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1. INTRODUCTION

The DOE Atmospheric Chemistry Program, and the
Arizona Department of Environmental Quality (DEQ)
conducted a field program in the Phoenix Metropolitan
area in the late spring of 1998.  The experiment was
composed of a linked set of aircraft and surface
measurements designed to characterize the chemical
and meteorological processes leading to ozone
episodes.  The existing network of Arizona DEQ sites in
Phoenix was utilized to document ground level
concentrations of ozone and its precursors.  West of the
downtown area, a site (Usery Pass) was set up for the
detailed characterization of the mature Phoenix urban
plume.  Detailed measurements in the source region
were made at several sites in downtown Phoenix.

The DOE G-1 aircraft, equipped with a
comprehensive array of instruments to characterize
atmospheric trace gas and aerosol composition, flew
over the region at various  times during the day.  All
times in the following discussion are local standard time
(LST). Morning flights were typically made between
08:00 and 12:00 upwind, to measure background
concentrations, and over the Phoenix source region, to
characterize the sources of ozone precursors.
Afternoon flights over the Phoenix source region and
downwind between 15:00 and 18:00 were made to
examine the chemical properties and physical
distribution of the photochemically aged urban plume.
The aircraft flights typically included an atmospheric
sounding to circa 3 km upwind and over Phoenix in the
morning, and downwind in the afternoon.  A total of 22
flights were made on 14 different days during the one
month program.

The motivation for conducting the program was to
examine ozone formation rates and efficiencies in an
environment where the pollutant mix is dominated by
vehicle emissions, where the contribution of biogenic
hydrocarbons to ozone formation is thought to be low,

and where processing conditions are different than they
are in the Eastern US.  The latter includes significant
differences in atmospheric humidity, solar intensity, and
boundary layer heights.

The objective of this paper is to describe general
features of the chemical and meteorological data
collected during the program and to present results from
an aircraft case study when O3 concentrations were
among the highest measured during the entire study.

2. EXPERIMENTAL

Ground-based trace gas measurements of CO, O3,
and NOx were made using designated EPA methods
with commercial TEI analyzers (Thermo Environmental
Instruments Inc, Franklin, MA).  NOx measurements
were made using an internal catalytic molybdenum (Mo)
converter.  Thus, the NOx concentration, measured at
the ground sites, is actually NOy or some smaller
fraction, possibly due to inlet line losses.  Henceforth,
we will refer to the NOx measurements made at the
ground sites as NOy.

A detailed description of the instrumentation used
on board the DOE G-1 can be found in Nunnermacker
et al. (1998).  We briefly note that oxides of nitrogen
(NO, NO2, and NOy) were measured using a three
channel NO/O3 chemiluminescence instrument.  NOy

was converted to NO by a 350oC Mo catalyst (Williams
et al., 1998); NO2 was converted to NO by UV
photolysis.   Ozone was determined by UV absorption
(TEI Model 49-100) and CO by non-dispersive infra-red
(modified TEI, Model 48).  Formaldehydes were
measured as detailed in Lee et al. (1998).  Peroxides
were determined using a three channel continuous
analyzer (Weinstein-Lloyd et al., 1998).  Hydrocarbon
measurements were made by collecting air in stainless
steel canisters for subsequent analysis (York
University).
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3. SURFACE MEASUREMENTS

Trace gas concentrations in the region had the
diurnal patterns, illustrated in Figure 1.  Ozone
measured at the upwind monitoring site, Palo Verde
(PV) had background concentrations of ~40 ppbv in the
early morning hours with some decrease at about 05:00,
followed by an increase during the afternoon to
concentrations of up to 60 ppbv.  NOy concentrations
showed a peak at ~06:00 coincident with the decrease
in O3.  For the most part, NOy concentrations were at or
below the detection limit during the rest of the day.
Measurements of CO were not available at PV.

Figure 1.  Diurnal variations in O3, NOy and CO
concentrations for three ground sites are depicted: PV =
Palo Verde (upwind), CP = Central Phoenix (downtown),
UP = Usery Pass (downwind).  Percentile distributions
of the concentrations are described as follows:  box
covers the interquartile range between 25 and 75
percentile, whiskers are at the 10 and 90 percentile, the
dark line connecting the boxes is the median line, and
circles are data outside of the 10-90 percentile range.

Diurnal variations at several downtown sites
showed similar behavior, represented in Figure 1 by the
central Phoenix site (CP).  In this figure we see
significant titration of ozone in the morning (i.e., from
00:00 to 06:00) consistent with NOy concentrations
occasionally exceeding 100 ppbv.  Following the
breakup of the nocturnal boundary layer (NBL) at 08:00,
O3 concentrations increased from a combination of
downward mixing and photochemical production,
reaching a peak of ~60 ppbv by ~14:00.  After sundown,
concentrations of NOy and CO rapidly increased as the
nocturnal boundary layer formed.  At sunup, CO and
NOy concentrations decreased as the mixed layer
developed.

Ozone concentrations at the downwind site, Usery
Pass (UP), remained fairly high during the early morning
hours, and increased in the afternoon (Figure 1).  At this

site, O3 concentrations reached a maximum at ~16:00,
in contrast to the central Phoenix site.  This suggests
that ozone concentrations at Usery Pass are due in part
to transport from the downtown region.

Relationships among ozone and ozone precursors
were examined to characterize the downtown
emissions.  Plots of CO vs NOy obtained from the
central Phoenix and Mesa downtown sites were linear,
with an average slope of 12.  This slope is typical of an
automotive source region, and is in reasonable
agreement with the findings of Kleinman et al. (1998) for
Nashville (i.e., CO/NOy = 9.3).  Correlations of CO to
NOy determined for Usery Pass were not reliable; r2

values were less than 0.5.

4. AIRCRAFT OBSERVATIONS

4.1 G-1 Flights

G-1 flights consisted of two standard flights
patterns, illustrated in Figure 2 for the June 5 flight.
Morning flights were conducted both southwest and
directly above the city center, and included two vertical
profiles.  Afternoon flights were conducted again over
the city, and then approximately 30 km northeast, with
one profile northeast of the city.  Winds in Phoenix were
variable, but generally S/SW during the peak
photochemical period.  Thus, the southwest morning leg
can be characterized as background air, and the
northeast afternoon leg as downwind.  Median values of
trace gas species in the boundary layer (BL), for these
regions, are summarized in Figure 3 for the complete

Figure 2.  Ground-based and aircraft measurements
taken on June 5, 1998.  The flight track is plotted with
circles in varying shades of gray representing locations
of maximum NOx and O3 concentrations intercepted
during the morning flight (AM) and afternoon flight (PM).
Triangles represent average measurements at the
ground sites when the aircraft flyover occurred.
Measurements shown include only BL air (<1800m).
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Figure 3.  Median trace gas measurements (open
circles) made aboard the DOE G-1 for all 22 flights in
the four regions discussed in the text.  Whiskers
represent one standard deviation. The symbol X
represents median concentrations observed on June 5.

set of G-1 flights.  Measurement of SO2, which remained
below the detection limit of 100 pptv, was discontinued
after the first few flights.

One of the highest ozone days of the project, based
on both ground and aircraft observations, occurred on
June 5.  Trace gas observations will be discussed in the
context of flights made on this day.  Shading on the
ground tracks in Figure 2 illustrate regions of maximum
ozone and NOx concentrations.  Median values for trace
gases measured on June 5 are presented in Figure 3,
for comparison with median values of the entire mission.
Profiles of dew point, O3 and NOx concentrations for this
flight are shown in Figure 4.

4.2 Morning flight

The vertical profile taken at 10:00 in background air
(P1 in Figure 2), showed a residual layer from earlier
photochemistry, well mixed up to ~2.5 km, with O3

concentrations of ~60 ppbv (Figure 4A).  The NOx plume
at ~1 km indicates that the G-1 barely intercepted the
top of the current day’s mixed layer.  A distinct layer of
higher ozone and lower humidity was sampled at
~2.5 km.  Wind profilers show a strong easterly
component to winds above 2 km, indicating a different
origin for this air mass.  A second profile at 11:45 (P2 in
Figure 2) showed similar dew point and O3 structure,
and the NOx profile showed that the top of the mixed
layer had increased to ~2 km (Figure 4B).  Airsonde
measurements in central Phoenix confirm the G-1

Figure 4.  Soundings of dew point temperatures, O3,
and NOx concentrations on June 5 for the morning
(A and B) and afternoon (C) flights.

boundary layer (BL) height observations (C. Doran,
PNNL, private communication, 9/99).

During the morning flight, ozone concentrations
were almost the same over the source region as in
background air, while concentrations of CO and NOx

were significantly higher, indicating the potential for
ozone formation later in the day.  Distinct plumes of NOy

were repeatedly encountered in two passes over the
downtown area.  These plumes appear to be fresh
emissions from major traffic corridors, based on their
location and a median NOx/NOy ratio of 65%.

4.3 Afternoon flight

By 17:45, when the third profile was taken at the
downwind site, the boundary layer was well mixed up to
2.7 km. (P3 in Figure 2; Figure 4C).  The increased BL
height resulted in lower concentrations of CO and NOx

over the city (Figure 3).  An additional 24 ppbv of O3,
compared to morning measurements in the same
region, can be attributed to photochemical production
and transport.  Although NOy plumes were encountered
in the afternoon, they were more spatially diffuse.  The
NOx/NOy ratio of 40% indicates the potential for further
ozone formation.  In the downwind region, dilution
resulted in even lower concentrations of ozone
precursors, but ozone concentrations remained nearly
the same as in the source region.  The NOx/NOy had
decreased to 17%, indicating that significant processing
had occurred.
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Hydrogen peroxide concentrations of 1.2 ppbv were
observed upwind of the city, but decreased to 0.75 ppbv
over the city and downwind. Concentrations of H2O2 and
NOy were strongly anti-correlated within plumes over the
city, suggesting H2O2 is lost by reaction within the
plume.  Lower downwind concentrations arise from lack
of peroxide production in the high-NOx environment of
the city coupled with in-plume loss and deposition.  Over
the source region, the average formaldehyde
concentration was approximately 50% higher than
upwind.

5. OZONE PRODUCTION

A constrained steady state photochemical
calculation was performed for the June 5 flight
(Kleinman et. al., this issue; Daum et al., 1999a).  A
subset of the data, including only time periods for which
we have hydrocarbon measurements, was used to
calculate the instantaneous ozone production rate,
P(O3), and ozone production efficiencies, OPE.  A plot
of the P(O3) versus the quantity Q{k1[HC]/k2[NO2]} was
linear, indicating that ozone production in the urban area
was hydrocarbon limited.  Shown in Figure 5 is a bar
graph comparing the results obtained in Phoenix (filled
bars) with those obtained in Nashville (1995), solid bars.
Data for Nashville were chosen for approximately the
same solar time during a stagnation event (Daum et al.,
1999b), with similar ozone concentrations (first set of
bars). The calculations show that the P(O3) in Phoenix
(second set of bars) is approximately 5 ppb/hour,
significantly lower than observed in Nashville.  The third
set of bars gives the ratio of hydrocarbon to NOx

reactivity, k1[HC]/k2[NO2], indicating that the
hydrocarbon and NOx mix was also similar for the two
regions.  Ozone production efficiencies per NOx

molecule, OPEx , were ~2 ppb O3/ppb NOx in both
Phoenix and Nashville (fourth set of bars).  The fifth set
of bars, representing the fraction of radicals removed as
nitric acid, indicate that the two cities were both in the

Figure 5.  Comparison of parameters from
photochemical model calculations for Nashville (1995)
and Phoenix (1998); see text and Kleinman et al. (this
issue) for definitions.

hydrocarbon limited regime.  The significant difference
between Phoenix and Nashville is that the rate of radical
production, Q, was a factor of 2 greater in Nashville
(sixth set of bars).  This is a direct result of the higher
water vapor mixing ratio in Nashville (last set of bars).

6. CONCLUSIONS

Upwind sites showed that air masses entering the
Phoenix metropolitan area typically had ozone
concentrations in excess of 40 ppbv .The ground sites in
downtown Phoenix all showed similar behavior: after
sunset as the boundary layer height decreased NOx

concentrations significantly increased resulting in the
almost complete titration of O3.  Ozone concentrations
increased as the nocturnal boundary layer broke up in
the morning, reaching maximum concentrations by
approximately 14:00.  At downwind sites, where
measured NOx concentrations were low, ozone levels
remained fairly high overnight.  Maximum O3

concentrations occurred 1 to 2 hours later than at
downtown sites; consistent with transport from
downtown with the prevailing wind.

Although only one flight with high O3 levels was
discussed, it had several features typical of most days.
Vertical profiles early in the day showed a stable layer of
elevated ozone that remained from earlier
photochemistry.  Concentrations of ozone in the BL
increased by ~20 ppbv over the source region between
the morning and the afternoon flights.  The highest
ozone concentrations were observed north and
northeast of the source region.

It is also evident that the lower O3 production rate
observed here, in contrast to Nashville, is primarily due
to the dry environment resulting in a lower rate of radical
production.  Ozone production in the Phoenix
metropolitan area is in the hydrocarbon limited regime,
as is the case in Nashville.
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