4.20). These 

"strong" winds persist throughout the evening and assist in further weakening an already 

weak inversion. Nocturnal instability is thus maximized and CO concentrations are 

minunized. After the cold front passes, the atmosphere remains cool and humid; however. 



Figure 4,18; Typical changes in surface atmospheric pressure and delta T associated with a low CO morning in November. A 
weak low level inversion occurs during a low CO morning. 
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Figure 4.19; Typical changes in surface temperature, dew point temperature, and relative humidity associated with a low CO 
morning in November. Temperatures decrease and relative humidity increases. 
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Figure 4.20: Typical changes in surface wnd speed associated with a low CO morning in November. Strong winds occur on 
the afternoon and evening prior to the low CO morning. 

Low CO morning 

Wind speed (ST 0016) 

Wind speed (ST 0019) 

Wind speed (ST 3002) 

U) U) 



134 

below average wind speeds and a stronger nocturnal inversion increase the atmospheric 

stability. Consequently, 8 hour average CO concentrations of the low CO morning 

increase by over 200 percent on the following morning. 

4.2.3 December 

A similar pattern of atmospheric conditions associated with low CO mornings 

continues in December. December's low CO days have early morning 8 hour average CO 

concentrations that are less than approximately 1 ppm at all stations. Similar to 

November, a low pressure center (1014 mb) occurs one day before while pressure 

increases steadily thereafter (Figure 4.21). Over the entire sequencing period, delta T 

values do not exceed 2.5° F (1.4° C) while daytime delta T values are higher than average 

and nightime values are lower than average. Temperature is decreasing consistently; 

subsequently, the afternoon high temperature of the day before the low CO morning is 

nearly 60° F (15.6° C) while the morning low temperature is approximately 45° F (19.4° 

C) (Figure 4.22). 

Higher than average wind speeds prevail until the afternoon of the low CO day 

(Figure 4.23). One day after the low CO morning, the atmospheric pressure reaches 1020 

mb, the nocturnal inversion strengthens, and the temperature continues to decrease. The 

advection of cooler and drier air is clearly evident. These conditions increase the 

atmospheric stability, thus early morning 8 hour average CO concentrations increase by 

over 300 percent. Composites for October, November, and December reflect the passage 
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Figure 4.22: Typical changes in surface temperature, dew point temperature, and relative humidity associated with a low 
CO morning in December. Temperatures are decreasing throughout the period. 
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of a cold front, which temporarily decreased the atmospheric stability until the low 

pressure passed through and cooler air was advected into the region. 

4.2.4 January 

The sequence of atmospheric conditions changes in January. January's low CO 

mornings have early morning 8 hour average CO concentrations of approximately 1 ppm 

at Station 0016 and 0.5 ppm at Stations 0019 and 3002. Unlike the other months, a local 

peak in atmospheric pressure (1021 mb) occurs one day before while the highest pressure 

during the low CO day is 1018 mb (Figure 4.24). The previous night's nocturnal 

inversion gains strength during the next morning (delta T values of 7° F (3.9° C)) while an 

extremely weak inversion (delta T values of 1° F (0.56° C)) exists during the hours 

preceding the low CO morning. The afternoon prior to the low CO morning has a high 

temperature near 60° F (15.6° C) while the morning's low temperature is approximately 

50° F (10° C); consequently, the diurnal range in temperature is only 10° F (5.6° C) 

(Figure 4.25). 

Wind speeds remain high throughout the sequencing period (Figure 4.26). For the 

24 hours preceding and 12 hours following the low CO morning, wind speeds exceed 5 

mph (2.2 m/s). During the low CO day's evening, wind speeds decrease, but the relative 

humidity increases (typical hourly values exceed 70 percent). Delta T values barely 

become positive at this time, thus an inversion is virtually nonexistant. Extensive cloud 

cover and precipitation associated with a cold front presumably prevails during this 



Figure 4.24: Typical changes in surface atmospheric pressure and delta T associated with a low CO morning in January. A 
weak inversion is present on the low CO morning. 
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Figure 4.25; Typical changes in surface temperature, dew point temperature, and relative humidity associated with a low CO 
morning in January. After the morning, the conditions become cooler and more humid. 

_ 110 

13 S 100 --

E 3 
X 
0) 
> 

0) Q£ 
•o c ta 

S 0) 
a 
E 01 •-

a> 
a 

S 0) a. 
E 
0) 
f-

90 --

80 --

60 -

>  '  «  I  ^ *  » .  •  <  

Low CO mommg 

Temperature 
Dew Pt. 

Relative Humidity 

o 



12 

11 

10 

9 

8 

7 

6 

5 

4 

3 

2 

1 

0 

Typical changes in surface wind speed associated with a low CO morning in January. Wind speeds increase one 

• 

•SI 

Windspeed (ST 0016) 
Windspeed (ST 0019) 
Windspeed (ST 3002) 



142 

evening. The low temperature of the next morning reaches nearly 40° F (4.4° C). After 

the cold front passes, pressures increase, temperatures decrease further, the winds 

weaken, and the nocturnal inversion reappears. 

4.2.5 February 

February's atmospheric conditions closely mimic those of January; however, there 

is a slight variation in the time of occurrence. February's low CO mornings possess 8 

hour average CO concentrations that are less than 1 ppm at all stations. Instead of 

January's peak in pressure immediately before the low CO morning, February has a peak 

(1020 mb) that occurs two to three days beforehand (Figure 4.27). Delta T values do not 

exceed 2° F (1.1° C) throughout the sequencing period and are barely positive during the 

low CO morning. The atmospheric pressure increases to 1016 mb during the following 

morning. The afternoon prior to the low CO morning has a high temperature near 65° F 

(18.3° C) while the morning's low temperature is approximately 55° F (12.8° C), thus the 

diurnal range in temperature is only 10° F (5.6° C) (Figure 4.28). Once again, the low CO 

morning is associated with a small temperature range and a weak nocturnal inversion. 

Relatively strong winds (> 4 mph, >1.8 m/s) occur during the low CO morning 

but diminish rapidly thereafter (Figure 4.29). In addition, the strong winds are coupled 

with a relative humidity that approaches 80 percent. It appears that a cold front is 

centered directly over the Phoenix area during the low CO morning, thus the low pressure 

and high wind speeds associated with the zone of convergence ventilate the pollutants 



Figure 4.27; Typical changes in surface atmospheric pressure and delta T associated with a low CO morning in February. 
Weak inversions are present throughout the period. 
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Figure 4.29: Typical changes in surface wind speed associated wth a low CO morning in February. Strong winds are present 
during the low CO morning and previous evening. 
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substantially. After the passage of the front, the next morning's 8 hour average CO 

concentrations remain low (< 1 ppm) since the inversion has not strengthened 

significantly. 

4.2.6 All Winter Months 

For all winter months, the occurrence of low CO mornings is associated strongly 

with either troughing or a cold front. In both situations, low pressure centers create well 

ventilated conditions over Phoenix (Figure 4.30). The cold fronts are components of 

cyclonic storms that are unbedded in the prevailing westerlies which can reach maximum 

velocities in excess of 100 mph (45 m/s) at 30,000 to 40,000 feet (9,140 to 12,190 meters) 

above sea level (Sellers and Hill 1974). Arizona commonly experiences cold fronts when 

upper level troughing occurs over the Southwest (southwestern troughing). This 

troughing is a long-wave feature that deviates considerably from the more common 

Pacific/North American (PNA) pattern that is characterized by amplified ridging over 

westem North America and subsequent troughing over the eastern Pacific and 

southeastem United States (Burnett 1994) (Figure 4.31). Southwestern troughing is an 

upper atmospheric feature that brings colder air to the Phoenix area, thus cold fronts are 

associated with this feature. 

Related to southwestern troughing during the winter months is an expanded 

circumpolar vortex; consequently, southwestern storm tracks have greater access to 
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Figure 4.30; Sequence of 850 mb composite maps associated with low CO mornings 
during the winter. Day t is the day that possesses the atmospheric conditions that are 
conducive to low 8 hour average CO concentrations during the next morning. The 
sequence begins on day t-2 and ends on day /+1. 
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Figure 4.31: 500 mb geopotentiai height composite showing upper atmospheric 
conditions that mark the first day of southwestern troughing in winter. Contour lines 
connect heights of the 500 mb sur&ce (e.g., the 516 value indicates that 500 mb surface is 
located 5,160 meters above the sur&ce). Troughing (low 500 mb heights) is present over 
the southwestern US. This troughing causes an increase in atmospheric ventilation and a 
decrease in CO levels in Phoenix. 
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Pacific moisture (Burnett 1994). The Reverse Pacific/North American Pattern (RPNA), 

or southwestern troughing, involves the westward displacement of the ridge fi-om the 

western US to the Pacific Ocean which then results in a semipermanent trough over the 

western US. When this occurs, Pacific storms often proceed as far south as San Francisco 

before entering the continent (Sellers and Hill 1974). Consequently, the stonns follow the 

trough into Arizona and usually produce no more than two days of nearly continuous 

widespread precipitation before moving northeastward (Sellers and Hill 1974). This 

sequence of events is shown in the composites of typical conditions preceding and 

following low CO days in February (Figures 4.27 to 4.29). 

The frequency of southwestern troughing is distributed relatively evenly over the 

five winter months; however, Burnett (1994) notes the prevalence of troughing during the 

spring and autunm months. Using Burnett's frequency data, with 22 percent of the 

troughing events, November is the winter month most likely to have southwestern 

troughing. November also has a relatively high frequency of low CO days (30 percent of 

all the low CO days). Therefore, it appears that an upper atmospheric feature, 

southwestern troughing, controls the occurrence of cold fronts over Arizona, which then 

greatly affects ambient CO concentrations. 

Associated with the occurrence of a cold front are "strong" (> 5 mph, > 2.2 m/s) 

southeasterly to westerly winds that occur during the nights preceding low CO mornings. 

These winds contrast sharply with the usual light easterly/southeasterly winds that occur 

during the nighttime. Soon after this rapidly moving front passes, the atmospheric 
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pressure increases, a cool air mass replaces the warmer air, clouds diminish, and the winds 

weaken. Typically, CO levels then increase; however, residual moisture may partially 

decrease the strength of nocturnal inversions and keep CO levels from increasing 

substantially. Nonetheless, compared to the low CO morning, 8 hour average CO 

concentrations of the following morning are up to 300 percent higher. Cold fronts 

increase atmospheric ventilation which then results in extremely low CO concentrations; 

subsequently, post-cold front conditions ofifer less ventilation and permit CO 

concentrations to increase. 
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CHAPTER 5: DEVELOPMENT AND EVALUATION OF CO FORECASTING 

MODELS 

This portion of the study incorporates results presented in the previous chapters 

with the goal of predicting CO concentrations successfully. Most modeling studies have 

concentrated on developing models that predict either average daily or daily maximum CO 

concentrations (Aron and Aron 1978, Jakeman et al. 1991, McCollister et al. 1975, Tiao 

et al. 1975). In this study, several models are developed to predict hourly CO 

concentrations, evening delta T values, and early morning 8 hour average CO 

concentrations. A total of 55 multivariate linear regression models are produced. In 

combination, these models predict the 3 AM 8 hour average CO concentration at the three 

air quality monitoring stations. As stated previously, the highest 8 hour average CO 

concentrations have occurred historically at 3 AM. Thus, a multi-model approach is 

employed m the prediction of a single value, the 3 AM 8 hour average CO concentration. 

Multivariate linear regression models are used to predict 3 AM 8 hour average CO 

concentrations. The models afford the development of separate hourly models (8 PM to 3 

AM) and the eventual averaging of the outputs from the hourly models to produce the 3 

AM 8 hour average CO concentration. The eventual 3 AM 8 hour average CO 

concentration is to be used as a partial input in the estimation of early morning 8 hour 

average CO concentrations. This infonnation will be valuable to an air pollution 

forecaster. In essence, a forecaster should use the predicted 3 AM 8 hour average CO 

concentration as a base before applying his/her knowledge of the local meteorology to 
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making the decision as to whether or not the national S hour average CO standard will be 

exceeded. 

Models that predict hourly and 8 hour average CO concentrations as well as a 

model that predicts the 11 PM delta T value are created. The CO models use lagged CO 

concentrations, atmospheric variables, generalized inversion situations, and typical 10 PM 

CO concentrations as predictor variables. These variables were selected based on 

availability to the forecaster, for he/she must estimate an early morning CO concentration 

by 10 AM of the previous day (e.g., a prediction of an 8 hour average concentration on 

Wednesday morning must be made using observed values prior to 10 AM of Tuesday as 

well as predicted values for Tuesday afternoon/evening and Wednesday morning). 

Therefore, observed atmospheric and CO concentrations of the previous evening (i.e. 10 

PM), the early morning (i.e. 5 AM), mid-morning (i.e. 9 AM), and predicted atmospheric 

values for the evening (i.e. 11 PM) and next morning are used as predictor variables. 

Preliminary regression analyses revealed the importance of nighttime atmospheric 

ventilation variables (i.e. 11 PM wind speed and 11 PM delta T) in the prediction of 

hourly CO concentrations. Forecasters have access to external predictions of 11 PM wind 

speeds at Sky Harbor Airport, while a separate regression model is developed to predict 

11 PM delta T values. To use the models, a forecaster must have access to observed 

meteorological values, actual CO concentrations, and predicted values of the evening's 

wind speeds and inversion strength. 



153 

To avoid the assumption constraints of maximum likelihood estimation (MLE), 

ordinary least squares (OLS) is the method used to minimise the sum of the squared 

residuals (SSR) for each model. The models are developed strictly for operational (e.g., 

forecasting), not for inferential (e.g., relationships among the covariates), purposes. Even 

though the coefi&cient of determination is not used for inferential purposes, it is used as a 

preliminary indicator of utility, for each regression model places a best-fit line through the 

data values to increase the coeflBcient of determination. Therefore, for each covariate 

employed in each of the 55 models, an optimal coefBcient is found that minimizes the SSR 

and increases the amount of variance in the data that is explained by the model. 

5.1 Model Development 

All models are developed using only three seasons of data (1990/1991, 1991/1992, 

and 1992/1993) because an important variable, delta T, is only available for these three 

winter seasons. The 55 models are characterized as follows: Model A (8 models for 

Station 0016, 8 models for Station 0019, and 8 models for Station 3002); Model B (8 

models for Station 0016, 8 models for Station 0019, and 8 models for Station 3002); 

Model C (1 model for each station). Model D (1 model for each station). Delta T Model 

(1 model for Station 0019). Model A is the base model (8 hourly models) that does not 

use the predicted 11 PM delta T value fi-om the delta T model as one of its covariates. 

Model B (8 hourly models) uses the predicted 11 PM delta T value as a covariate, thus it 

is an enhanced base model. Models C and D predict high and low 3 AM 8 hour average 
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CO concentrations, respectively. The Delta T Model predicts the 11 PM delta T value at 

Station 0019. In the prediction of the 3 AM 8 hour average CO concentration, most of 

these models are utilized. 

5.1.1 Description of Variables 

Model variables are generalized variables, observed atmospheric variables, 

observed CO concentrations, and predicted atmospheric variables. Predictor variables are 

selected from a pool of 31 variables; subsequently, 3, 11, 14, and 3 variables represent the 

generalized, observed atmospheric, observed CO, and predicted atmospheric variable 

categories, respectively. 

5.1.1.1 Generalized Variables 

The three variables that represent typical situations are the CO Index, the time of 

inversion formation, and the presence of a particular near-surface synoptic-scale pressure 

pattern. Based on five seasons of hourly CO concentrations at 10 PM (typically, the hour 

with the highest hourly CO concentrations), the CO Index reveals the typical 

concentration that one might expect at 10 PM on a particular day of the week during a 

certain week at Station 0016 (e.g., 10 PM on a Friday during the fifth week of the winter 

season) (Table 5.1). Using the average 10 PM value for each week of the winter 

season and then multiplying this value by a factor unique to each day of the week, the CO 

Index was created. According to the index, the highest 10 PM CO concentrations should 
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TableS.l: Generalized 10 PM CO concentrations at Station 0016 for d^ofthe weeks on every 
week of the winter seasoa This table is known as the CO Ind^ 

1(10/1 to 10/7) 2 (10/8 to 10/14) 3 (10/15 to 10/21) 4 (10/22 to 10/28) 6 (10/29 to 11/4) 
Sunday 3.82 4.35 4.10 4.32 4.21 
Monday 4J0 4.90 4.61 4.87 4.74 
Tuesday 4.65 5.29 4.99 5.26 5.13 
Wednesday 4.53 5.15 4.86 5.12 459 
Thursday 4.34 4.94 4.66 451 4.79 
Friday 4.69 5.33 5.02 550 5.16 
Saturday 457 5.20 4.90 5.17 5.04 

6(11/5 to11/11) 7 (11/12 to 11/18) 8 (11/19 to 11/25) 9 (11/26 to 12/2) 10 (12/3 to 12/9) 
Sunday 4.61 4.88 4.33 5.00 556 
Monday 5.19 550 4.88 5.64 6.03 
Tuesday 5.61 5.95 5.28 6.09 6.52 
Wednesday 5.46 5.79 5.14 553 655 
Thursday 524 555 433 5.69 6.09 
Friday 5.65 5.99 532 6.14 657 
Saturday 551 5.84 5.18 558 6.40 

11 (12/10 to 12/16) 12(12M7to12a3) 13(12a4to12n0) 14(12/31 to 1/6) 15 (1/7 to 1/13) 
Sunday 4.88 4.03 4.14 4.13 4.37 
Monday 550 454 4.67 4.65 453 
Tuesday 555 4.90 5.05 5.03 5.33 
Wednesday 5.79 4.78 4.91 4.90 5.19 
Thursday 5.55 4.58 4.71 4.69 4.97 
Friday 5.99 4.94 5.08 5.06 556 
Saturday 5.84 4.82 4.96 454 5.23 

16 (1/14 to 1/20) 17 (1/21 to 1/27) 18 (1/28 to 2/3) 19 (2/4 to 2/10) 20 (2/11 to 2/17) 
Sunday 4.25 4.66 4.09 3.84 2.91 
Monday 4.79 5.25 4.60 4.32 3.28 
Tuesday 5.18 5.68 437 4.67 355 
Wednesday 5.04 553 4.84 4.55 3.45 
Thursday 4.83 5.30 4.64 456 351 
Friday 522 5.72 5.01 4.71 357 
Saturday 5.09 558 4.89 459 3.48 

21 (2/18 to 2/24) 22 (2^5 to 2/28) 
Sunday 3.12 3.22 
Monday 351 3.63 
Tuesday 3.80 3.92 
Wednesday 3.70 3.82 
Thursday 3.55 3.66 
Friday 3.83 3.95 
Saturday 3.73 3.85 
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occur during the first week of December, thus it places emphasis on time periods when 

exceedances are most likely. 

The time of inversion formation (corresponding generally to Figure 3.12) is the 

average hour when the low level nocturnal inversion forms. Using three season's worth of 

delta T data, the average hour for each two week interval of the winter season is 

calculated. Times of inversion formation at Station 0019 are listed in Table 5.2. 

Finally, the presence of an 850 millibar pressure pattern. Synoptic Type 3, over the 

Southwest is used as a dummy variable in many of the models (Figure 5.1). For a further 

discussion of this and other pressure patterns, refer to Comrie's An all-season climatology 

of air pollution in the U.S.-Mexican border region (Comrie 1996). Out of six synoptic-

scale patterns, this pattern (characterized by light surface winds) is associated with the 

highest daily maximum CO concentrations in central Phoenix. This synoptic type is similar 

to several of the patterns associated with high CO days presented in the previous chapter 

(Chapter 4). 

5.1.1.2 Observed Atmospheric Variables 

The eleven observed atmospheric variables are as follows; 1)9 AM delta T, 2) 9 

AM atmospheric pressure, 3) 9 AM wind speed (all three air quality monitoring stations), 

4) previous 10 PM delta T, 5) 5 AM delta T, 6) 8 AM atmospheric pressure, 7) 8 AM 
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Table 5.2; Typical times of low level inversion formation at Station 0019. Times (e.g., 
5:30 PM equals 17.5) are given for two and four week intervals throughout the winter season. 

Weeks of 
Winter Season 

Hour of 
Day 

1 and 2 (10/1 to 10/16) 17.58 

3 and 4 (10/17 to 10/31) 17.33 

5 and 6 (11/1 to 11/15) 17.08 

7throuah 10 (11/17 to 12/16) 16.92 

11 and 12 (12/17 to 12/31) 17.08 

13 and 14 (1/1 to 1/16) 17.42 

15 and 16 (1/17 to 1/31) 17.5 

17 and 18 (2/1 to 2/14) 17.75 

19 and 20 (2/15 to 2/28) 18.08 
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Figure 5.1: Synoptic Type 3, an 850 mb pressure pattern, that is conducive to high CO 
levels. This pattern is one of six climatologically characteristic patterns (850 mb) 
generated for the U.S.-Mexico border region. 

1510 

1510 

Source: Comrie 1996 
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temperature, 8) 8 AM dew point temperature, and 9) 8 AM relative humidity. All of these 

values are available to a forecaster before 10 AM of the forecast day and represent the 

persistence of certain atmospheric conditions. The 9 AM delta T value is recorded at 

Station 0019 while the 9 AM atmospheric pressure value is recorded at Sky Harbor 

Airport; both values are the latest possible values that the forecaster can obtain. The three 

9 AM wind speed values are recorded at each of the three air quality monitoring stations 

and are the latest possible actual Avind speed values that the forecaster can obtain. Based 

on typical situations, the previous 10 PM delta T value represents the maximum strength 

of the previous evening's inversion. Another inversion value, 5 AM delta T, is included 

as a compromise between the previous 10 PM delta T and the 9 AM delta T values; in 

addition, it is one of the last possible delta T values recorded before sunrise and the 

subsequent destruction of the nocturnal inversion. 

The final four variables are used in the prediction of the 11 PM delta T value and 

all are recorded at Sky Harbor Airport. 8 AM atmospheric pressure, 8 AM temperature, 8 

AM dew point temperature, and 8 AM relative humidity are four atmospheric variables 

that are some of the latest that a forecaster can obtain, and these values are usually 

associated with the latest occurrence of positive delta T values. Thus, 8 AM instead of 9 

AM was chosen because inversion conditions are usually present at this hour. 
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5.1.1.3 Observed CO Concentrations and Day of Week 

The fourteen variables in this category are mostly interaction terms and dummy 

variables. The variables are as follows: 1) 9 AM CO * Weekday (all three stations), 2) 5 

AM CO (all three stations), 3) Previous 10 PM CO (all three stations), 4) Previous 10 PM 

CO * Sunday (all three stations), 5) Mid-week dummy variable, and 6) Friday dummy 

variable. All of these values are available to a forecaster before 10 AM of the forecast 

day. 

The two interaction terms (9 AM CO * Weekday and Previous 10 PM CO * 

Sunday) allow antecedent CO concentrations to be used only if the forecast day is a 

certain day of the week. For the 9 AM CO interaction term, the variable is activated only 

if the forecast day is a weekday. Weekdays tend to have two peaks in hourly CO 

concentrations (e.g., 8 AM and 10 PM), thus this term relates the nighttime CO 

concentration to the one that occurs during the morning rush hour. Since, during the 

weekend, traffic is more evenly distributed and the two rush hours are not present, it is felt 

that the 9 AM CO concentration would not be a useful predictor of nighttime CO 

concentrations. The previous 10 PM CO interaction term is activated if the forecast day is 

a Sunday. Of all days, Sunday has the lowest while Saturday has one of the highest 

nighttime CO levels. Consequently, not having the previous 10 PM CO concentration in 

an interaction term would probably inflate Sunday's predicted nighttime CO 
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concentrations. Indicating that the forecast day is a Sunday reduces the predicted 

nighttime CO concentrations and the potential for false predictions of high values. 

The two unaltered antecedent CO variables, 5 AM CO concentration and previous 

10 PM CO concentration, are the pre-moming rush hour CO concentration and the 

evening's maximum CO concentration, respectively. Some of the lowest traffic levels 

occur at 5 AM, thus this hour's CO concentration is affected substantially by the 

prevailing atmospheric conditions. It represents the CO level that occurs during the 

inversion when motor vehicle traflBc is at a minimum. Typically, an evening's highest CO 

concentrations occur at 10 PM, thus the previous day's nighttime CO peak is used as a 

predictor of the forecast day's nighttime CO concentrations. 

The two dummy variables, mid-week and Friday, are employed to highlight 

Tuesday through Thursday and Friday, respectively. These variables are relatively 

unimportant, for out of the hundreds of covariates employed in the models, each dunmiy 

variable occurs only once. Nonetheless, these variables should highlight days with a 

tendency to have high 3 AM 8 hour average CO concentrations (e.g., if Friday is 

activated, the predicted 3 AM 8 hour average CO concentration will be increased). 

5.1.1.4 Predicted Atmospheric Variables 

The three predicted atmospheric variables are daily temperature range, 11 PM 

wind speed, and 11 PM delta T. The daily temperature range is the predicted high 

temperature of the forecast day minus the predicted low temperature of the next day. 
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These values are available from the National Weather Service. This temperature range is 

related to the overall strength of the nocturnal inversion (i.e. large temperature ranges are 

linked to strong inversions). As previously mentioned, the 11 PM wind speed and 11 PM 

delta T are important predictors of nighttime CO concentrations; in addition, the wind 

speed prediction and a deha T prediction are available from an external source and the 

Delta T Model, respectively. 

5.1.2 Model Creation 

Using the suite of variables in Tables 5.3 to 5.6, each station's models are created 

by using those variables that apply directly to that station (e.g., 9 AM wind speed at 

Station 0016) as well as delta T, Sky Harbor Airport, and generalized variables. To 

introduce flexibility in the models (e.g., account for curvilinear relationships), the 

maximum number of interaction/quadratic terms are produced. Thus, sometimes over 60 

variables are used in the preliminary development of a particular model. 

If regressions were to be run using the entire set of variables (including interaction 

and quadratic terms), multi-collinearity problems would exist. Therefore, stepwise 

regression is used to reduce the list of potential variables down to the most statistically 

significant covariates. Although it has been stressed that the models are strictly 

operational, stepwise regression does involve inferential procedures such as / tests to 

determine which variables are significant at a specified a level. This iterative screening 

procedure assists in producing models that contain less than 20 covariates. However, 



Table 5.3; Generalized variables and the symbols their corresponding symbols. The symbols can be found in the 
coefficient/covariate tables. 

Symbol Variable 
M CO Index (Station 0016) 
R Time of Inversion Formation (Station 0019) (Uses inversion formation times sheet) 

D Synoptic Type 3 (Applies to forecast days that have a Type 3 850 mb pressure pattern) 

Table 5.4; Observed atmospheric variables and their corresponding symbols. The symbols can be found in coefficient/covariate 
tables. 

Symbol Variable 
A 9 AM Delta T (Station 0019) 
B 9 AM Atmospheric Pressure (Skv Harbor) 
H 9 AM Windspeed (Station 0016) 
1 9 AM Windspeed (Station 0019) 
J 9 AM Windspeed (Station 3002) 
K Previous 10 PM Delta T (Station 0019) 
L 5 AM Delta T (Station 0019) 
A3 8 AM Atmospheric Pressure at Skv Harbor 
A4 8 AM Temperature at Sky Harbor 
A5 8 AM Dew Point Temperature at Sky Harbor 
A6 8 AM Relative Humidity at Sky Harbor 



Table 5.5; Observed CO concentrations/day of week variables and their corresponding symbols. Symbols can be found in the 
coefficient /covariate tables. 

Symbol Variable 
E (9 AM CO) * Weekday (Station 0016) (Applies to forecast days that are weekdays) 

F (9 AM CO) * Weekday (Station 0019) (Applies to forecast days that are weekdays) 

G (9 AM CO) * Weekday (Station 3002) (Applies to forecast days that are weekdays) 

N 5 AM CO (Station 0016) 
0 5 AM CO (Station 0019) 
P 5 AM CO (Station 3002) 
S Previous 10 PM CO ( Station 0016) 
T Previous 10 PM CO ( Station 0019) 
U Previous 10 PM CO ( Station 3002) 
X Previous 10 PM CO * Sunday (Station 0016) (Applies to forecast days that are Sundays) 

Y Previous 10 PM CO * Sunday (Station 0019) (Applies to forecast days that are Sundays) 

Z Previous 10 PM CO * Sunday (Station 3002) (Applies to forecast days that are Sundays) 

A1 (dummy variable that highlights forecast days that 
are Tuesdays, Wednesdays, or Thursdays) 

AA2 (dummy variable that highlights forecast days that are 
Fridays) 

Table 5.6; Predicted atmospheric variables and their corresponding symbols. Symbols can be found in coefficient/covariate tables. 

Symbol Variable 
C Temperature Range (Sky Harbor) 

(high temp, of forecast day minus low temp, of next day) 
Q 11 PM Windspeed (Sky Harbor) 
V Predicted 11 PM Delta T (Station 0019) 

OS 
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stepwise regression is not a perfect procedure, for the probability is high that one or more 

errors have been made in including or excluding variables (Mendenhall and Sincich 1996). 

It is highly probable that some important covariates have not been included in the models; 

nonetheless, stepwise regression provides an objective way of retaining many, but perhaps 

not all, of the most important covariates. 

5.1.2.1 Model A 

Model A is the base model that does not use the predicted 11 PM delta T value as 

or part of a covariate. Since each air quality monitoring station has eight hourly models, 

there are 24 "A" type models. Focusing on one station, each of the eight hourly models 

(10 PM to 3 AM) predicts an hourly CO concentration and the average of the eight hourly 

concentrations becomes the predicted 8 hour average CO concentration at 3 AM. Instead 

of using one model to predict the early morning CO concentration, employing eight 

models reduces the possibility of the predicted early morning concentration being either a 

significant over- or under prediction of the actual concentration. In addition, if one of the 

models happens to produce extremely erroneous results, the other seven predicted values 

should smooth-out the error. Consequently, the predicted 3 AM 8 hour average CO 

concentration is a composite of hourly predictions, and, theoretically, it should be more 

robust than one that is generated by a single 8 hour average model. 
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5.1.2.2 Delta T Model 

The Delta T Model predicts the 11 PM delta T value at Station 0019. Since the 

forecasts must be made by 10 AM, the actual 11 PM delta T value is not available to the 

forecaster. This is an important value, for it provides some information regarding the 

stability of the evening/early morning lower atmosphere. 11 PM was chosen because 

interpolated forecasts of surface wind speeds are available for this hour; in addition, it is 

near the times of maximum inversion strength (9 and 10 PM). This covariate is included 

in all of the "B" type models, thus it has been found to be an important covariate. 

5.1.2.3 Model B 

Model B is an enhanced version of Model A, for it contains the predicted 11 PM 

delta T value as a covariate. However, increased error is possible due to the introduction 

of a predicted covariate. Evening delta T values are important indicators of atmospheric 

stability; therefore, they are an integral component of any model that attempts to predict 

early morning CO concentrations. Model B is essentially an alternative to Model A and is 

not considered the "better" model. 

5.1.2.4 Model C 

Model C is an additional model that is to be used only if the predicted 3 AM 8 

hour average CO concentration from either Model A or B is greater than a threshold 
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value. The threshold value represents the 75th percentile of all 3 AM 8 hour average CO 

concentrations, thus Model C is used only if the predicted value falls within the top 25 

percent of all the values. Since complete linear regression models focus on medium values 

and poorly predict upper- and lower-end values, a special model (Model C) is created that 

is regressed on the top 25 percent of all 3 AM 8 hour average CO concentrations. The 

75th percentile is chosen because this provides the analyses with over one hundred 

observed cases. If the predicted concentration from either of the base models exceeds 5.9, 

4.6, or 4 ppm at Stations 0016, 0019, and 3002, respectively, then Model C should be 

applied to the station(s) with a threshold exceedance. This model should determine the 

predicted CO concentration more precisely than Model A or B alone. 

5.1.2.5 Model D 

Model D is sunilar to Model C; however, instead of focusing on high CO levels, it 

is used in conjimction with low CO levels. It is employed only if the predicted 3 AM 8 

hour average CO concentration from either Model A or B is m the 25th percentile of all 3 

AM 8 hour average CO concentrations. The 25th percentile is chosen because this 

provides the analyses with over one hundred cases. If the predicted concentrations from 

Stations 0016, 0019, or 3002 are below 2.00, 1.40, or 1.42 ppm, respectively, then Model 

D is used to forecast the low concentrations more accurately. Models C and D were 

generated due to linear regression models' tendency to forecast upper- and lower-end 

events inaccurately. 
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Every constant, covariate, and coefiBcient for each model is listed in Tables 5.7 to 

5.10. By referring to Tables 5.3 to 5.6, one can determine what variables the symbols 

represents. Most of the covariates are interaction/squared terms and are denoted in a 

particular way (e.g., BM = 9 AM atmospheric pressure multiplied by CO Index (value 

found in the CO index); Q2 = 11 PM Sky Harbor wind speed squared). To summarize, 

each of the three air quality monitoring stations has 18 models while there is a single delta 

T model whose predicted 11 PM delta T values are incorporated into all of the "B" type 

models. This covariate is usually found as part of an interaction term. 

5.2 Model Evaluation 

To understand how well the models predict particular values, they must be 

evaluated objectively. The assortment of CO models and the delta T model were not 

developed with the goal of explaining ultimately the certain relationships between the 

covariates (e.g., the 10 PM CO concentration increases as the 5 AM delta T value 

decreases, the 9 AM pressure increases, and the 9 AM CO concentration increases). In 

addition to not focusing on the coefficients for the particular covariates, the evaluation 

deviates from a discussion of the coefficient of determination (R^), since this value is not 

"consistently related to the accuracy of prediction (WiUmott 1982, 1312)." Even though 

the coeflBcient of determination is listed in tables associated with the model evaluation 

procedure, it does not serve as the only indicator of operational utility. 



Table 5.7: Coefficients and covariates for Station 0016's models (Models A, B, C, and D). 

Sta/ion 0016: MaddA 
Hour 20 

Variable CoefTicient 
Hour21 

Variable CoefTicient 
Hour 21 

Variable Coeflicienl 
Hour 13 

Variable CoefTicien 
Hour 14 

Variable CoefTicient 
Hourl 

Variable CoefTicienl 
Hourl 

Variable Coeflicienl 
Hour) 

Variable Coeflicienl 
CONSTANT .«9.563 CONSTANT -78.26 CONSTANT -54.971 CONSTANT •48.555 CONSTANT •44.883 CONSTANT •86.709 CONSTANT •87.284 CONSTANT -100.85 
B 0.091 B 0.08 B 0.058 B 0.052 B 0.048 B 0.088 B 0.089 B 0.102 
H2 .0.023 H2 -0.03 H2 -0.031 H2 -0.026 H2 •0.019 0 •0.408 N 0.157 0 •0.325 
0 -0.0157 0 -0.242 0 -0.35 0 -0.401 0 •0.402 02 0.01 0 •0.367 02 0.01 
CM 001 CM 001 CM 0.012 CM 0.012 CM 0.011 AD •0.641 02 0.01 CH •0.004 
DK 014 DK 0.192 DK 0.228 DK 0.305 DK 0.213 CM 0017 AC •0.005 CM 0.0)4 
DO 0.022 DO 0.229 DO 0.267 DO 0.265 DO 0.318 CN •0.009 CH •0.005 OB 0.163 
EM 0.022 BM 0.021 EM 0.02 BM 0.013 BM 0.013 DN 0.399 CM 0.015 EL •0.014 
HN 0.032 HN 0.044 HN 0.06 HN 0.053 HN 0.028 HM -0.017 DN 0.335 KL 0.042 
KL 0.037 KL 0.046 KL 0.041 KL 0.04 KL 0.038 KL 0.06 KL 0.045 LN 0.034 
Station 0016: hlodtlB 
Hour 20 

Variable Cocflicicnl 
Hour 21 

Variable Coeflicient 
Hour 11 

Variable Coeflicienl 
Hour 23 

Variable Coefltcien 
Hour 24 

Variable Coeflicienl 
Hourl 

Variable CbcfncienI 
Hourl 

Variable Coeflicienl 
Hour 3 

Variable Coeflicienl 
CONSTANT 27.54 CONSTANT 20.991 CONSTANT I9.I CONSTANT 16.732 CONSTANT 14.563 CONSTANT 12.493 CONSTANT 12.382 CONSTANT 12.803 
B 0.131 B 0.123 B 0.107 B 0.064 B 0.072 B 0.103 R •0.546 R •0.605 
H2 J).0I9 H2 -0.022 H2 -0.018 H2 -0.016 H2 •0.012 D 1.573 0 •0.294 0 •0.153 
D -1.22 D -1.051 D -I.IOI D -0.646 D •0.14 K2 0.043 XK •0.029 XK •0.032 
K2 0.014 K2 0.018 K2 0021 K2 0.024 K2 0.02 R -0.541 V 0.762 V 0.71 
R -1.43 R •1.024 R -0.873 R -0.719 R •0.609 0 •0.308 CH •0.008 CH •0.004 
0 -0.157 0 -0.308 0 -0.471 0 -0.519 0 •0.544 SX 0.037 HO 0.024 ED 0.192 
02 0.001 02 0.008 02 0.014 02 0.014 02 0.019 XK -0.076 SL 0.038 BL •0.016 
SX 0.033 SX 0.041 SX 0.052 SX 0.045 SX 0.029 V 0.495 CO •0.006 SL 0.032 
XK -0.04 XK -0.055 XK •0.079 XK •0.073 XK •0.047 ES 0.022 CL •0.016 CO -0.009 
DK 0.306 DK 0.32 DK 0.336 DK 0.346 DK 0.184 EK -0.051 CN 0.006 CL -0.011 
DO 0.2 DO 0.389 DO 0.466 DO 0.406 DO 0.417 CH -0.012 DO 0.177 CN 0.004 
V 0.398 V 0.466 V 0.467 V 0.442 V 0.436 HQ 0.031 DN 0.282 02 0.015 
Station 0016: Model C Station 0016: UodtlD LO -0.029 02 0.015 
i AM 8 Hour Avg. 

Variable CoefTicient 
JAM 8  Hour  Avg,  

Variable Coeflicienl 
CONSTANT 10.106 CONSTAN 1.403 
A1 4)326 H2 -0.014 
EO -ooie 02 -0.002 
EV 0.02 V -0.078 
NR ^.089 M 0.025 
MR ^.037 EV 0.022 
DO 0.IS6 EL 0.048 
NS 0.031 CL -0.009 
MN 0.264 

*0̂  
a\ vo 



Table 5.8: Coefllcients and covariates for Station 0019's models (Models A, B, C, and D). 

StathnOOIf: M0MA 
ItoarSO 

Variabit Coeffidcnt 

Hour 21 

VvnbU Cofffldenl 

Hour 22 

Vwiablt Cotffidoil 

Hour 23 

Vviabla Co«fBdeni 

Hour 24 

VariaUt Coeffidcni 

Hour 1 

Variable CoefRdeni 

Hour 2 

Variable Cotflldent 

Hours 

Variable Coefndcm 

CONSTANT 1̂129 CONSTANT .75.12 CONSTANT -66.909 CONSTANT .68.94 CONSTANT .73.516 CONSTANT .101.878 CONSTANT .96.909 CONSTANT .97.056 

B 0.063 B 0.076 B 0.075 B 0.077 B 0.08 B 0.101 B 0.105 B 0.097 

CL 0.008 a 0.011 CL 0.024 CL 0.024 a 0.025 a 0.005 a 0.022 MO .0.032 

LO -0023 LO .0.03S LO .0.028 LO -0.033 LO -0.037 LO .0.023 LO -0.026 cr 0.002 
MO -0.024 MO .0.029 MO -0.04 MO -0.049 MO .0.05 MO -0.05 MO .0.043 CM O.OU 

CT 0.009 CT 0.01 DO 0.184 DO 0.233 DO 0.211 CT 0.006 CT 0.007 CO 0.013 

KT .̂037 KT -0.025 CT 0.009 CT 0.008 CT 0.006 BM 0.001 DO 0.255 DO 0.181 

FT 0.093 FT 0.155 KT .0.025 KT -0.014 KT 0.002 DO 0.243 R2 .0.034 00 -0.042 

I -0.238 1 .0.30] LR -0.017 LR -0.015 LR .0.016 KL 0.033 

12 0.045 12 0.049 R2 .0.023 R2 -0.02 R2 -0.014 

FM 0.062 FM 0.076 A2 0.074 A2 0.058 A3 0.037 

MO -0.017 MO .0.018 FT 0.251 FT 0.282 FT 0.26 

FO 0.0) FO 0.015 DY .0.481 DY -0.429 DY .0.431 

FR -0.018 FR -0.023 

BM 0.0001826 

SfShn00l9: AUdtiB 
Hour 20 

Varitbto CMfRdnil 

Hooril 

VoiabU CotfAcUnl 

Ho«r 22 

VviabU CotfAdcni 

Hour 23 

VaUblt CoafficUnl 

Hour 24 

VariaibU Coef&cUm 

Hourl 

VariaUa CoafAdnii 

Hour 2 

VariiliU CoafAdenI 

Hour 3 

VvUbU Coerndtm 
CONSTANT -46.78 CONSTANT -48.761 CONSTANT 1.851 CONSTANT 1.994 CONSTANT 2.048 CONSTANT .45.354 CONSTANT 1396 CONSTANT .31677 

a 0.007 LO .0.023 a 0.008 LO -0.023 LO .0.026 LO .0.03 FT 0.003 MO .0.031 

LQ -0.028 MO .0.019 LQ .0.031 MO -0.038 MO <«.04 MO .0.041 DV 0.217 FT -0.021 

DO 0.207 KT .0.023 DO 0.19 FT 0.306 CF .0.011 B 0.047 OV 0.146 B 0.034 

KT -0.026 FT 0.162 CT 0.009 CF -0.008 FM 0.067 MT 0 025 TV 0.013 DV 0.24 

R2 -0.017 B 0.05 KT -0.026 FM 0.06 DV 0.287 DV 0.225 0 4)J76 OV 0.075 
FT 0.278 CF -0.02 FT 0.196 MT 0.034 KV 0.043 KV 0.034 02 0.015 TV 0.005 

B 0.053 FM 0.086 V 0J64 BV 0.001 MY .0.023 QY 0.023 OV -0.035 
CF -0.012 FO 4).018 CF .0.027 F2 -0.009 MV 0.074 CO .0.031 LO -0.017 

FM 0.065 FV 0.038 FM O.OM LO -0.023 MV 0.077 

OR -0.004 LT 0.039 FV 0.061 MV 0.077 Y -0.114 

OT 0.03 MT 0.025 OR 4>.008 Y 4). 18 
QT 0.033 C2 0.006 BO 0.0004711 

BO •0.001 CK .0.009 

C2 0.004 CR .0.007 

cx -0.004 

CM -0.013 

CO -0.011 

cv 0.007 

SUtUn00l9: hUMC StatUn00t9: MtMD 
SAM! Hoar Arg. 

Vsiibla CocfRdtnt 

S AMtHoarAvg. 

Vviablt CMfBdtni 

CONSTANT 1Z196 CONSTAN .1.58372 

R -0.428 D 0.68338 

AF -0.016 FO 0.00712 

IL 0.17 FM .0.01006 

OT 0.099 BO -0.00007 

RT -002s BR 0.00016 
CO 0.007 BV 0.00005 

10 -0.295 

10 -0.116 

KT 0.119 



Table 5.9: Coefficients and covariates for Station 3002's models (Models A, B, C, and D). 

StaHtnSOOJ: M0MA 
Hour 20 

Variable CoefRcient 

Hour 21 

Varfabia CoafTidcnl 

Hour 22 

Variabla CoefRdeni 

Hour 23 

Variabla Coeflldatil 

Hoar24 

Variabla Coeffldcnt 

Hour 1 

Variabla Coaffldtni 

Hour 2 

Variabla Coaffidanl 

Hoori 

Vsiabia Coaffidam 

CONSTANT •41974 Coiiftant •67.058 ConitanI •33012 ConManl •23.618 Constant 4.212 Conitant •63.055 Conitani 1.498 ConatanI •83.684 

B 0.(M3 B 0.068 B 0.034 CM 0.039 C2 0.007 0 •0.224 K •0.227 K •0.063 

CM 0.012 C2 0.005 CM 0.021 DO 0.003 MO •0.087 B 0.076 C2 0.002 12 0.005 

DO 0.114 CL 0.007 DO 0J79 CL •0.044 OU •0.017 A •0.233 02 •0.037 L2 0.018 

a 0.007 OU *0.069 CL 0.007 MO •0.011 IR •0.008 R •0.639 12 0.009 MO •0.021 

MO 0̂03 IR •0.005 MO •0.029 CU 0.018 DO 0.3M AO 0.03 00 •0.036 CM 0008 

cu 0.009 DO 0.158 CU 0.008 m 0.385 AD 1.403 PO •0.015 KO 0.025 PU 0.059 

DZ >0.107 AD IJ49 DZ •0.362 CO 1.752 LU 0.033 PR 0.015 MO •0.034 PZ •0.0478 

JR •0.003 U 0.472 JR •0.006 AD 0.028 0 •0.947 PU 0.065 PO •0.028 OL •0.019 

CO *0.007 CR .̂008 CO •0.01) Q2 0.015 PZ •0.057 CD •0.019 OM 0.059 

AD 0.927 AD 1.471 CR •0.01 IP •0.068 00 •0.033 

AL •0.062 PR 0.008 MP 0.045 DL •0.157 

QM 0.198 PU 0.072 B 0.083 

9M • III 

SMtsnSOOi: MtdtIB 
Hoar 20 

VariabU CocfRdenl 

Hoor21 

Variabla Cotffldenl 

Hour 22 

Variabla CoafBdail 

Hoar 23 

Variabla CoafBdam 

Hour 24 

Variabla CoafBdcitf 

Hourl 

Varî a Coaffidanl 

Hour 2 

VariabU Coaffidanl 

Hour 3 

VviabU CoafAdani 

CONSTAHT •50.18 CONSTANT 5.456 CONSTANT 1J07 CONSTANT ZllS CONSTANT 153 CONSTANT 0.498 CONSTANT 0.72 CONSTANT •43374 

B 0.061 OU •0.055 OU •0.079 MO •0.039 MO 4>.m C2 0.004 C2 0.003 B 0.044 

C •0.141 U 0.404 DZ •0J59 QU •0.036 OU •0.022 IR •0.005 IR -om a •0.02 

C2 0.00s DK 0.095 IR •0.007 CM 0.01 IR •o.on CO •0.007 CO •0.006 LV 0.079 

ou •0.038 MV 0.104 U 0.481 IR •0.013 DO 0.304 AL 0.158 lU 0.026 MV 0.075 

CO .0.0S6 R2 •0.015 DO 0J37 DO 0301 AD 1.05 V 1359 V 0.903 GM 0.047 

U 0.278 AD 1.45 AD l.t23 lU 0.02 CV •0.082 CV •0.082 P 0.156 

DO 0.262 AV •0.069 AK •0.068 LU •0.079 OV •0.089 MV 0.068 0 •0.03 

AO 0.103 MV 0.113 ru 0.028 CV •0.014 V2 0.291 V2 0.249 00 •0.043 

OK 0.219 LU •0.032 UV 0.098 OM 0.089 AR •0.014 

KV 0.033 UV 0.072 V2 0.15 L •0.294 OM 0.032 

R2 •0.031 V2 O.Ml PR 0.008 A •0.701 IP •0.119 

OM 0.019 PR 0.009 OM 0.156 OU 0.017 KL •0.049 

00 •0.028 0 •0.635 MP 0.013 P 0.208 

OR 0.006 00 •0.021 00 •0.037 OU 0.018 

00 •0.027 

Staa0it3OOJ: M0MC StttlsnSOOJ: M0MD 
S AM f Hour Avf. 

Vviable Coeffldenl 

JAM! Hour Avg. 

Vviable Coeffident 

CONSTANT 7.032 CONSTA 0.91203 

02 0.052 02 -0.00283 

K2 0054 Al •0.02358 

V2 0.172 BV 0.00012 

AO •0.109 00 0.01317 

AK 0.058 OU •0.025)3 

BM •0.001 

01 0.102 

KJ 0.033 

)0 •0.122 

KP 0.013 

BV •0.001 

OV •0.061 

KV •0.121 

MV 0.22 

ZV .0.0}| 

AA2 0323 

BO 0.0001703 
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Table 5.10: Coefficients and covariates for Delta T Model. Model predicts the 11 PM 
delta T value at Station 0019. 

11 PM Delta T 

Variable Coefficient 

CONSTANT -68.15 

L2 -0.041 

Q2 -0.015 

C 0.283 

CL 0.024 

A3 0.067 

QA4 -0.001 

CA4 -0.003 

LA5 0.019 

LA6 -0.015 
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Even if I were interested in inferences associated with the regression analyses, 

these would not be possible as a result of the error terms not satisfying certain 

assumptions. Mendenhall and Sincich (1996) state that when hypotheses regarding a 

regression coefficient or a set of regression coefficients are tested, it must be assumed that 

the error terms are independent and normally distributed with a mean of zero, and the 

variance is constant (homoscedastic). Any violation of these assumptions results in a loss 

of explanation potential. 

By graphically plotting the residuals, the models' inaccuracies are revealed. 

Figures 5.2 to 5.3 demonstrate that the error term does not have constant variance for all 

levels of the independent variables. These plots reveal heteroscedasticity. The models 

violate the constant variance assumption, thus testing hypotheses regarding p parameters 

may not be valid. 

To facilitate a complete evaluation of the operational utility of the models, a range 

of difference measures are employed in the model evaluation process. Difference 

measures are better suited to quantitative performance evaluation than are measures of 

correlation (Fox 1981). Most of the difference measures are summary statistics that 

reflect the aggregate of forecast errors. Suggested by Willmott (1981), nine important 

values for model evaluation are as follows: 1) average predicted value, 2) average 

observed value, 3) mean bias error (MBE), 4) standard deviation of predicted values, 5) 

standard deviation of observed values, 6) root mean squared error (RMSE), 7) mean 



Figure 5.2; Scatter plot of residuals vs. predicted values from Model B at Station 0016. As predicted values increase, 
residuals also increase. Heteroscadicity is revealed. 
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Figure 5.3: Scatter plot of residuals vs. predicted values from Model BCD at Station 0016. 
overpredict borderline high CO values and underpredict borderline low CO values. 
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absolute error (MAE), 8) index of agreement (Di), and 9) the proportion of mean squared 

error that is systematic in nature (MSE. /MSE). 

The first five statistics describe the relationship between predicted and observed 

averages and standard deviations. The mean bias error is the average predicted value 

minus the average observed value, thus it provides a general value regarding the 

overprediction (positive MBE) and xmderprediction (negative MBE) of the models. The 

standard deviation of predicted and observed values describe the variance of the values; 

consequently, a best-fit line causes predicted values to have less variance than observed 

values. 

The final four statistics are measures of model accuracy. MAE is the average 

absolute difference betv/een predicted and observed values. RMSE is related to MAE; 

however, it involves the squaring of differences before totaling the squared differences, 

finding the mean, and then calculating the square root of the mean. RMSE weights 

extreme differences more heavily than MAE does, and, since these differences are squared, 

RMSE tends to be larger than MAE. RMSE can be thought of as a more conservative 

estimate of model accuracy; however, both statistics are useful in determining, generally, 

how close predicted values are to observed values. The index of agreement (Di) is a 

dimensionless measure of the degree to which a model's predictions are error-fi-ee 

(Willmott 1981). It ranges fi^om 0.0 (complete disagreement between predicted and 

observed values) to 1.0 (perfect agreement between predicted and observed values). The 

proportion of systematic mean squared error (MSE,) to mean squared error (MSE) 
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measures the proportion of model error that is systematic. The proportion of error that is 

unsystematic is simply 1 - (MSE, /MSE). Systematic error is error that is model-derived 

while unsystematic error cannot be reduced and represents the natural variability of the 

data. 

Operational modeling goals involve minimizing the MBE, RMSE, MAE, and 

(MSE, /MSE) while having Di as close to 1.0 as possible. In the following subsections, 

di£ferent models are compared using the aforementioned assortment of difference 

measures. 

5.2.1 Model A vs. Model B 

Comparing the two base models allows one to determine the relative usefiihiess of 

the predicted covariate (11 PM delta T) in the "B" type models. Table 5.11 lists all of the 

model evaluation statistics associated with Models A, B, ACD, and BCD. 

At Station 0016, the two models are similar with respect to RMSE and MAE 

(both have predicted values that are usually within 1.3 ppm of the actual value); however, 

they differ with respect to MBE, Di, and MSE, /MSE. Model A overpredicts and Model 

B underpredicts 3 AM 8 hour average CO concentrations, but they have similar indices of 

agreement (Di = 0.63). Model B has a lower proportion of systematic error (0.34 

compared to 0.47). Consequently, Station 0016's Model B is a better predictor of CO 

concentrations than is Model A; nonetheless, since approximately 1/3 to 1/2 of the error is 

model-oriented, both models have room for improvement. 



Table 5.11; Model evaluation statistics for the Delta T Model and all three stations' base and complete models. 
At all stations. Models ACD and BCD are more accurate than Models A and B. 

Station UU16 
Average Average S.D. S. D. MSEs/ 

Adj. Pred. Value Obs. Value MBE (pred. values) (obs. values) RMSE MAE D, MSE 
Model A 0.56 4.53 4.18 0.34 1.70 2.28 1.52 1.23 0.63 0.47 
Model B 0.58 3.86 4.18 -0.32 1.92 2.28 1.75 1.29 0.63 0.34 
Model ACD 0.82 4.37 4.08 0.28 2.40 2.41 1.04 0.79 0.80 0.10 
Model BCD 0.83 4.18 4.07 0.11 2.34 2.36 0.97 0.77 0.81 0.08 
Station 0019 

Average Average S.D. S. D. MSEs/  
Adj. Pred. Value Obs. Value MBE (pred. values) (obs. values) RMSE MAE D, MSE 

Model A 0.55 4.10 3.04 1.06 2.11 1.94 2.00 1.48 0.56 0.36 
Model B 0.58 3.72 3.04 0.68 1.96 1.94 1.76 1.33 0.59 0.29 
Model ACD 0.84 3.11 2.91 0.20 1.98 1.97 0.80 0.59 0.81 0.08 
Model BCD 0.85 2.92 3.18 -0.26 1.96 1.97 0.73 0.56 0.83 0.04 
Station 3002 

Average Average S.D. S. D. MSEs/  

Adj. R^ Pred. Value Obs. Value MBE (pred. values) (obs. values) RMSE MAE Di MSE 
Model A 0.67 2.77 2.81 -0.03 1.37 1.70 0.95 0.72 0.71 0.34 
Model B 0.74 2.84 2.81 0.04 1.42 1.89 0.86 0.65 0.74 0.29 
Model ACD 0.83 2.89 2.98 -0.09 1.75 1.84 0.72 0.55 0.86 0.12 
Model BCD 0.85 2.82 3.00 -0.18 1.75 1.89 0.71 0.53 0.83 0.13 

Average Average S.D. S. D. MSEs/ 
Adj. R' Pred. Value Obs. Value MBE (pred. values) (obs. values) RMSE MAE D, MSE 

Delta T Model 1 0.56 2.87 3.25 -0.37 1.73 2.42 1.58 1.24 0.64 0.52 
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At Station 0019, the two models have similar model evaluation results. Both 

models overpredict slightly and have predictions that are generally within 1.5 ppm of the 

actual CO concentrations. In addition, the models' indices of agreement are greater than 

0.50. Model B is slightly better than Model A, but, as with Station 0016, Station 0019's 

base models also have room for improvement (1/3 of error is model-oriented). 

At Station 3002, the two models are similar Avith respect to all of the statistics and 

have predictions that are within approximately 0.7 ppm of the actual CO concentrations. 

Model B has more agreement (Di = 0.75) and less systematic error (MSE, /MSE = 0.42) 

than Model A (Di = 0.71, MSE, /MSB = 0.71). Both models are superior to their 

counterparts at the other stations which is a reflection of the relative ease of CO prediction 

at Station 3002. Station 3002's Model B is the best overall base model probably due to 

less variable CO concentrations. 

5.2.2 Model C vs. Models A and B 

Model C is a specialty model that focuses on the prediction of upper-end CO 

concentrations. Therefore, it is worth knowing whether or not this model is better at 

forecasting high concentrations than the base models are. Model evaluation statistics are 

presented in Table 5.12. 

At Station 0016, the application of Model C halves the MAE that resuhs from the 

use of the base models. As the MAE decreases, the index of agreement value (Di) 

increases. In fact, the degree to which the models are error-free increases by 



Table 5.12; Model evaluation statistics for the specialty models and parts of the base models. The specialty models predict high 
and low values more accurately than do the base models. 

Top 25% Bottom 25% 
Station 0016 Station 0016 

Adj.R^ RMSE MAE Di Adj. R^ RMSE MAE Di 
Model A 0.20 1.55 1.29 0.39 Model A 0.10 1.91 1.54 0,26 
Model B 0.14 1.84 1.55 0.35 Model B 0.21 1.60 1.34 0.28 
Model C 0.44 0.76 0.60 0.57 Model D 0.26 0.50 0.40 0.45 
Station 0019 Station 0019 

Adj. RMSE MAE Di Adj. R^ RMSE MAE Di 
Model A 0.32 1.43 1.21 0.10 Model A 0.08 1.61 1.29 0.21 
Model B 0.30 1.76 1.57 0.32 Model B 0.11 1.23 0.92 0.29 
Model C 0.62 0.52 0.43 0.68 Model D 0.33 0.27 0.22 0.50 
Station 3002 Station 3002 

Adj. RMSE MAE Di Adj. R  ̂ RMSE MAE Di 
Model A 0.32 1.39 1.14 0.42 Model A 0.12 1.02 0.74 0.30 
Model B 0.37 1.22 0.96 0.47 Model B 0.26 0.84 0.64 0.31 
Model C 0.70 0.99 0.81 0.59 Model D 0.41 0.24 0.18 0.62 
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approximately 60 percent. Regarding high 3 AM 8 hr average CO concentrations. Model 

C is a genuine improvement over the base models. 

At Station 0019, Model C is also an improvement over the base models. Its MAE 

is one-third that of the base models while its index of agreement is approximately 200 

percent greater than that of the base models. As expected, high CO forecasts are 

improved tremendously with the addition of Model C, because it only uses data from the 

top 25 percent of the CO concentrations and thus better captures the variance in the data. 

At Station 3002, Model C does not have as substantial an impact on forecasted 

concentrations as it had at the other two stations, for Station 3002 has fewer extreme CO 

concentrations. Nonetheless, its index of agreement increases from approximately 0.45 to 

0.59 while its MAE decreased slightly from 0.96 to 0.81. Overall, Model C is a useful 

alternative to the use of the base models for predicting high CO concentrations. 

5.2.3 Model D vs. Models A and B 

Even though Model D is not especially crucial in the forecasting of high CO 

concentrations, it is intriguing to know the extent to which the prediction of low CO 

concentrations can be improved. At every station, the degree to which the models are 

error-free approximately doubles when Model D is substituted for the base models. The 

MAE decreases by between 70 to 80 percent with the incorporation of Model D. Model 

D has the same relative effect on forecasting accuracy that Model C has, for both tend to 

decrease the MAE and increase the index of agreement substantially. 
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By comparing the results from the base models and the specialty models, the 

shortcomings of the base models are revealed. One example of the disparity between the 

models is illustrated by the improvement of the high CO forecasting accuracy at Station 

0019 when Model C (Di = 0.68) is used in addition to the relatively dismal Model A (Di = 

0.10). Generating additional models that predict high and low CO concentrations is 

certainly a useful operational exercise. 

5.2.4 Models ACD and BCD vs. Models A and B 

Models ACD and BCD are combined models that use the supplemental predictions 

from Models C and D to hopefully increase the predictive power of the base models. 

Predicted values from Models C and D are substituted for base model predictions if those 

predictions fall within the top 25 percent and bottom 25 percent of 3 AM 8 hour average 

CO concentrations, respectively. Even without examining the model evaluation statistics 

thoroughly, by inspecting scatter plots of observed vs. predicted CO concentrations, one 

can determine subjectively that the combined models produce more accurate predictions 

than do the base models (Figures 5.4 and 5.5). This qualitative improvement in model 

accuracy is due to the incorporation of the two specialty models. Models ACD and BCD 

predict high CO values with Model C (i.e. Model A and Model B predictions are in the 

75th percentile) and low CO values with Model D (i.e. Model A and Model B predictions 

are in the 25th percentile); subsequently, all values that are neither high nor low are 



Figure 5.4: Scatter plot of observed vs. predicted values from Model B at Station 0016. In general, this model overpredicts 
low and underpredicts high CO concentrations. 
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Figure 5.5; Scatter plot of observed vs. predicted values from Model BCD at Station 0016. Using the specialty models, this 
model accurately predicts high and low CO concentrations. 
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predicted entirely by the base models (i.e. Model A and Model B predictions lie between 

the 25th and 75th percentile). 

At Station 0016, Models ACD and BCD improve the CO predictions remarkably 

(Table 5.11). The MAE drops from nearly 1.30 ppm to less than 0.8 ppm while the 

proportion of systematic mean squared error to mean squared error is reduced to less than 

10 percent. In addition, Di increases from 0.63 to 0.80, thus the models become more 

error-free. On average, the advanced models also slightly overpredict CO concentrations. 

With over 90 percent of the error due to the natural variability (1 - (MSE, /MSE)) of CO 

(refer to Hanna 1982) and the final prediction within 0.80 ppm of the actual CO 

concentration, the combined models are a definite improvement over the base models. 

The combined models at Stations 0019 and 3002 have nearly the same 

improvement over the base models as those at Station 0016 (Table 5.11). At Station 

0019, Di increases from approximately 0.6 to 0.85 and the proportion of MSE, to MSE 

decreases from approximately 30 percent to less than 10 percent. At Station 3002, Di 

increases from approximately 0.75 to 0.85 and the proportion of MSE, to MSE decreases 

from over 40 percent to slightly more than 10 percent. At both stations, the advanced 

models have an MAE between 0.5 and 0.6 ppm. The biggest improvement over the base 

models occurs at Station 0019, for the MAE is reduced by approximately 60 percent, the 

index of agreement (Di) is increased by over 40 percent, and the proportion of MSE» to 

MSE is reduced by over 80 percent. When used in conjunction with the base models, the 
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Specialty models increase the models' predictive power dramatically and therefore produce 

more reliable results. 

5.2.5 Model ACD vs. Model BCD 

The combined models have been shown to be better than the base models; 

however, a comparison of the two combined models (ACD and BCD) has not been made. 

It was discovered earlier that Model B is usually a better predictor of CO concentrations 

than is Model A. 

The model evaluation statistics reveal a close similarity between Models ACD and 

BCD at all three stations (Table 5.11). Between the models, the proportion of MSE, to 

MSE differs by less than five percent and the MAE differs by less than 0.05 ppm while the 

indexes of agreement are essentially equal. Even though Model BCD is slightly better 

than Model ACD, the error associated with a predicted covariate (11 PM delta T) may not 

justify its usage alone. Since both models perform similarly and are different in structure, 

it seems convenient to use both of them to cross-check the final CO predictions. Two 

differently developed models that have similar predictive abilities are more usefiil to a 

forecaster than a single model. 

Through the development of base and specialty models, variations in predictive 

abilities have been noted. Fusing together both types of models produces the most 

accurate predictions of 3 AM 8 hour average CO concentrations. These combined models 

have low proportions of systematic error, thus it would be reasonably difficult to improve 



them; however, the models are far from being perfect and represent one of many possible 

permutations of available CO predictors. Most of the error in the advanced models results 

from the natural variability (unsystematic mean squared error) of the CO concentrations; 

therefore, for constant given wind speed, wind direction, stability and source emissions, 

observed hourly concentrations can be expected to vary from hour to hour (Hanna 1982). 

This "natural" error cannot be controlled, thus increasing this error to more than 90 

percent of the total error, as most of the advanced models do, indicates that the models 

are well-developed and have nearly all of the CO determining factors imbedded in them. 
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CHAPTER 6: SUMMARY AND CONCLUSIONS 

To facilitate a thorough examination of ambient wintertime CO concentrations in 

central Phoenix, this thesis has followed several objectives. Understanding the basic 

relationships between traffic levels, atmospheric factors, and eventual CO concentrations 

was the primary research objective. In addition, synoptic climatology was used to 

describe and explain near-surface pressure patterns that are associated with high and low 

CO concentrations. The final objective involved the development of a reliable and 

accurate CO forecasting model for central Phoenk. 

This thesis has examined three important components intrinsic to the 

understanding of air pollution in a particular area. Exploratory analyses along with 

inferential statistics were used initially to discern the diurnal behavior of CO 

concentrations, traffic levels, and the many atmospheric factors that affect the pollutant's 

eventual concentration. In addition, a CO climatology was established for central 

Phoenbc. Consequently, typical atmospheric conditions that precede, occur during, and 

immediately follow high and low CO mornings throughout the winter season were 

uncovered. Finally, CO forecasting models, based on prior analyses, were developed and 

subsequently evaluated. 

Results from the study revealed several important points. By concentrating mainly 

on the diurnal behavior of factors affecting CO concentrations and through extensive 

graphing, the temporal occurrence of certain CO concentrations are understood better. 

Several major resuhs are as follows: 
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• The highest hourly CO concentrations occur between 10 PM and midnight on Friday 

night due to the combination of commuter and leisure traffic. 

• Low level inversions are strongest between 9 PM and 11 PM. 

• The first three weeks of December have the highest number of exceedances of the 

national ambient air quality standard of 9 ppm for 8 hour average CO concentrations. 

• The high fi-equency of exceedances in December is a result of a relatively early forming 

nocturnal radiation inversion (usually prior to 5 PM) and intensified evening traffic 

levels. 

• Evening (7 PM to 11 PM) traffic levels during the first three weeks of December are 

up to 18 percent higher than those during the rest of the season and are up to 30 

percent higher than evening traffic levels during the two shoulder weeks. 

• Ventilation factors (deha T and wind speed) are the two most important atmospheric 

variables affecting CO concentrations. 

• A synoptic-scale atmospheric feature conducive to high CO concentrations is a surface 

anticylone centered over the Four Comers area. The westward side of the anticylone 

generates light winds and strong inversions before an influx of warmer and relatively 

unstable southeasterly air ventilates the Phoenix area. 

• Synoptic-scale atmospheric features conducive to low CO concentrations are a cold 

fi-ont and trough. These two features create well-ventilated conditions while the rapid 

movement of the cold fi-ont and the occurrence of higher atmospheric pressures cause 

CO concentrations to increase substantially within a day of the cold fi-ont passage. 
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• The use of eight hourly models and the incorporation of two specialty models (one for 

high and one for low 8 hour average CO concentrations) produces accurate results. 

• Using a predicted value of an hourly evening delta T value increases the predictive 

power of a CO forecasting model. 

• Composite models (comprised of base and specialty models) substantially improved 

the prediction of 3 AM 8 hour average CO concentrations. 

• Using several model evaluation statistics allows for thorough comparisons of 

forecasting models. Some statistics that prove useful in determining the models' 

accuracy and overall error characteristics are the mean absolute error (MAE), root 

mean squared error (RMSE), the index of agreement (Di), and the proportion of mean 

squared error (MSB) that is systematic (MSE,). 

These results are highlights of the study and represent the basic analyses of trafBc/ 

climatology/CO concentrations, the compositing analyses, and the development/evaluation 

of forecasting models. 

Phoenix's CO situation is a product of typical traffic patterns and atmospheric 

ventilation. The timing and magnitude of CO emissions vary over the course of a typical 

week. Monday through Thursday have peak traflfic levels in the morning, usually before 

the destruction of the low level inversion, thus the maximum hourly CO concentrations for 

these days coincides with the morning rush hour. Due to high levels of commuter and 

leisure traflBc occurring after the formation of the low level inversion, Friday evening 

usually has the highest hourly CO concentrations. The weekend has peak traffic levels 
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during the period of maximum atmospheric mixing (i.e. afternoon); therefore, apart from 

the early morning hours, Saturday and Sunday have relatively impotent hourly CO 

concentrations. In fact, CO concentrations and traffic levels are typically inversely related 

on the weekends. 

Early forming and long-lasting inversions coupled with high evening (7 PM to 11 

PM) traffic levels result in a high nimiber exceedances of the national CO standard (8 hour 

average) to occur during early and mid-December. These high traffic levels are 

presumably related to Christmas shopping journeys. 

By concentrating only on atmospheric conditions, an environment-to-cu-culation 

synoptic classification revealed the typical near-surface pressure patterns that are present 

before, during, and after high and low CO mornings for each winter month. The high CO 

mornings are characterized by light winds and strong inversions (i.e. anticyclonic 

conditions) while the low CO mornings are characterized by relatively strong winds and a 

weak inversion (i.e. storm activity). 

Phoenix's wintertime atmospheric conditions are relatively stable and, when 

coupled with persistent katabatic drainage fi-om proximate highland areas, keep CO 

emissions from the many motor vehicles close to the surface and in contact with humans. 

Predicting potentially harmful CO concentrations is of utmost importance to an air 

pollution forecaster. Therefore, this thesis has analyzed traffic levels, atmospheric 

conditions, and CO concentrations on several temporal scales to provide forecasters with 

critical CO information. Using the information gained in the analyses, many accurate 
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operational models were developed to provide forecasters with a CO value that should 

serve as a base for final predictions. 
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APPENDIX A: SEQUENCES OF 850 MB MAPS FOR SELECTED WINTER 
MONTHS 



Figure A1: Sequence of 850 mb composite maps associated with high CO mornings in October. Day t is the day that possesses 
the atmospheric conditions that are conducive to high 8 hour average CO concentrations during the next morning. The 
sequence begins on day t-2 and ends on day /+1. 
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Figure A2: Sequence of 850 mb composite maps associated with high CO mornings in December. Day t is the day that 
possesses the atmospheric conditions that are conducive to high 8 hour average CO concentrations during the next morning. 
The sequence begins on day t-2 and ends on day /+1. 
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Figure A3; Sequence of 8S0 mb composite maps associated with high CO mornings in January. Day i is the day that possesses 
the atmospheric conditions that are conducive to high 8 hour average CO concentrations during the next morning. The 
sequence begins on day t-2 and ends on day /+1. 
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Figure A4; Sequence of 8S0 mb composite maps associated with low CO mornings in October. Day t is the day that possesses 
the atmospheric conditions that are conducive to low 8 hour average CO concentrations during the next morning. The sequence 
begins on day t-2 and ends on day /+1. 
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Figure A5: Sequence of 850 mb composite maps associated with low CO mornings in November. Day / is the December day 
that possesses the atmospheric conditions that are conducive to low 8 hour average CO concentrations during the next morning. 
The sequence begins on day t-2 and ends on day /+1. 
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Figure A6: Sequence of 850 mb composite maps associated with low CO mornings in December. Day t is the day that 
possesses the atmospheric conditions that are conducive to low 8 hour average CO concentrations during the next morning. 
The sequence begins on day t-1 and ends on day /+1. 
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Figure A7: Sequence of 850 mb composite maps associated with low CO mornings in January. Day t is the day that possesses 
the atmospheric conditions that are conducive to low 8 hour average CO concentrations during the next morning. The sequence 
begins on day /-2 and ends on day /+1. 
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Figure A8: Sequence of 850 mb composite maps associated with low CO mornings in February. Day t is the day that possesses 
the atmospheric conditions that are conducive to low 8 hour average CO concentrations during the next morning. The sequence 
begins on day t-2 and ends on day /+1. 
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APPENDIX B: FORMULAS FOR MODEL EVALUATION STATISTICS 



N 

1) Mean Bias Error (MBE): N"̂  S(Pi-Oi); Pi=predicted value 
Oi=observed value 

N 

2) Root Mean Squared Error (RMSE): [N-' I(Pi-Oi)T'-' 
i=l 

N 

3) Mean Absolute Error (MAE): N"^ ZlPi-Oi| 
i=l 

N N 

4) Index of Agreement (Di): 
i=l i=l 

(d is greater than or equal to 0 and less than or equal to 1) 

Pi = Pi-0" 

0i'=0i-0" 

N 

5) Mean Squared Error; N"^ Z(Pi-Oi)^ 
i=l 

N 

6) Systematic Mean Squared Error (MSEs): N*^ S(Pi-Oi)^ 
i=l 

A 

Pi = a + bOi 

7) Proportion of mean squared error that is systematic (MSEs/MSE): 

N N 

[N-'S(Pi-Oi)V N-'S(Pi-Oi)'] 
i=l i=l 

8) MSE = MSEs + MSEu 
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