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[1] An extensive VOC data set was gathered as part of a photochemical oxidant field
campaign conducted in the Phoenix air basin in the late spring of 1998. Sampling was
done at the surface and by aircraft at midboundary layer height; in regions with emission
sources and downwind in the urban plume. VOC concentration ratios were used to
calculate photochemical age, defined as the time integrated exposure of an air mass to OH
radical. Based on the VOC ratios of 15 compounds (with OH reactivity varying between
acetylene and p, m-xylene), we present estimates for photochemical age and dilution
factors for several regions within the air basin. Geographic trends are in agreement with
the expectation that pollutants are transported in a generally eastward direction so that
older and more dilute mixtures occur to the east of the city. Photochemical ages
determined from aircraft samples agree with those determined at a downwind surface site.
The bias in photochemical age that occurs because fresh pollutants are added to an aged
mixture has been quantified by using a particle trajectory model. A combination of
trajectory results (actual age of the pollutants in an air mass) and photochemical age yields
an estimate of the average OH concentration experienced by the air parcel. OH obtained in
this way is somewhat lower, but has the same trends as OH concentrations calculated
using a photochemical box model that is constrained with observed concentrations
coincident with the VOC samples. INDEX TERMS: 0345 Atmospheric Composition and Structure:

Pollution—urban and regional (0305); 0365 Atmospheric Composition and Structure: Troposphere—

composition and chemistry; 0368 Atmospheric Composition and Structure: Troposphere—constituent
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1. Introduction

[2] During May and June of 1998, the Atmospheric
Chemistry Program of the DOE in collaboration with the
Arizona Department of Air Quality (ADEQ) conducted a
photochemical oxidant measurement campaign in the
Phoenix metropolitan area. This region experiences ele-
vated O3 with peak values occasionally greater than 120
ppb [EPA, 2000]. Distinguishing features of the Phoenix air
basin are complex wind patterns due to the surrounding

terrain, very low humidity, high temperature and solar
insulation, a high mixing height, and an emissions mixture
dominated by mobile sources. Meteorological and chemical
conditions in Phoenix thereby offer an interesting contrast
to urban areas outside of the arid Southwest, which have
been more extensively studied [Solomon et al., 2000]. The
Phoenix campaign involved aircraft sampling by the DOE
G-1 and a surface network of chemical and meteorological
stations. Participants in this study included researchers
from the ADEQ, Argonne National Laboratory (ANL),
Brookhaven National Laboratory (BNL), Pacific Northwest
National Laboratory (PNNL), SUNY, Old Westbury, and
York University.
[3] Aircraft flights were designed to sample the urban

plume at various points in its evolution. The simple picture
that guided our flight plans was that an air mass would pick
up fresh pollutants over the downtown urban area; photo-
chemical processing and mixing would occur as the plume
was advected away from its source region; and eventually
the air mass would lose its distinctive chemical features and
merge into a regional background. This picture works quite
well as a foundation for the analysis of field data in the
circumstance when there is a plume from a well-defined
source region advected in a simple flow field. Thus, for
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example, urban and power plant plumes sampled in the
Nashville SOS field campaign were often analyzed in terms
of air mass evolution [Cowling et al., 1998, 2000, and
references therein].
[4] The situation in Phoenix is more complex. Air-

flows in the Phoenix basin are affected by terrain
induced heating and cooling that set up a basin-wide
circulation that often dominates the synoptic weather pattern
[Ellis et al., 1999]. The Phoenix metropolitan area is also
large, so that an air mass traversing the region can have
fresh emissions added on top of emissions that have
already undergone a significant amount of photochemical
processing.
[5] In this study we use a photochemical age technique to

determine the degree of processing in an air mass. This
technique depends on the fact that more reactive chemicals
are consumed faster than less reactive ones, so that as an air
mass ages there are systematic changes in concentration
ratios. In addition to a differential effect based on reactivity,
all concentrations tend to decrease with time as air from a
source region becomes diluted with cleaner background air.
By using volatile organic compounds (VOCs) that react
almost exclusively with OH radical, changes in a concen-
tration ratio can provide quantitative information on the
time-integrated exposure of the air mass to OH radical. This
quantity, [OH]AVG � time, is called photochemical age.
Since many chemical processes are sensitive to OH, photo-
chemical age is a useful overall measure of where an air
mass is in the aging continuum between fresh emissions at
one end and a depleted background-like condition at the
other end.
[6] Many researchers over the last 25 years have used

VOC ratios to determine photochemical age [Calvert, 1976;
Roberts et al., 1984; Rudolph and Johnen, 1990; McKeen et
al., 1990, 1996; Parrish et al., 1992; Satsumabayashi et al.,
1992; Blake et al., 1993; McKeen and Liu, 1993; McKenna
et al., 1995; McKenna, 1997; Volz-Thomas and Kolahgar,
2000; Rudolph and Czuba, 2000]. In the process a great
deal has been learned about the conditions that have to
apply in order to obtain useful information. These are
discussed in a following section. Here we briefly note that
photochemical age is not necessarily a well-defined quantity
because the actual age (time since emission) of the various
VOCs in an air parcel can and do differ. Photochemical age
has been likened to a clock that can be inappropriately reset
to a low age if fresh, reactive emissions are added to an
older air mass [Parrish et al., 1992]. This is a concern in a
region such as Phoenix with a spatially extended emissions
area.
[7] Our objectives for this study are three-fold: First, to

determine how photochemical age varies over the Phoenix
air basin. Second, to quantify the degree to which VOC
ratios underestimate photochemical age because of the
large area covered by emission sources. For this purpose
we use the PNNL particle trajectory model [Fast and
Berkowitz, 1996; Fast et al., 2000] to simulate the age
dispersion of VOCs collected in the aircraft samples.
Third, to compare 2 estimates of OH concentration. This
is a qualitative exercise because the combination of
particle trajectories and photochemical age yields an aver-
age OH experienced by an air mass, while a photochem-
ical box model constrained by observations [Kleinman et

al., 1997] yields a calculated OH concentration for the
trajectory end-point.

2. Experimental

[8] Phoenix is a city of 1.2 million people located in a
metropolitan area having a total population of 3 million
people. The Phoenix air basin is defined by mountains to
the west, north, and east. The topography of the region and
NOx emission rate are shown in Figure 1. Emissions are
mainly due to area sources and follow the geographic
distribution of people and highways. There are no large
electric generation plants within the metropolitan area.
Because most emissions are due to mobile sources [Heisler
et al., 1997], the relative proportions of NOx and VOC
emissions are to a first approximation similar throughout the
basin.
[9] The Phoenix campaign included aircraft sampling and

a network of surface monitoring sites, many of which had
augmented instrumentation and sampling schedules. Figure
1 shows sites located in Downtown Phoenix and to the east
in the Usery Mountain Pass. The Downtown ‘‘Super Site’’
is in a high-density source region. Early morning observa-
tion there should be indicative of unprocessed emissions.
The site at Usery Pass is in a region where a mature urban
plume with high O3 levels was expected [Doskey et al.,
2000; Gaffney et al., 2002]. Between 18 May and 10 June,
the G-1 conducted 24 research flights. Figures 2a and 2b
show typical midmorning (AM) and afternoon flight pat-
terns (PM). The AM pattern was usually conducted between
0800 and 1100, mostly within the growing convective
boundary layer. The PM pattern was usually flown between
1430 and 1700, near the time at which peak O3 levels were
expected. All times are local standard time (LST) equal to
UTC - 7. Vertical profiles to an altitude of at least 3000 m
were made on both AM and PM flights. The AM flights
covered regions that were nominally upwind of Phoenix
while the PM flights covered regions to the east in the
nominally downwind direction. In both AM and PM flights
sampling was done over the main emission source region.

2.1. VOC Data Sets

[10] Five to ten VOC canisters were usually filled on each
flight. Locations of samples discussed in this paper are
shown in Figures 2a and 2b, for the AM and PM flights,
respectively. Each sample is indicated as a single point, but
it took about 30 s to fill a canister, which translates into a 3
km distance at the 100 m s�1 cruising speed of the G-1.
Several screening criteria were applied to the G-1 VOC data
set to arrive at the points shown in Figures 2a and 2b. The
first criteria are geographic location and time of day, which
yielded the groupings ‘‘West’’ and ‘‘Urban AM’’ for morn-
ing samples and ‘‘Urban PM,’’ ‘‘East,’’ and ‘‘Mountain’’ for
afternoon samples. Note that the Urban samples include
some that were taken over low emission rate regions in
addition to ones taken over very high emission rate regions,
as shown in Figure 1. Source-like samples will be defined in
a subsequent section according to concentration. All sam-
ples used for photochemical age determinations were within
the convective boundary layer at an altitude below 2000 m.
Low concentrations of the less reactive VOCs were
observed in the morning at high altitude (�3000 m), above
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the boundary layer. These measurements were used to
determine an average background, which was subtracted
from the boundary layer G-1 observations. This subtraction
has only a small effect on photochemical age determinations
and was done primarily because the particle trajectory
model was not run in a mode that would allow this back-
ground to be calculated.
[11] VOC data collected by ANL at Usery Pass was

available for 4 days in May. On each day, 8 three-hour
integrated samples were taken covering a diurnal cycle. The
ADEQ conducted VOC sampling at 4 locations including
the downtown ‘‘Super Site.’’ Source categorization will be
based on 11 two-hour integrated morning samples collected
between 0700–0900 at the Super Site.

2.2. VOC Collection and Analysis

[12] VOC samples from the G-1 were collected in 3 liter
SUMMA1 electro-polished stainless steel canisters and
analyzed at York University. Principles and details of the
gas chromatographic procedures are described by Rudolph
[1999], Rudolph and Khedim [1985], and references
therein. All samples were analyzed on two different GC-
FID systems. In both instruments the VOCs in the samples
are enriched from typically 1 dm3 of air by a two-step
cryogenic preconcentration. Light hydrocarbons (C2–C7)
are separated on an aluminum oxide porous layer open
tubular (PLOT) column (30 m, 0.32 mm I.D. C4–C10

hydrocarbons were analyzed on a GC equipped with a
60m DB-1 column (0.25 mm I.D., 1 mm film thickness).

Peak identification is based on retention time. Retention
times are established and regularly checked by running
synthetic mixtures; peak assignments were verified by
cochromatography. Measurements were evaluated quantita-
tively by comparison with a ppb-level mixture of approx-
imately 120 hydrocarbons in synthetic air. The lower limit
of detection for completely resolved peaks is nominally
1 ppt. The reproducibility of the measurements as deter-
mined from repeat analysis of randomly selected samples, is
between 2% and 5%. For mixing ratios near the lower limit
of detection (low ppt range), the uncertainties increase to
between 10% and 30%. Accuracy of the measurements is
estimated to be approximately 10% or better as confirmed
by the results of several intercomparisons, including the
Nonmethane Hydrocarbon Intercomparison Experiment
[Apel et al., 1994, 1999]. However, for light alkenes, an
artifact of several ppt is formed in the type of canisters used
in this study [e.g., Ramacher et al., 1997].
[13] Air samples taken at Usery Pass by ANL were

cryogenically preconcentrated with a Chemical Data Sys-
tems (CDS) 330 sample concentrator (Autoclave Inc.,
Oxford, PA) and were analyzed with a Hewlett-Packard
5890A high-resolution gas chromatograph (Palo Alto, CA)
with a flame ionization detector (FID) by an analytic
technique described in detail by Fukui and Doskey
[1996]. Sampling at Usery Pass is described in Doskey et
al. [2000]. Briefly, the whole-air samples were preconcen-
trated at �100�C in a 15-cm section of a glass-lined
stainless steel tube (0.180 cm ID) packed with 60/80 mesh

Figure 1. Map of Phoenix area, showing topography, NOx emission rate at 0900, and surface chemistry
sites. Contour lines are drawn at 500 m intervals. Diamonds labeled with ‘‘S’’ and ‘‘U’’ show locations of
the Downtown Super Site and the site at Usery Pass.
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