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ABSTRACT: High concentrations of lower atmospheric ozone can adversely affect the health of
humans, plants, and animals. Over the past decade, unhealthy levels of ozone across the Phoenix, Arizona (USA) urban area have been a focus of attention for the United States Environmental Protection
Agency (EPA) and local government agencies. As ozone concentrations exceeding the standard set
forth by the EPA occur in a preferred location within the Phoenix metropolitan area (eastern suburb of
Mesa), it has become important to gain an understanding of the mechanisms that transport ozone
within Phoenix and its suburbs. The objective of the study that is presented here was to examine the
climatic factors that contributed to the spatial distribution of lower atmospheric ozone across the eastern portion of the Phoenix metropolitan area in mid-to-late summer 1998. Microclimatic and synopticscale atmospheric contributors were linked to the mesoscale transport of ozone. Forty-three study days
were stratified into 3 categories: high ozone days (exceeded the EPA standard), moderate ozone days
(approached the EPA standard), and low ozone days. Eleven days of high ozone were differentiated
from the days of the remaining 2 categories by an atmosphere containing less water vapor, and therefore a greater surface receipt of insolation. This is not surprising given the fact that ozone production is
a photochemical process. However, the movement of the lower atmospheric ozone is also an important
issue. The results of the study suggest that the drier atmosphere and resultant high insolation at the surface were associated with a proximal area of high pressure aloft. Taken together, the result was warmer
ground surface and overlying air temperatures, light winds, an apparent lack of turbulent lower atmospheric mixing, and light southwesterly winds at 850 mb that advected little moisture into the area.
Associated with the light synoptic flow and warm surface condition on days of high ozone was a wind
regime that appears to be the product of a mesoscale thermodynamic circulation. The daytime flow on
high ozone days became directed upslope toward the higher elevations of the eastern Phoenix Valley.
Embedded within the flow was a plume of high ozone concentrations that extended from an urban area
of high ground traffic eastward into the eastern suburb of Mesa. Conversely, moderate and low ozone
days were associated with an eastward displacement of high pressure aloft, greater advection of lowlevel moisture from the south and southeast, smaller insolation receipt, less surface heating, and a
much less organized movement of lower atmospheric ozone than on high ozone days.
KEY WORDS: Ozone transport · Thermal circulation · Scale interactions · Phoenix, AZ

1. INTRODUCTION
The combustion of petroleum and oil by ground
vehicles and aircraft, along with industrial by-products, often produce significant amounts of atmospheric
*E-mail: andrew.w.ellis@asu.edu
© Inter-Research 2000

pollution across large urban centers. As with the classic example of Los Angeles, California (USA), the
transport of pollution away from some urban areas is
restricted by the surrounding topography. When a
weak background synoptic circulation combines with
valley air temperature inversions and the surrounding
orographic blockade, the result is often the lack of a
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Fig. 1. The elevation (a) that is associated with the Phoenix
Valley, Arizona, within which is located the Phoenix metropolitan area (b). Elevation values are in meters. The location
of the metropolitan area (b) is indicated on the elevation map
(a). The location (D) of the Falcon Field Regional Airport
within Mesa is located on each map

significant transport of lower atmospheric pollutants
away from the urban center (Berman et al. 1995, Lu &
Turco 1995).
Phoenix, Arizona (USA), is similar to Los Angeles in
that the metropolitan area is rather densely populated,
is experiencing a rapid population growth, and is situated in an arid environment of complex topography
(Gammon et al. 1981), whereby the urban center is
nearly surrounded by significantly higher terrain
(Fig. 1a). Due to characteristic terrain features and a
consistent lack of a strong synoptic background circulation, the Phoenix urban area is thought to be subject
to a year-round predominant thermodynamically driven mesoscale atmospheric circulation (Sellers & Hill
1974, Davis & Gay 1993). Despite the low wind speeds
that characterize the Phoenix area (Sellers & Hill 1974),

it is likely that the mesoscale circulation is capable of
transporting atmospheric contaminants. In terms of
human health, one of the more dangerous pollutants
circulated about the Phoenix Valley is ozone.
Ozone is produced naturally through a photochemical process in which ultraviolet radiation disassociates
natural nitrogen dioxide (NO2) into nitrogen oxide
(NO) and atomic oxygen (O). Atomic oxygen can then
combine with molecular oxygen (O2) to produce ozone
(O3). Ozone also reacts with artificial NO to produce
NO2, which goes into the photochemical cycle to form
a positive feedback loop. Likewise, the anthropogenic
contribution of NO2 through the high-temperature
combustion of fuel dramatically increases the production of ozone. As a product of a photochemical process,
it is clear that ozone concentrations typically possess a
distinct diurnal pattern, much like that of the ozoneinduced smog within Los Angeles.
High daytime concentrations of lower atmospheric
ozone can adversely affect the health of humans,
plants, and animals (Berman et al. 1995, Lacroix &
Lambre 1998, Gold et al. 1999). The predominant
human symptoms of exposure to unhealthy levels of
ozone are reduction in lung function, chest pain, and
coughing, while prolonged exposure may lead to respiratory infection and lung inflammation. Portions of
the human population that are most at risk are children
(prolonged exposure) and the elderly (enhancement of
pre-existing respiratory diseases). Long-term exposure
may lead to irreversible changes in lung structure and
chronic respiratory illnesses.
Unhealthy levels of lower atmospheric ozone across
the Phoenix urban area have been a focus of attention
for the United States Environmental Protection Agency
(EPA) over the past decade. Traditionally, the EPA has
categorized low-level ozone as dangerous if the concentration exceeds 0.12 parts per million (ppm) over
the course of 1 h. Phoenix failed to meet the healthbased 1 h air quality standard by the Clean Air Act
deadline of November 15, 1996 (US EPA 1998). As a
result, the EPA reclassified the Phoenix metropolitan
ozone nonattainment area from ‘moderate’ to ‘serious’.
In 1997, the EPA revised the federal ozone standard
from 0.12 ppm averaged over 1 h to 0.08 ppm averaged
over 8 h (US EPA 1998). Phoenix ozone levels have
remained fairly stable over the past few years despite
rapid population growth. Still, lower atmospheric
ozone levels are often unhealthy, with the highest
concentrations consistently located over the eastern
portion of the Phoenix urban area across Mesa, Arizona (Fig. 1b), during the summer months (US EPA
1998).
Although aerosol dispersion has been modeled (e.g.
Oke 1973, Arnfield 1982, Berman et al. 1995, Loibi
1997), there has been a lack of studies that have
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focused upon analyzing the actual transport of ozone
(e.g. Comrie 1996), in which case model concerns
about maintaining particulate integrity is not a problem (McRae et al. 1982). Several studies have used statistical analyses to identify associations between synoptic-scale circulation regimes and general pollutant
concentrations within particular urban areas (Kalkstein & Corrigan 1986, Davis & Kalkstein 1990, Davis &
Rogers 1992, Davis & Gay 1993, Comrie 1996). However, few studies have attempted to stratify the transport of ozone by the condition of the atmosphere on
varying spatial scales. This is despite the fact that several studies of atmospheric circulation have indicated
the significance of energy exchanges between synoptic-, meso- and microscale systems (Rowson & Colucci
1992, McCollum et al. 1995, Douglas & Li 1996, Rodwell & Hoskins 1996).
Due to high ozone concentrations and the physical
geography of the region (Fig. 1a), the Phoenix area is
conducive to the study of the relationship between the
transport of lower atmospheric ozone and varying
micro-, meso-, and synoptic-scale atmospheric conditions. Phoenix is particularly appealing as a platform of
study during the late summer season when the southwest monsoon circulation is active (Jurwitz 1953,
Bryson & Lowry 1955, Hales 1974, Carleton 1986, Harrington et al. 1992, Farfan & Zehnder 1994, Adams &
Comrie 1997). The flow of moist air across the Phoenix
area from the south often occurs in surges triggered by
synoptic-scale events (Carleton 1986), resulting in
varying amounts of humidity through time and significant variations in the micro- and mesoscale meteorology of the area.
The objective of the case study that is presented here
was to identify factors governing the transport of lower
atmospheric ozone across the eastern portion of the
Phoenix Valley during mid-to-late summer 1998. Included is the study of the boundary layer climate at a
location within the eastern portion of the Phoenix area,
and its contribution to initiating a thermal mesoscale
circulation capable of transporting ozone. In assessing
the mesoscale transport of ozone, a mesoscale network
of lower atmospheric ozone and meteorological data
for the Phoenix valley area were analyzed. The background synoptic-scale atmospheric situation was
assessed in an attempt to determine its impact on the
concentration of lower atmospheric ozone in the area,
including its influence on the embedded circulation
systems across Phoenix.

2. DATA AND METHODOLOGY
2.1. Microclimatic forcings. The chosen site for the
study is located on the grounds of a regional airport
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(Falcon Field, Mesa; Fig. 1a,b) that supports flight
activity of small aircraft. The surface of the site is characterized by a mixture of short, dry desert grasses and
an exposed clay-sand soil. The particular site was chosen due to its location within an area of consistently
high afternoon ozone readings and because it offered a
study platform with a surrounding wind fetch of at
least 100 m over the same surface type. Therefore,
study of the microclimate of this area is believed to be
reasonably representative of the local area within
which high ozone levels are common.
In order to characterize the lower atmosphere, a
tower for the support of micrometeorological instruments was erected to a height of 6 m. Sensors for measuring air temperature (°C), relative humidity (%), and
wind speed (m s–1) were fixed at logarithmic heights of
0.6, 1.7, and 5.0 m. A wind vane fixed atop the tower
detected wind direction (degrees). Within 10 m of the
tower, a separate, smaller tower was erected to a
height of 1 m. This second tower supported instrumentation for measuring barometric pressure (mb), total
solar radiation (W m–2), reflected solar radiation
(W m–2), net radiation (shortwave and longwave; W
m–2), and surface infrared temperature (°C). All towersupported instruments were leveled and calibrated for
accuracy, and also checked daily for high operational
performance. Within 10 m of the second tower, soil
thermistors for measuring soil temperature (°C) were
buried at depths of 0.01, 0.15, and 0.25 m, while 2 heat
flux transducers for measuring soil heat flux (W m–2)
were buried at depths of 0.03 and 0.14 m. For each
instrument except the wind vane, measurements were
taken at an interval of 5 s, averaged over an interval of
5 min, and recorded to automated dataloggers. Wind
direction measurements were simply recorded at the
end of each 5 min interval. Data acquisition began on
July 11 and ended on September 12.
In coordination with the microclimatic data collection, scientists from the Arizona Department of Environmental Quality (ADEQ) recorded on-site ozone
concentrations using air chemistry analyzers positioned at a height of 6 m. Data were collected at 1 min
intervals and subsequently calculated to 1 h averages
(centered on each half-hour) in order to coincide with
the temporal criterion for EPA evaluation (8 h average
from hourly measurements).
Once the ozone data were collected for the period of
study, the group of study days was stratified into 3 categories based on the daily 8 h average ozone concentration from 11:30 h local standard time (LST) (11:00 to
11:59 h LST average) through 18:30 h LST (18:00 to
18:59 h LST average). The first category, high ozone,
includes days possessing an 8 h average ozone concentration of 0.08 ppm (EPA exceedance level) or
greater. The intermediate category, moderate ozone,
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includes days possessing an 8 h average concentration
of greater than or equal to 0.07 ppm, but less than
0.08 ppm. The final category, low ozone, is composed
of days possessing an 8 h average ozone concentration
of less than 0.07 ppm. Stratifying the days based on an
8 h concentration of 0.07 ppm produced a nearly even
division of the study days. The 0.08 ppm value evenly
divided the upper division and, in essence, distinguished the higher ozone days in terms of whether or
not the EPA standard was exceeded. For each of the 3
categories, a simple composite of the hourly ozone concentrations through a full 24 h period was constructed
by averaging the hourly ozone measurements for each
day that fell into that category. The product was an
hourly diurnal composite of ozone concentration for a
high, a moderate, or a low ozone day at the study site
in Mesa.
Once each day of the study period was qualified as a
high, moderate, or low ozone day, intercomparisons of
the microclimate of the area (as recorded at the study
site) through the course of each type of day were
made. Study of the microclimatic differences included
analysis of: total insolation; net radiation; surface pressure; surface, air, and dew point temperatures (calculated from relative humidity, air temperature, and
surface pressure); wind speed and direction; and lowlevel vertical gradients of temperature and moisture.
Each of the different parameters, except wind direction, were hourly averaged and used to create a diurnal composite for each of the 3 ozone categories. Diurnal intercomparisons were made by calculating the
difference between the hourly composite values associated with each of the 3 ozone categories. Composites
of the hourly wind direction were expressed in terms of
the percentage of measurements for which the wind
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Fig. 2. Locations of the 16 PRISMS meteorological stations (D)
and the 19 ozone monitoring stations ( ) across the Phoenix
metropolitan area

direction fell into each octant (i.e. a wind rose): north,
northeast, east, southeast, south, southwest, west, and
northwest.
In order to quantify the within-category similarity of
the ozone and atmospheric conditions that characterize the days that comprise each ozone category (high,
moderate, low), several statistics were calculated using
daily data from the critical 8 h period 11:00 to 19:00 h
LST. Means, standard deviations, and simple box plots
of the data were constructed in order to show simple
differences between the categories, while unpaired
2-sample t-tests were performed in order to show the
significance of the differences.

2.2. Mesocale circulation
To associate the microclimate of the eastern Phoenix
area with the mesoscale circulation of ozone, the spatial patterns of ozone and meteorological parameters
for the full eastern Phoenix Valley area were analyzed.
Based upon the stratification of days as dictated by the
ozone data collected at the microclimate site, spatial
distributions of diurnal composite values of ozone and
lower atmospheric meteorological parameters were
constructed for high, moderate, and low ozone days. In
addition to the data recorded at the microclimate site,
hourly averaged ozone data were taken as a subset of
larger data sets maintained by ADEQ and the Maricopa County Air Quality Division. The subsequent
data set is composed of a relatively even distribution of
19 stations at which ozone was monitored during the
period of study (Fig. 2). Hourly meteorological data for
the area were taken as a subset of the Phoenix Realtime Instrumentation for Surface Meteorology Studies
(PRISMS) database to form a distribution of 16 stations
across the Phoenix valley (Fig. 2). From each station
and for the period of study, wind speed and wind direction data were extracted for analysis.
Ozone, wind speed, and wind direction data for each
day within each of the 3 ozone categories were
included in a diurnal composite for each station of the
mesoscale network. The hourly composite values were
interpolated to a grid covering the Phoenix Valley.
Over the area, 16 cells represent a 4 × 4 grid that produces a cell resolution of approximately 0.25° longitude by 0.19° latitude, across which the point data was
interpolated using an inverse distance squared technique. Spatial comparisons between the composite values associated with the 3 ozone categories were made.
As with the wind direction data collected at the microclimate site, hourly frequency distributions for each
octant of wind direction were calculated for each
ozone category at each station of the mesoscale network. The predominant wind direction at each hour
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was combined with the hourly average wind speed to
produce a vector of the predominant wind. Differences
between the mesoscale ozone transport and meteorological characteristics associated with the 3 ozone
categories were then analyzed in the context of the
potential contribution made by the characteristic
microclimate of each category.

2.3. Background synoptic circulation
After analyzing the relationships between ozone
concentrations and the condition of the lower atmosphere across the micro- and mesoscales, the background synoptic circulation within which the smaller
climatic forcings were embedded was analyzed. This
portion of the study examined the synoptic circulation
for its contribution to the general level of ozone
concentration and its transport across the Phoenix Valley. Composite maps of 500 mb geopotential height,
850 mb wind direction, wind speed, and specific
humidity were constructed for the high, moderate, and
low ozone categories. The data and software for the
analysis were obtained from the Climate Diagnostics
Center (CDC), which makes use of the National Center
for Environmental Prediction (NCEP) reanalysis data.
Differences between the general patterns associated
with the 3 categories were identified and related to the
associated micro- and mesoscale atmospheric conditions across the Phoenix Valley.

3. RESULTS AND ANALYSIS
3.1. Microclimatic forcings
Over the course of the 64 d study period, the on-site
equipment for analyzing the atmospheric concentration of ozone within Mesa was operational for 43 days
(non-operational from July 28 to August 17). Of the
43 days, 11 days were classified as high ozone days
(EPA exceedance), 10 as moderate ozone days, and 22
as low ozone days. Over the course of the study period
there was no preferred day of the week or preferred
timing within the 2 mo period for either category, but
instead a rather even distribution on all accounts. In
fact, all but 3 of the days that fell in the low ozone category were evenly distributed across the 5 weekdays,
and not on weekends, when automobile use was likely
lessened. Also, as would be expected, the transition
from one ozone category to another on successive days
nearly always included the moderate ozone category.
In other words, rarely (4 occasions) were successive
days classified as one being of high ozone concentration and one of low ozone.

Table 1. Means and standard deviations of the ozone and surface meteorological conditions for the 8 h period used for
daily ozone classification (11:00 to 19:00 h LST). Standard
deviations are given in parentheses. The variables include
ozone (O3; ppm), dew point temperature (Td; °C), total insolation (Qt; Wm–2), surface temperature (Tg; °C), air temperature
(Ta; °C), pressure (P; mb), wind speed (|v |; ms–1), and vertical
gradients (5.0 to 0.6 m) of air temperature (Ta500–Ta60; °C) and
dew point temperature (Td500–Td60; °C)

Variable

High

Moderate

Low

O3
0.088 (0.004) 0.076 (0.003) 0.059 (0.009)
11.00 (3.46)
13.17 (3.36)
14.67 (3.73)
Td
702.1 (109.57) 682.1 (95.93) 572.9 (141.11)
Qt
Tg
56.19 (2.95)
52.96 (3.28)
45.84 (6.94)
41.97 (2.27)
39.14 (2.72)
36.05 (4.00)
Ta
P
960.36 (0.10) 960.93 (0.19) 960.71 (0.41)
|v |
2.87 (0.22)
2.95 (0.51)
3.35 (0.87)
Ta500–Ta60 –1.49 (0.08)
–1.49 (0.16)
–1.24 (0.27)
0.47 (0.31)
0.25 (0.23)
0.18 (0.25)
Td500–Td60

In referencing the general climate of central Arizona
over the course of the study period to long-term climatic averages through the period, surface air temperatures were consistently higher than is typical (+ 0.2 to
1.0°C), as were dew point temperatures (+ 0.5 to 1.0°C).
Likewise, over the course of the study period ozone
values within the Phoenix Valley were near normal
overall, but with fewer federal exceedances than in
previous years.
During the 8 h period 11:00 to 19:00 h LST, the average concentration of ozone on high ozone days during
the study period was 0.012 ppm higher than on moderate ozone days, and was 0.029 ppm higher than on low
ozone days (Table 1). Box plots of the 8 h data from
each day of each category show the within-category
similarity of the ozone concentration (Fig. 3a). The data
for each category is very distinct from those of the others, the significance of which is quantified by an
unpaired 2-sample t-test (Table 2), which indicates this
conclusion with a significance level of 0.001. Diurnal
composites of ozone show maximum concentrations
occurring progressively later in the afternoon as the
8 h ozone average increases from a low ozone day
(13:30 h LST) to a high ozone day (16:30 h LST; Fig. 4a).
As the microclimate site is situated east of the Phoenix
urban center, the later maximum concentration on
high ozone days may be a product of eastward ozone
transport. Therefore, while the maximum ozone concentration is dependent upon insolation, it is likely that
it is also dependent on positive advection of ozone as
well.
In examining the differences between the composites of the microclimates of the 3 ozone categories, it is
apparent that there existed a striking difference in the
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days associated with high and low ozone concentrations. It should be noted that in measuring a variable
such as insolation at a point location, and making use
of a small sample of days, a single anomaly (e.g. a
cumulus cloud) could have had a large impact on the
diurnal composite. However, for each of the 3 ozone
categories, the daytime patterns of the insolation composites were relatively smooth (Fig. 4c).
A primary product of higher amounts of insolation
on high ozone days was an increase in ground surface
temperatures (Table 1). On average, surface temperatures were as much as 11°C warmer between 12:30
and 14:30 h LST on high ozone days rather than low
ozone days (not shown). The difference between surface temperatures on high and moderate ozone days
was smaller (Table 1), with a maximum difference of
approximately 3°C during mid-afternoon (not shown).
The t-test statistics show the differences between the
categories to be meaningful at better than a 0.03 level
(Table 2). Through conduction and convection of
greater amounts of heat from the surface on high
ozone days, overlying surface air temperatures at
1.7 m were highest on days of high ozone (Table 1).
On average, late afternoon (17:30 h LST) surface air

Fig. 3. Box plots of (a) ozone and (b) dew point temperature
for each of the 3 ozone categories during the period 11:00 to
19:00 h LST. The median, 10th, 25th, 75th, and 90th percentiles, and maxima and minima are indicated

Table 2. t value and level of significance for the unpaired
2-sample t-test between the ozone and primary meteorological variables associated with the 3 ozone categories. Variable
abbreviations are the same as for Table 1. *Significance at the
p = 0.05 level
Variable

lower atmospheric (1.7 m) moisture on the days of each
category. Consistently through the diurnal period,
composite values of dew point temperature were 3 to
4°C lower on high ozone days rather than low ozone
days, and 1 to 2°C lower than on moderate ozone days
(Fig. 4b, Table 1). The degree to which the dew point
temperature data of each category (Fig. 3b) are distinct
from those of the other categories is, at minimum, significant at the 0.10 level (Table 2). Additionally, light
convective afternoon rainfall events (all less than
0.5 cm) occurred on 4 days, all of which fell into the
category of low ozone concentration.
The decreased water vapor on days of high ozone
had an expected impact on the amount of insolation
reaching the surface (Table 1), with the midday composite value of insolation higher by approximately
200 W m–2 on high ozone days rather than on low
ozone days (Fig. 4c). Interestingly, insolation was only
slightly larger on high ozone days rather than moderate ozone days (Table 1). Therefore, the degree to
which the insolation data associated with each category are distinct from those of the other categories
(Table 2) is most significant between the groups of

Pair

t

Significance

O3

High-moderate
High-low
Moderate-low

7.717
9.309
4.940

0.001*
0.001*
0.001*

Td

High-moderate
High-low
Moderate-low
High-moderate
High-low
Moderate-low
High-moderate
High-low
Moderate-low

–1.881
–5.163
–3.111
1.953
2.440
1.653
2.518
3.876
2.634

0.093
0.001*
0.012*
0.083
0.037*
0.133
0.033*
0.003*
0.027*

High-moderate
High-low
Moderate-low
High-moderate
High-low
Moderate-low
High-moderate
High-low
Moderate-low

3.183
4.665
2.865
–0.381
–1.013
–0.665
0.314
–1.500
–1.388

0.011*
0.001*
0.019*
0.712
0.335
0.522
0.761
0.164
0.198

High-moderate
High-low
Moderate-low

1.952
2.569
0.779

0.083
0.028*
0.456

Qt

Tg

Ta

|v |

Ta500–Ta60

Td500–Td60
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Fig. 4. Diurnal time series of composite values of ozone and microclimate variables for high, moderate, and low ozone categories.
Variables are (a) ozone, (b) dew point temperature at 1.7 m, (c) total insolation, and (d) wind speed at 1.7 m

temperatures were 6°C higher on high ozone days
rather than low, and 2.5°C higher than on moderate
ozone days (not shown). As with surface temperatures, the differences in the air temperature data associated with the 3 ozone categories are shown to be
important at a significance level of better than 0.05
(Table 2). Warmer surface and air temperatures on
high ozone days resulted in only very small decreases
in afternoon surface pressures (Table 1), with a maximum difference of less than 1 mb between high and
both moderate and low ozone days between 15:30
and 17:30 h LST (not shown).
Taken together, drier air, greater insolation, and
warmer surface and air temperatures could have a
marked effect on thermally induced circulations within
the Phoenix Valley. It is reasonable to think that the
enhanced insolation and warming associated with the
drier atmospheric characteristics of high ozone days
would have been more dramatic on the southwestward
facing slopes of the higher terrain northeast of Phoenix
(Fig. 1a). It is hypothesized that an organized upslope

thermal circulation could aid in the transport of ozone
from the urban center of Phoenix eastward, across the
eastern suburb of Mesa.
Diurnal composites of wind speed for each of the 3
ozone categories (Fig. 4d) show the lower atmosphere
to have been most dynamic on low ozone days, and
most stagnant on high ozone days, until early evening
(18:30 h LST). The differences in wind speed are also
evident in the daytime averages (Table 1), where the
value on low ozone days is 0.48 m s–1 greater than on
high ozone days. Toward sunset, average wind speeds
lessen within the moderate and low ozone categories,
but reach a maximum within the high ozone category
(Fig. 4d). This may be a function of the magnitude of
late-day instability on the very warm days of high
ozone. Interestingly, a secondary peak in wind speed
(22:30 h LST) is evident on high ozone days (Fig. 4d).
This may or may not have been the product of cool air
drainage from the higher terrain after rapid nighttime
cooling of the very dry air associated with high ozone
days. Interestingly, the wind speeds that are character-
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Fig. 5. Wind roses showing the percent frequency of occurrence of wind direction during 3 h periods on days of high ozone.
Periods shown are (a) 09:00–12:00 h LST, (b) 12:00–1500 h LST, (c) 15:00–18:00 h LST, and (d) 18:00–21:00 h LST

istic of each of the 3 ozone categories are not significantly different (Table 2). This is surprising considering that high ozone concentrations are generally
thought to be partially a product of limited lower
atmospheric mixing, and consequently lower wind
speeds.
Further evidence of weaker wind speeds in the lower
atmosphere on high and moderate ozone days lies
within the diurnal composites of temperature and
moisture profiles between the heights of 5.0 and 0.6 m.
The daytime lapse atmosphere was greatest for high
and moderate ozone days, while a daytime moisture
inversion was greatest on high ozone days (Table 1).
This indicates that mixing of the lower atmosphere was
likely to have been less on days of high and/or moder-

ate ozone, which, again, is a key factor in the lower
atmospheric concentration of a gas such as ozone. The
unpaired 2-sample t-test indicates a high level of significance in distinguishing the vertical gradient of dew
point temperature on high ozone days from that on low
ozone days (Table 2). There exists very little significance in distinguishing the vertical gradient of lower
atmospheric air temperature between any of the 3
ozone categories (Table 2).
The diurnal distributions of wind direction for the 3
ozone categories indicate the presence of organized
flow through the microclimate site on days of high and
moderate ozone. Wind roses indicating the percent frequency of wind direction measured at a 5 min interval
through 3 h periods of all of the days in each ozone cat-
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Fig. 6. Wind roses showing the percent frequency of occurrence of wind direction during 3 h periods on days of moderate ozone

egory were analyzed. The wind roses show relatively
variable winds from 00:00 to 09:00 h LST in all 3 categories (not shown). For all 3 categories, high, moderate
and low ozone days, the predominant wind directions
during those early morning hours were northeast and
east. This agrees with the idea of a thermal circulation
within the valley, in that easterly-northeasterly flow
from the higher elevations to the east should be predominant on nights that possess a weak background
synoptic flow. Over the course of the next 3 h period,
09:00 to 12:00 h LST, an average south-southeast wind
direction becomes predominant on high ozone days
(> 75%; Fig. 5a), while only on a moderate frequency
does this directional preference occur on moderate
(Fig. 6a) and low ozone days (Fig. 7a). Between 12:00

and 15:00 h LST, the winds on high and moderate
ozone days showed strong signs of veering through
time. The predominant wind direction became southerly-southwesterly on high ozone days (Fig. 5b), and
southwesterly-westerly on moderate ozone days
(Fig. 6b). On low ozone days the average wind direction remained variable, but typically possessed an
easterly-southeasterly component (Fig. 7b).
During the time period of maximum ozone concentration on high ozone days (15:00 to 18:00 h LST), the
wind direction at the microclimate site was most frequently from the southwest or west on high (Fig. 5c)
and moderate (Fig. 6c) ozone days. The wind direction
on low ozone days during this 3 h time period remained variable, but the direction was predominantly
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Fig. 7. Wind roses showing the percent frequency of occurrence of wind direction during 3 h periods on days of low ozone

southerly-southwesterly (< 40%; Fig. 7c). The veering
pattern of wind direction over time continued during
the early evening hours, as the direction during the
period 18:00 to 21:00 h LST was from the west for
nearly one-half of the observations on high (Fig. 5d)
and moderate ozone days (Fig. 6d). During early
evening on low ozone days, the wind direction was
highly variable but predominantly from the southwest
(Fig. 7d). Over the course of the last 3 h of the diurnal
period (not shown), the direction of the winds associated with each of the 3 ozone categories closely resembled that of the early morning period. Winds were variable, but were predominantly from the northeast and
east. In testing the extent to which the three ozone categories were distinguishable based upon wind direc-

tion over the course of the period 11:00 to 19:00 h LST,
the unpaired 2-sample t-test was performed on the
data used to construct the wind roses (not shown).
Only comparisons of the frequency of westerly winds
between high and moderate ozone categories and the
frequency of southwesterly winds between high and
low ozone categories were significant at better than
the 10% level.
The differences in the average microscale thermal
characteristics of the 3 ozone categories were associated with noticeable differences in the diurnal wind
regimes of high, moderate, and low ozone days. Days
possessing high afternoon ozone concentrations were
characterized by low wind speeds (less mixing) and
veering of the predominant wind through time, from
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southerly-southeasterly in mid-morning, to westerlysouthwesterly in late afternoon and early evening. The
veering of the wind through the day may have been a
product of a thermally induced upslope circulation
toward the higher terrain located east-northeast of
the microclimate site (Fig. 1a). Westerly-southwesterly
winds were most predominant in mid- to late afternoon, when insolation would have been most focused
on the westward facing slopes of the higher terrain.
The diurnal wind regime on moderate ozone days
closely resembled that of high ozone days, although
the veering of the winds through the daytime hours
was somewhat less distinct, and wind speeds were
consistently higher (greater mixing). On days of low
ozone concentrations, the wind direction showed no
strong evidence of veering through the day, but
instead was rather variable. The greatest average wind
speeds were associated with days of low ozone, which
likely produced greater mixing of the lower atmosphere and possibly a greater dispersion of the ozone.

3.2. Mesoscale circulation
Hourly maps of the spatial distribution of lower
atmospheric ozone and vectors of the predominant
wind (predominant wind direction, mean wind speed)
indicate the transport of ozone over the course of a
high, moderate, or low ozone day as stratified by data
from the microclimate site in Mesa. The spatial distribution of lower atmospheric ozone across the eastern
half of the Phoenix urban area was markedly different
on days of low ozone concentrations rather than moderate or high ozone concentrations. Between days of
high and moderate ozone concentrations there were
subtle differences in the temporal pattern of the spatial
distribution of ozone through the critical 8 h period
11:00 to 19:00 h LST.
During the hour 11:00 to 12:00 h LST, the beginning
of what appears to be an ozone plume is evident from
the composite of ozone concentrations on high ozone
days (Fig. 8a). The plume coincided with a generally
light, westerly average wind pattern. The ozone plume
became more evident as ozone concentrations increased through 14:00 h LST, with a maximum centered over Mesa (Fig. 8b,c). Wind speeds increased in
magnitude and a southwesterly component to the wind
direction became slightly more frequent on average.
Not surprisingly, the ozone plume extended eastward
from the general area at which several major roadways
intersect in Tempe (I-10, US 60, Rt. 202, Rt. 101;
Fig. 1b). On days of moderate ozone concentrations,
there existed no strong evidence of an ozone plume
with an east-west axis through the period 11:00 to
14:00 h LST, but rather a maximum concentration of

23

ozone forming over central Mesa (Fig. 9a–c). Wind
speeds were moderately high throughout the period,
and the wind directions across the eastern portion of
the urban area appear to have been slightly less organized than what is shown by the composite for high
ozone days. On days of low ozone concentrations, no
strong spatial pattern of ozone existed on average
(Fig. 10a–c). Wind speeds were relatively high
throughout the period, and the predominant wind
directions approximately mirrored those characteristic
of moderate ozone days — generally west, but not as
uniform as on days of high ozone.
During the 3 h period leading up to and including
the ozone maximum between 16:00 and 17:00 h LST on
high ozone days, the ozone plume expanded into a
large centralized area of high ozone concentrations.
The area of maximum ozone concentration began
to flow northeastward, coinciding with stronger
winds possessing more of a southwesterly component
(Fig. 8d –f). The movement of the ozone was in the
direction of high elevation (Fig. 1a), but locally it followed the Salt River valley (Fig. 1b). After 17:00 h LST
(not shown), the average ozone concentration on high
ozone days became diluted in the general area of its
location between 16:00 and 17:00 h LST, at least within
the Phoenix metropolitan area (no data farther northwest). On days of moderate ozone, the area of maximum ozone concentration during the period 14:00 to
17:00 h LST primarily remained over Mesa, with only a
limited progression to the north-northeast (Fig. 9d –f).
The general flow of the atmosphere across eastern
Phoenix appeared to be slightly more westward than
in the case of high ozone days (southwestward), with
no marked difference in the average wind speed. As
was the case on high ozone days, the maximum area of
ozone concentration on moderate ozone days after
17:00 h LST (not shown) became diluted in the area of
its location between 16:00 and 17:00 h LST. Interestingly, the maximum ozone concentration on moderate
days of ozone across the eastern metropolitan area
occurred 1 to 2 h earlier than on high ozone days, verifying what was found at the microclimate site
(Fig. 4a). Hourly composites of ozone concentration
and predominant wind vectors for days of low ozone
between 14:00 and 17:00 h LST indicate only a weak
pattern of higher ozone concentrations in the northeast
quadrant of the metropolitan area (Fig. 10d –f). Winds
were relatively strong, and a northwest direction became predominant between 16:00 and 17:00 h LST. As
with days of high and moderate ozone, the concentration of ozone after 17:00 h LST (not shown) on low
ozone days retained the earlier spatial pattern, but
lessened in magnitude.
The differences in the spatial distribution of ozone on
high, moderate, and low ozone days may be further ev-
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Fig. 8. Composites of ozone concentrations (ppm) and predominant wind vectors (0.25 cm = 1 m s–1) on days of high ozone from
(a) 11:00–11:59 h LST, (b) 12:00–12:59 h LST, (c) 13:00–13:59 h LST, (d) 14:00–14:59 h LST, (e) 15:00–15:59 h LST, and
(f) 16:00–16:59 h LST

idence of what the microclimatic data suggest in terms
of an involvement of a mesoscale thermal circulation
in the transport of lower atmospheric ozone. The welldefined plume of ozone that westerly-southwesterly
winds subsequently transported along the Salt River

valley toward high terrain during the afternoon hours
on high ozone days is indicative of such a circulation. It
appears that the lower atmospheric winds were slightly
more vigorous and less organized on days of moderate
ozone, and even more so on days of low ozone concen-
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Fig. 9. Composites of ozone concentrations (ppm) and predominant wind vectors (0.25 cm = 1 m s–1) on days of moderate ozone

trations. On days of high ozone, an ozone plume that is
transported by a light, but organized, lower atmospheric circulation could boost ozone concentration levels in the eastern metropolitan area beyond the high
levels already produced by the large amounts of insola-

tion on the very dry days. Such a circulation might be
less organized on the more moist moderate ozone days,
and unorganized on the relatively very moist days of
low ozone, which also possessed wind speeds indicative of a stronger background synoptic circulation.
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Fig. 10. Composites of ozone concentrations (ppm) and predominant wind vectors (0.25 cm = 1 m s–1) on days of low ozone

3.3. Background synoptic circulation
Based on the micro- and mesoscale characteristics of
the atmosphere associated with high, moderate, and
low ozone days, it seems that the larger synoptic-scale
atmospheric pattern may have been a contributor to
lower atmospheric ozone concentrations in 2 ways.

First, the amount of atmospheric moisture advected
into the region likely played an important role in the
smaller-scale processes of ozone production (insolation) and the generation of a daytime upslope thermal
circulation (insolation, surface and air temperatures).
Second, the strength of the background synoptic circulation likely played a role in the degree to which lower
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Fig. 11. Composites of (a) 500 mb geopotential heights (gpm), (b) V and (c) u components of 850 mb wind vectors (m s–1), and
(d) specific humidity (g kg–1) on days of high ozone

atmospheric ozone became mixed vertically, but it also
likely influenced the organization of any mesoscale
thermal circulation that was present.
The composite patterns of 500 mb geopotential
height for the high, moderate, and low ozone categories indicate the presence of a dome of high pressure
aloft in each case. However, on average, the center of
the dome or ridge of high pressure was located over
western Arizona on high ozone days (Fig. 11a), over
the Arizona-New Mexico border on moderate ozone
days (Fig. 12a), and over southern Kansas and Oklahoma on low ozone days (Fig. 13a). The dome of high
pressure aloft over Arizona on high ozone days likely
produced subsidence, warming, and clear skies. This
coincided with dry, warm, and calm conditions measured at the microclimate site, and a well-defined
plume of lower atmospheric ozone moving eastward
from the center of the urban area, whereas the low
ozone days are typical of the monsoonal pattern.

The u (+ west, – east) and v (+ south, – north) components of the wind indicate subtle differences in the
synoptic flow of the lower atmosphere on high, moderate, and low ozone days. On high ozone days, the
850 mb flow over much of Arizona was light and from
the southwest (Fig. 11b,c). Stronger westerly-southwesterly winds were located over California, while
southerly and southeasterly winds were predominant
in eastern New Mexico, southward into Mexico. The
same pattern was evident on moderate ozone days
(Fig. 12b,c), with 850 mb winds over Arizona becoming
slightly more southerly-southwesterly. On days of low
ozone (Fig. 13b,c), winds over Arizona remained light,
but southerly-southeasterly in direction, while winds
west of Arizona were from the south. Across New Mexico, Texas, and Mexico, 850 mb winds on low ozone
days were stronger and from the southeast (Fig. 13b,c).
The flow of the atmosphere at 850 mb appears to
have directly influenced the transport of moisture into
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Fig. 12. Composites of (a) 500 mb geopotential heights (gpm), (b) V and (c) u components of 850 mb wind vectors (m s–1), and
(d) specific humidity (g kg–1) on days of moderate ozone

Arizona on the study days. Composite maps of specific
humidity indicate a northwestward progression of
water vapor from days of high ozone to days of low
ozone. On high ozone days, the average specific
humidity in the Phoenix area was approximately 7 to
7.5 g kg–1 (Fig. 11d). On moderate ozone days, the
average specific humidity increased slightly from the
southeast to a value between 7 and 8 g kg–1 across
south-central Arizona (Fig. 12d). Finally, on days of low
ozone, the specific humidity increased from the southeast to a value of approximately 8.5 g kg–1 (Fig. 13d).
The increase in moisture on days of moderate and low
ozone concentrations likely was a reflection of the progressively eastward location of the dome of high pressure aloft, which was more conducive to the low-level
transport of atmospheric moisture northwestward into
Arizona (Carleton 1986). Without the presence of
500 mb subsidence on moderate and low ozone days,

greater mixing likely produced a less stratified boundary layer and a reduction in ozone levels.

4. CONCLUSIONS
Unhealthy levels of lower atmospheric ozone across
the Phoenix urban area have been a focus of attention
for the EPA and local government agencies over the
past decade. Various studies of aerosol dispersion have
focused on modeling the associated atmospheric circulation within a local airshed and statistically relating
larger synoptic-scale circulation patterns to aerosol
concentrations within urban areas. In recognizing the
importance of the synergistic relationship between the
condition of the atmosphere on the microscale, the
mesoscale, and the synoptic scale, the case study presented here attempted to include a portion of all 3
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Fig. 13. Composites of (a) 500 mb geopotential heights (gpm), (b) V and (c) u components of 850 mb wind vectors (m s–1), and
(d) specific humidity (g kg–1) on days of low ozone

scales in an analysis of the controls of lower atmospheric ozone transport across eastern Phoenix, Arizona, during summer 1998.
In stratifying the study days into the categories high
ozone, moderate ozone, and low ozone, it was found
that days of higher ozone amounts (exceeding EPA
health standards) were typically drier (less atmospheric water vapor), allowing for a greater amount of
insolation to reach the lower atmosphere. Moderate
and low ozone days were associated with a moister
lower atmosphere. The microclimate on high ozone
days was associated with a dome of high pressure at
500 mb located near the Phoenix area. The associated
likelihood of dry air and warming through subsidence
compliments the microclimatic data from high ozone
days. Associated with the high pressure aloft were
light low-level (850 mb) winds from the southwest and
relatively little advection of moisture at that level. On

moderate and low ozone days, the area of high pressure aloft was farther east, and more so in the case of
low ozone days. The result was a stronger flow at
850 mb with a southeasterly component that advected
moisture northwestward across central Arizona.
The fact that a drier atmosphere that allowed for a
greater amount of insolation to reach the underlying
surface was associated with high ozone concentrations
is not surprising in that the production of ozone is a
photochemical process. However, associated with the
drier atmosphere and higher insolation on high ozone
days were warmer ground surface and overlying air
temperatures. Likely related to the location of the high
pressure aloft were lower daytime wind speeds, and an
atmosphere that appeared to be less mixed than those
associated with moderate or low ozone concentrations.
Given the weak background synoptic circulation and
ample surface heating across the Phoenix Valley and
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was not associated with a distinct ozone plume on days
of moderate ozone. Low ozone days showed little evidence of an organized spatial pattern of ozone concentration.
In summary, during mid-to-late summer 1998 across
Phoenix, it appears the EPA standard for healthful
ozone levels was exceeded in the suburb of Mesa on
11 days for 2 reasons. First, there likely existed a
greater photochemical production of lower atmospheric ozone due to a greater amount of insolation
passing through a dry atmosphere. Second, the lack of
a strong background synoptic circulation likely
reduced the lower atmospheric mixing of the gas, but it
also did not hinder the apparent development of a
mesoscale thermodynamic circulation that produced a
distinct plume of ozone. The ozone plume extended
eastward across Mesa from the urban center to the
west, and likely increased the concentration of ozone
over the eastern suburb of Phoenix. It is important to
note that the process by which ozone was transported
across the valley on high ozone days toward higher
elevations to the northeast was a product of the synergistic relationship between the micro-, meso-, and synoptic-scale atmospheres (Fig. 14).
A longer recording period needs to be examined in
order to better determine if the patterns characteristic
of mid-to-late summer 1998 have general applicability.
Interestingly, the typical succession of high, moderate,
and low ozone days is logical synoptically speaking.
This gives hope to the idea that there is indeed a
sequence of atmospheric patterns that coincide with
ozone concentrations across Phoenix, making high
ozone days foreseeable.

Fig. 14. A schematic of the transport of high concentrations of
lower-atmospheric ozone across the Phoenix Valley as a product of the evolution of upslope flow through (a) morning,
(b) afternoon, and (c) evening hours

surrounding mountain slopes, it is reasonable to expect
the development of a thermodynamic circulation oriented up the slopes of the higher terrain surrounding
Phoenix, particularly toward the high elevations to the
east. Microclimatic data associated with high ozone
days indicated the diurnal evolution of such a wind
regime, as did the predominant mesoscale wind patterns. Associated with an obvious west to east mesoscale flow on high ozone days was a concentrated
plume of ozone that extended from a high ground traffic area eastward. The seemingly organized circulation
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