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Figure 3. Calculated total peroxy radical concentrations as a
function of NO,. The peroxy radical concentrations decrease by
over an order of magnitude as the NO, concentrations increase
from <0.2 to 8 ppbv. Symbols as for Figure 1.

figures, resemble those given by Logan et al. [1981] and are
reasonably well understood.

Our explanation of the NO, dependency of P(0;) starts at the
left-hand side of Figure 1 where P(Os) is low and increases
linearly with the NO, concentration. This "low NO," region
corresponds to samples collected in the mature urban plume
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Figure 4. Comparison of the importance of the two radical sink
pathways as a function of the NO, concentration. At low NO, the
dominant termination pathway is through peroxide formation,
while at high NO,, the chain reactions terminate mostly by nitrate
formation. Symbols as for Figure 1.
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Figure 5. (a) Ozone production rate as a function of the product of
the NO concentration and the radical production rate. P(O3)
follows the linear behavior predicted by equation (8) up to a NO,
concentration of 2 ppbv. Equation (8) breaks down at higher NO,
concentrations; (b) Ozone production rate as a function of the
product of Q and the ratio of the hydrocarbon to NO,, OH
reactivity. This linear dependency holds for the high NO, samples
collected in the 2 hour old plume sampled on July 18.

sampled on July 3 and to the background samples from both days.
In this region of Figure 1, OH radical concentrations are low
(Figure 2) and peroxy radical concentrations are high (Figure 3).
The nitric acid formation rate is low (Figure 4a) because both the
NO, and the OH concentrations are low. The dominant radical
sink is therefore peroxide formation (Figure 4b). Under these
conditions, equation (1) reduces to:

P(os)=(”f7(e)‘”[m]- ®

A plot of P(O5) as a function of (QV3)[NO] for all of the data is
shown in Figure 5a. P(0O;) for all of the samples collected in the
mature urban plume and in the background atmosphere on July 3
and the samples collected in the background on July 18 exhibit the
predicted linear low NO, dependency on (@"*)[NO]. Samples
from the relatively fresh urban sampled on July 18 follow a
different dependency. This change in dependency may be
attributed to a transition between NO, and hydrocarbon-sensitive
O; production.
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Figure 6. Distribution of the hydrocarbon reactivity for the two
days plotted as a function of NO,. Symbols as for Figure 1. No
systematic dependence of this reactivity on NOj is observed.

The dependency expressed by equation (8) holds at low NO,,
because at low NO,, P(0,) is determined by the competition
between (R3) and (R4) for peroxy radicals. The former leads to
formation of peroxides, while the latter leads to O;. It is worth
noting that P(O;) at low NO, concentrations is insensitive to the
hydrocarbon reactivity. In the linear, low NO;, portion (NO, < 0.5
ppbv), of Figure 5a, the hydrocarbon reactivity varies by over a
factor of 10, as shown in Figure 6, but P(O;) is not sensitive to
these variations because (R1) is not the rate-limiting step for O;
production.

At NO, values to the right of the P(O;) maximum, all of which
may be identified with the 2 hour old urban plume sampled on July
18, the decrease in P(O;) at high NO, concentrations can be
attributed to direct competition between hydrocarbons and NO, for
OH, (R1) versus (R2). When OH reacts with a hydrocarbon, one
or more peroxy radicals are formed, and O; is produced by (R4).
When the OH reacts with NO, to form HNO, it is lost from the
system. In the high NO, region, nitric acid formation is the
dominant termination pathway (see Figure 4), PRF — 0 and 2
reduces to

Aos)= r%g : ©)

showing that at high NO,, P(Os) is directly proportional to the ratio
of the hydrocarbon to NO,, OH reactivity [see Sillman et al., 1990,
equation (5)]. In Figure 5b we have plotted P(O;) as a function of
the quantity k[RH}/k[NO,]J(Q-2PFR), equation (2), instead of
ki[RH)/k[NO;]Q as peroxide formation for these samples
consumed as much as 25% of Q. This plot exhibits the expected
linear dependency of P(O;) on the ratio of the hydrocarbon to NO,,
OH reactivity. The slope of 1.6 may be interpreted as the average
number of peroxy radicals that result from the reaction of OH with
the ambient mix of hydrocarbons.

At low NO,, equation (8) shows that P(0O;) is directly
proportional to [NO], while at high NO,, equation (9) shows that
P(0») is inversely proportional to [NO,]. Continuity dictates that
P(05) have a maximum at some intermediate values of NO,. This
maximum occurs at a NO, concentration such that NFR/Q = 2/3,
or more explicitly when two thirds of the radicals are being sunk as
nitric acid and one third as peroxide [Kleinman et. al., 1997]. The
NO, concentration where this occurs is about 4 ppbv on July 18,
but will vary according to the chemical environment.

3.2. O; Production Efficiencies With Respect to NO, (OPE,)

Nunnermacker et al. [1998] calculated the mean O; production
efficiency with respect to NO, (OPE,) in the Nashville urban
plume from the ratio of the amount of O; produced to the amount
of NO, that had been consumed at the location where the plume
had been sampled. The mean OPE; in the mature urban plume
sampled on July 3 was found to be 4 ppbv O;/ppbv of consumed
NO,, and for the plume sampled on July 18, 2 ppbv Os/ppbv NO,.

Here we examine the instantaneous values of this quantity and
its dependence on the NO, concentrations. The instantaneous
OPE, is defined as follows:

(o) _ #(os)
4(NO,)/ar  P(NO,)

OPE, = (10)

where in equation (10), NO, = NO,, - NO,, and the other terms
have their previous definition. Figure 7 shows the instantaneous
OPE, calculated by the box model for each of the hydrocarbon
canister samples, plotted as a function of the measured NO,
concentration. The OPE; is high at low NO, and decreases
monotonically with increasing NO, concentration. Thus O; is
produced more efficiently per NO,, in the background and in the
NO,-depleted mature urban plume on July 3, than it is in the
relatively fresh urban plume sampled on July 18. However, while
05 is produced more efficiently at low NO,, the availability of NO,
limits the amount of O, that can be formed. It is also important to
understand that the values of P(O;), which are discussed here, do
not include Oj loss rates (for example, from photolysis). Under
low NO,, high O; conditions, as pertain, for example, to the mature
urban plume sampled on July 3, the net O; production efficiency
can be much lower than OPE,.

This NO, dependency of OPE, is a manifestation of the dual
role that NO, plays in the photolytic cycle in which it is essential
for O3 production while at the same time acts to “poison” the
photolytic cycle by competing with a hydrocarbon for OH through
the termination reaction (R2). The OPE, can also be viewed
approximately as a measure of the number of times an OH radical
reacts with a hydrocarbon molecule as compared to an NO,
molecule adjusted for the number of peroxy radicals produced by
the reaction of OH with a hydrocarbon:
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Figure 7. Oj; production efficiencies calculated from the box

model, with respect to NO,, OPE,, and with respect to primary
radicals, OPE, as a function of NO,. At low NO,, OPE, increases,
and OPE, decreases with NO,. At high NO, where radical removal
is dominated by nitrate formation the two efficiencies converge
(see explanation in text).
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Figure 8. OPE, as a function of the hydrocarbon to NO; reactivity
ratio. OPE, increases linearly up to a reactivity ratio of
approximately 15; above 15, OPE, becomes independent of this
ratio.

AR

OPE, = Y/fz[Noz] .

n

Figure 8 shows a plot of OPE, as a function of the hydrocarbon to
NO, reactivity ratio. The data follow equation (11) up to
hydrocarbon to NO, reactivity ratios of about 15.

3.3. O; Production Efficiency With Respect to Radicals (OPER)

The importance of OPE, to control strategies is straightforward.
There is however, a second type of ozone production efficiency
that can provide a great deal of insight into the photochemical
processes forming tropospheric O;. In the photochemical cycle
that produces Oj;, two species are catalysts and therefore are
regenerated at the end of each cycle. The first is NO, and OPE, is
a measure of the number of times an NO molecule goes around the
photolytic cycle. The second catalyst is OH, or in more general
terms, odd hydrogen radicals. Similar to OPE,, the O; production
efficiency with respect to radicals (OPER) is a measure of how
many times a primary radical participates in the O; formation
process. The instantaneous OPEy can be defined as the ratio of the
05 and radical production rates

in which the term 2(PFR/Q) represents the fraction radicals that are
removed in the form of peroxides.

At high NO, concentrations the fraction of radicals that are
removed by peroxide formation is very small and equation (12)
reduces to:

OPE, = P(0s)_, AlRH]
17 h|NO, |

and OPE; = OPE, . (13)

At very low NO, concentrations where almost all of the radicals
form peroxides, Figure 4, P(Os) is given by equation (8) and the
dependency of OPEg on NO, takes the form:

oPE, _2(05) 4 [no]

7] '(2 l’eff)llz guz : (14)
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For comparative purposes the dependency of OPE; on NO, is
superimposed on the plot of OPE, in Figure 7. As indicated by
equation (13), OPE; and OPE, are nearly identical at high NO,
concentrations. As the NO, concentrations decrease, OPE; goes
through a maximum, then decreases toward zero as the NO,
concentrations become very small. This variation of OPEg on NO,
is very similar to the NO, dependency of P(O;), exhibited in
Figure 1. The explicit dependency of OPE; on NO at low NO
concentrations is shown in Figure 9 where the linear behavior
predicted by equation (14) at low NO, is observed. Thus in the
context of the Nashville urban plume, radicals are most efficiently
used in formation of O3 near the P(O3) maximum.

3.4 NO, and Hydrocarbon Limitations to P(O5)

Insight into the issue of NO, or hydrocarbon limitations in the
background air surrounding Nashville and in the Nashville plume
at various stages of its development is explored in this section.
This study was conducted as follows: First, P(O3) was calculated
using our box model for each of the hydrocarbon samples using
observed trace gas concentrations. In the second set of
calculations, either the NO, or the hydrocarbon concentrations
were decreased by 10% while keeping the rest of the
concentrations fixed (the 10% reduction in hydrocarbons included
anthropogenic as well as biogenic hydrocarbons, except for
formaldehyde which was kept at its observed value). The
difference between the O, production rates under the three sets of
conditions allows examination of the sensitivity of the system to
changes in O3 precursor concentrations.

We first examine the results corresponding to the flight of
July 3. Since the urban plume measurements on this flight were
made when the plume was 4-7 hours downwind of the source
region, O; concentrations were near their maximum, and virtually
all the NO, had been consumed. In addition to the urban plume,
calculations were also performed for samples collected outside of
the plume in "background" air. The background samples were
divided into two groups according to their isoprene concentrations
(the two isoprene regimes have been described by Nunnermacker
et al. [1998]). The locations of the hydrocarbon samples for which
these calculations were done are indicated in Plate 1.

The results of the sensitivity calculations for July 3 are shown
in Figure 10. The open bars in Figure 10 depict the calculated
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Figure 9. Ozone ?roduction efficiency with respect to radicals as a
function of NO/Q'? for samples collected in the background and in
the mature urban plume on July 3 and in the background on
July 18. Since Q was relatively constant for these samples, plot
indicates that OPE; is a linear function of NO, at low NO,.
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Figure 10. Sensitivity of the instantaneous O production rate (not including O losses) to changes in either
NO, or ROG emissions on July 3 calculated from box model which used trace gas observations coincident
with ROG samples specified at the bottom of the graph. The open bars represent the base case scenario. O3
production rate in the background were ~3 ppbv/h and at the plume center slightly higher. The shaded/solid
bars represent the systems response to a 10% decrease in NO, or ROG, respectively. The relative height of a
shaded/solid bar with respect to its counterpart open bar (base case) is a measure of the sensitivity of the O,
production rate to changes in NO, or ROG concentrations. If a shaded/solid bar has a height equal to the base
case, this implies that a 10% decrease in emissions leads to a 10% decrease in the ozone production rate, i.e.,
a maximum response. All of the data from July 3 are in the NO,-sensitive regime. Location of the

hydrocarbon samples is shown in Plate 1.

instantaneous O3 production rate (not including O; losses of the
order of 2 ppbv/h) for the base case. The background production
rate is ~3 ppbv/h for both the low- and the high-isoprene
background data. Despite the fact that there is a factor of 3
difference in hydrocarbon reactivity, between the high- and the
low-isoprene background samples it has little effect on P(Os),
because P(O;) in the background is entirely controlled by the NO,
concentration. At the center of the plume the ozone production
rate is slightly higher (5.5 ppbv/h) than for the background
samples because the NO, concentration is higher.

The sensitivity of the system to a 10% decrease in either NO, or
hydrocarbon concentrations is depicted by the shaded bars for NO,
and solid bars for hydrocarbons. The ratio of the height of either a
shaded or a solid bar with respect to its counterpart open bar (base
case) is a measure of the sensitivity of the O3 production rate to
changes in NO, or hydrocarbon concentrations. If the bar
corresponding to the perturbed concentrations has a height equal to
the base case, this implies that a 10% decrease in emissions leads
to a 10% decease in the ozone production rate, i.e., a maximum
response. Conversely, a test bar that is only 10% of its counterpart
base case bar implies that a 10% reduction in concentration would
lead to only a 1% change in the O3 production rate, i.e., that the
system is insensitive to the change in concentrations. In some
cases the sensitivity can be negative. In these cases a decrease in
concentration has the effect of increasing the O3 production rate.
Similarly, the ratio of the two test bars is a measure of the relative
efficiency with which the O3 production rate can be influenced via
a change in NO; or hydrocarbons. It is important to stress that
these sensitivity tests relate only to the instantancous chemistry
and do not reflect the sensitivity of the overall or maximum O;
concentrations to changes in the NO, or hydrocarbon emissions.

For the data of July 3rd presented in Figure 10, we find that the
shaded bars (sensitivity to NO,) were consistently within 90% of
the open bars. This indicates that for all locations, whether in or
out of the urban plume, P(O;) is close to maximally sensitive to
reduction in the NO, concentrations. Conversely, the small solid
bars (sensitivity to hydrocarbons) indicate that the system is
insensitive to changes in hydrocarbon concentrations. This
conclusion is consistent with chemical age of the urban plume as
indicated by the fact that more than 80% of the NO, has already
been consumed.

The equivalent sensitivity data for the flight segment just south
of the urban center on July 18 (Plate 2) are shown in Figure 11.
Because the urban plume was sampled only 2 hours downwind of
the urban center, when only about half of the NO, and slightly
more than half of the anthropogenic hydrocarbons had been
consumed, these calculations give a view of the processes that
control O5 at an intermediate stage in its production. The data in
Figure 11 include four samples collected at various points in the
plume as well as a background sample. The open bars show that at
the center of the urban plume, O; production rates are nearly 3
times higher than those on July 3. This is due to the much higher
NO, concentration. The background Os production rates on the
two days were similar.

In Figure 11, the background sample 13 exhibits NO, sensitive
chemistry. At the plume edges represented by the two outermost
samples 15 and 16, where NO, concentrations are relatively low,
the O3 production rate is more sensitive to changes in NO, than to
changes in the hydrocarbons. However, as indicated by the height
of the gray bars relative to the open bars, a 10% decrease in NO,
concentration produces significantly less than an equivalent
decrease in the O3 production rate. In sample 14, for example, O;
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Figure 11. Sensitivity of the instantaneous O; production rate (not including O; losses) to changes in either
NO, or ROG emissions on July 18. For an explanation of the figure legend see Figure 5. Samples 14
through 17 were taken with a relatively fresh urban plume in which about half of the NO, was still present.
Samples 15 and 16 taken near the plume edge show slightly higher sensitivity to NO, than to hydrocarbons
but the sensitivity is low. Sample 14 near the plume center exhibits a higher ROG than NO, sensitivity,
however both sensitivities are very low. Note that at the plume center, decreasing NO, concentrations have
the effect to increase the O; production rate. Location of hydrocarbon samples is shown in Plate 2.

production rate decreases by only 4.5% in response to the 10%
decrease in NO, concentrations. The O, production rates for the
two samples at the center of the urban plume (samples 17 and 14)
exhibit a greater sensitivity to hydrocarbons than for NO,.
Moreover, for sample 17, collected at center of the plume where
NO, concentrations are highest, the Os production rate increases in
response to a slight decrease in NO, concentration. At this point
the O production rate is clearly more sensitive to decreases in
hydrocarbons than to NO,, but this sensitivity is low, as indicated
by the relative height of the solid and open bars. This implies that
a meaningful impact on the O; production rate at this stage would
require significant decreases in either the hydrocarbon or the NO,
emissions.

These two samples of urban plume chemistry taken when about
half and nearly all the Nashville emissions had been consumed,
when combined with a similar calculations for the downtown data,
illustrate the evolution of the sensitivity of O3 production to
hydrocarbon and NO,. The system starts at the urban center being
entirely hydrocarbon sensitive, when about half of the NO,
emissions have been consumed, the center of the evolving plume is
still under hydrocarbon control but with diminished sensitivity to
changes in this quantity. As more of the NO; is consumed, the
system eventually becomes NO sensitive.

4. Summary and Conclusions

A series of calculations of P(0O;) and related quantities using a
box model constrained by measured concentrations of stable
species have been made to develop a mechanistic understanding of
the chemical processes forming Os in the Nashville urban plume as
it advects downwind, reacts, and produces O;. It was found that at
high NO, concentrations corresponding to the relatively fresh (~2
hour transit time) urban plume sampled on July 18 that P(O;) was
directly proportional to k ;[HCVA[NO;]. At lower NO,
concentrations corresponding to the mature urban plume sampled

on July 3 (5-8 hour transit time) and to samples collected in
background on both days, P(O;) was found to be directly
proportional to the NO, concentration and independent of the
hydrocarbon reactivity even though the hydrocarbon reactivity
varied by a factor of 10.

The dependencies of the instantaneous O, production
efficiencies with respect to both NO, and to the primary radical
production rate Q were examined. The calculations show that
OPE, was very high in the background and in the mature urban
plume when NO, concentrations were low decreased
monotonically with increasing NO, concentration, and was lowest
in the center of the fresh urban plume sampled on July 18. The
high values of OPE, at low NO, were attributed to the low OH
concentrations which minimized losses of NO, by reaction with
OH to form HNO,. As the NO, concentrations increase, NO, starts
to compete with the hydrocarbons for OH by forming HNO;. This
terminates the O; formation cycle and causes the efficiency to
decrease. At high NO, concentrations, OPE, was found to be
proportional to the ratio of the hydrocarbon to NO, reactivity.

The efficiency with which the primary radicals are utilized,
OPEg, is also dependent on NO,, being low at low NO,, going
through a maximum at a NO, concentration of ~4-5 ppbv and
thereafter decreasing with increasing NO,. The low efficiency of
radical utilization at low NO, is attributed to peroxide formation,
which at low NO, effectively competes with NO for peroxy
radicals. At high NO, concentrations, OPEg decreases as the NO,
concentration increases as a result of a competition between ROG
and NO, for OH. In the limit of high NO,, OPE, = OPE;.

The relative sensitivity of the O; production rate to NO, and
ROG was examined from several perspectives. On July 18 when
measurements were made early in the processing of the Nashville
urban emissions (only half of the NO, had been consumed), P(Os)
was found to be hydrocarbon sensitive at the center of the urban
plume. At this stage in the chemical evolution of the plume, a
small reduction in NO, concentration has the effect of increasing
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P(0;). However, in the mature urban plume sampled on July 3
where NO, concentrations were low, P(0;) became limited by the
availability of NO,. In background air on both days, NO,
concentrations were low and P(O,) was always limited by the
availability of NO,.
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