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1. INTRODUCTION

Over the past 4 years the DOE Atmospheric
Chemistry Program has conducted photochemical field
programs in several large urban areas, including
Phoenix (May-June 1998), Philadelphia (July-August,
1999), and Houston (August-September, 2000).  Our
strategy has been to study O3 production in a diverse
range of environments and to exploit differences
between these environments to further our
understanding of the overall O3 formation process.  In
each city the DOE G-1 aircraft was used to measure O3,
CO, VOCs, NO, NO2, NOy, HCHO, SO2, and peroxides.
These observations are part of a larger data set that
includes surface sites and other aircraft platforms.  For a
description of the scope of the field campaigns in
Phoenix, Philadelphia, and Houston see Fast et al.
(2000), Philbrick et al. (2000), and the Texas Air Quality
Study web page (www.utexas.edu/research/
ceer/texaqs/), respectively.

Ozone levels in Houston were much higher than
Phoenix or Philadelphia .  Eight flights spread over 7
days encountered peak O3 concentrations between 150
and 211 ppb.  Maximum O3 in Phoenix and Philadelphia
were 101 and 147 ppb, respectively.  We ascribe the
high O3 levels in Houston to an efficient utilization of
NOx, ie a high ozone production efficiency (OPEx).  This
quantity is defined as the number of molecules of O3

formed per NOx molecule converted to oxidation
products.  Figure 1 illustrates one method of
determining OPEx, as a slope of a graph of Ox (O3+NO2)
vs. NOz (Trainer et al., 1993).  NOz is the sum total of all
NOx oxidation products determined as the difference
between NOy (total odd nitrogen) and NOx (NO+NO2),
i.e., NOz = NOy-NOx.  Figure 1 shows that
photochemistry has produced comparable amounts of
NOz in Phoenix and Houston, but that Ox levels in
Houston are more than double that in Phoenix because
the photochemistry uses NOx much more efficiently.
There is day to day and place to place variability in
OPEx according to the type of plume and its processing

conditions.  Representative values for Houston,
Phoenix, and Philadelphia are OPEx = 7-12, 3, and 4,
respectively.

Figure 1.   Ox vs NOz for a high O3 day in Houston and
Phoenix.  Lines are from a linear least squares
regression.

2. CALCULATIONS

Aircraft based observations have been used as
input to a constrained steady state (CSS) box model
(Kleinman et al., 1997).  The limiting factor in doing CSS
calculations is, in general, the availability of VOC data
which is collected in canisters and analyzed by J.
Rudolph's research group at York University.  CSS
calculations have been done at over a 100 sampling
points in Phoenix and Philadelphia and over 200 in
Houston.  The calculations yield the concentrations of
free radicals; the O3 production rate, P(O3); and the rate
of NOx oxidation equal to the production rate of NOz,
P(NOz).  The ratio of P(O3) to P(NOz) is the number of
molecules of O3 produced per NOx molecule at the time
and place that the calculation is performed.  This
quantity is an instantaneous analog of OPEx.



Equation (1) is a steady state analytic formula for
P(O3)/P(NOz) similar to that derived by Derwent and
Davies (1994), Daum et al. (2000) and Carpenter et al.
(2000):

P(O3)/P(NOz) = Σ Yi ki [VOCi]/kN[NO2] (1)

where the ki's are rate constants for reaction of VOCi

with OH, kN is the rate constant for OH +NO2, and Yi is
the number of peroxy radicals produced from reaction of
OH with a VOC as determined from the stoichiometry of
the reaction.  VOCs are broadly defined to include all
substance which react with OH producing a peroxy
radical.  In Fig. 2 we test our analytic formula by
comparing values of P(O3)/P(NOz) obtained from CSS
calculations with that obtained from Eq. (1).  For this
purpose we have used calculations based on the
Phoenix data set.  There is seen to be qualitative
agreement as long as NOx concentrations are greater
than 1-2 ppb.  Figure 2 also shows that P(O3)/P(NOz)
increase at low NOx concentration in agreement with the
work of Liu et al. (1987) and Lin et al. (1988).

Figure 2.  Test of approximate formula given by
Equation (1)  Each data point is from a CSS calculation
based on aircraft observations during the Phoenix field
campaign.

Figure 3 shows a comparison between
P(O3)/P(NOz) for Houston, Philadelphia, and Phoenix.
Again we see the expected increase at low NOx

concentration.  At NOx levels greater than a few ppb,
where most of the O3 is formed the instantaneous
P(O3)/P(NOz) for Houston is greater than Philadelphia
which is greater than Phoenix.  This variation is in the
right direction and of the right magnitude to qualitatively
explain the observed city to city differences in OPEx.


