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Figure 6. Trace gas concentrations and calculated quantities for
the July 28 plume traverse. Geographic location is shown in
Plate 2. Same format as Figure 3.

with reference to previous studies which examined the dependence
of P(O;) on NO, and VOC concentrations [Daum et al., 2000;
Kletnman et al., 1995, 1997, McKeen et al., 1991; Sillman et al.,
1990, 1995].

At low NO, an approximate but fairly accurate (of the order of
10% errors) formula for P(O3) is

P(03) = k/(2ke)'? 0" [NOY, 2

where k, is the average rate constant for HO,, RO; + NO, k. is an
effective rate constant for peroxide formation, and Q is the rate of
radical production [Kleinman et al., 1995]. Equation (2) predicts a
linear dependence of P(O;) on [NO], which is what Figure 7
shows at NO concentrations below 0.2 ppb (NO, lower than ~1
ppb). There is some scatter to this relation, caused mainly by
variations in @, which is driven in part by day to day differences
in O; concentration. At higher values of [NO], P(O;) is much
lower than would be predicted from an extrapolation of the linear
low-NO trend. This behavior is due to the increasing role of NO,
as a radical scavenger as can be seen from the following relation,
which is valid at low and high NO, [Kleinman et al., 1997; Daum
etal., 1999]:

P(03) = k/ ko) 0"*(1-Ly/Q) [NO] 3)
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Figure 7. Calculated values of P(Os;) versus observed
concentration of NO. Points on graph are from plume and
adjacent-to-plume locations depicted in Figures 3-6.

Note that (2) follows from (3) by taking the limit that L/Q — 0,
which happens at low NO, concentrations. Although (3) describes
P(0O;) with about a 10% accuracy, it is not very useful at high NO,
because Ly/Q approaches 1 as [NO] gets large, so the limiting
behavior of (1-Lx/Q)[NO] is not apparent. A more transparent
high-NO, formula is

P(O3) =Y (ki [VOCYk, [NO2])) © “

where Y is the average number of peroxy radicals formed after OH
+ VOC,; k; is an average rate constant for OH + VOC; and k; is the
rate constant for OH + NO, [Sillman, 1995; Daum et al., 2000].
Figure 8 indicates that day to day differences in P(Os) for high-
NO, points can be related to the variables on the right-hand side of
(4). A closer look at what is driving the differences between July
6, 20, and 28 reveals that the VOC to NO, reactivity ratio is about
the same on these three days, but the radical production rate Q
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Figure 8. Calculated values of P(Os) versus k[VOC]Q/(k;[NO,])
as a test of the high-NO, relation, given by equation (4).
Quantities are defined in text. Points on graph are a subset of
points from Figure 7, with [NO] >1 ppb. Straight line is a
regression fit to data with zero intercept. The slope yields an
empirical estimate of the factor Y in equation (4). The slope gives
an average of 1.4 O3 molecules formed per OH + VOC reaction.
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varies by a factor of 2.5 in response to differences in O; and
HCHO. The import of these compounds from upwind of the city
can thereby lead to an increase in P(O3) downwind of the city.

6.3. O; Production Rate Sensitivity

The sensitivity of P(Os) to changes in the concentration of NO
or hydrocarbons is evaluated by running a constrained steady state
calculation with perturbed values of either NO or hydrocarbons
and comparing the calculated P(O;) with a base case value. It is
convenient to look at relative sensitivities, i.e.,

dn AO;) [NO] 470;)

- : ©)
#In[NO]  AO;) 4[NO]

where the derivative is calculated numerically from the change in
P(0,) after [NO] is perturbed by some small amount (10% in these
calculations). A similar expression applies for dln P(O;)/dIn
[VOC] with the derivative being evaluated for a 10% change in
CH,, CO, isoprene, and anthropogenic VOCs. The relative sensi-
tivities are defined such that they have a value of 1 when a n%
change in NO or VOCs produces a n% change in P(O3). As
discussed by Kleinman et al. [1997] and Kleinman [2000], relative
sensitivities of P(O;) give information on the instantaneous
response of the atmosphere to changes in [NO] and [VOC]. These
quantities should not be confused with the emission control
factors, din [O3)/dIn Exo or Evoc, which specify the response of
O; concentration to a change in emissions (Eno or Evoc) at some
upwind location in the past. Relative sensitivities do, however,
provide qualitative information on emission controls as explored
in section 6.4.

In Figure 9 we show relative sensitivities as a function of the
process variable Ly/Q, the fraction of free radicals which are
removed by reacting with NO,. The bottom plots in Figures 3-6
show the variation of L,/Q across the urban plume. The solid
lines in Figure 9 are analytic expressions from Kleinman et al.
(1997),

dnA0y) _ 1-3/2Ly/Q » (6)
21n [NOJ 1-1/2Ly/0
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Figure 9. Relative sensitivity of P(O;) with respect to changes in
the concentration of NO or VOCs, dln P(0,)/dln [NO] and
dInP(0O;)/dln [VOC], respectively. Points on graph are from
plume and adjacent-to-plume locations depicted in Figures 3-6.
Curved lines are analytic functions given in equations (6) and (7).
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which are seen to qualitatively represent the numerical
calculations. Points in the urban plumes have Ly/Q values mostly
greater than 0.7. Both the analytic formula and numerical results
agree that in the urban plume, dln P/dIn [NO] is negative, meaning
that an [NO] increase leads to a smaller value of P(O;). For these
points a decrease in VOCs is the only way to decrease P(O;).
Background points have low values of Lx/Q, and for those points,
reducing VOCs does not do much to change P(O;), but a reduction
in [NO] is accompanied by a nearly proportional reduction in
P(0;). The Lp/Q axis spans the range from strongly NO, sensitive
on the left, to a crossover point in the middle and strongly VOC
sensitive on the right.

The centers of the urban plumes are VOC sensitive, sometimes
strongly so with Ly/Q approaching 1. This is noteworthy because
these determinations, at least for July 6 and 17, are made near the
time and place where, according to surface observations, the
maximum O; occurs. Again, we caution that the designation "NO,
or VOC sensitive” refers here to the instantaneous Q; production
rate.

6.4. Emission Controls

On a given day, plume observations are made at a single
downwind distance. We can calculate the sensitivity of P(Os) to
changes in NO and VOCs at that single distance, but by itself this
does not tell us much about the response of O to changes in emis-
sions, which depends upon the entire history of the air mass. We
would be closer to the goal of determining a response to an emis-
sion control if we knew the local sensitivities of P(Os) as a func-
tion of time from the source region to the point where we make
our observations. For example, if P(O;) was strongly VOC sensi-
tive at all points between emission and observation, it is likely that
O, concentration would also be VOC sensitive because we know
in some general sense that O; concentration must be built up out
of P(05) as the air mass evolves. The situation is actually some-
what more complicated. While Oj, in the absence of chemical loss
and dilution, can be expressed as a time integral of the local
quantity P(O;), i.e.,

05 = [ P(Os) dr , (8)

it is not true that the response of O; to an emissions change can
likewise be determined from local quantities, i.e.,

dO5/dE(VOC) # [ dP(0s)/d[VOC] dt , ®

because the latter integral does not take into account the possible
nonlinear response of [VOC(f)] to an emission change.
Nevertheless, we proceed on the plausible assumption that a
system that is always strongly VOC sensitive in the instantaneous
sense will be VOC sensitive in the integral sense.

The problem, then, is to determine the likely past history of an
air mass given a single downwind observation. We take as our
starting point the data gathered on the plume traverses, using the
July 6 observations as an example. Upwind conditions are not
known, but we can assume that the plume was more concentrated
and had higher VOCs and NO,, but lower O;. We have done a
series of calculations increasing either NO, or VOCs or both. We
also consider the effect of reducing O; by itself and in combina-
tion with an increase in NO, and VOCs. These calculations show
how the instantaneous sensitivity of P(O;) evolves as an air mass
moves away from its source region.
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Figure 10. Calculated value of Ly/Q for varied NO, and VOC
concentrations. Base case July 6 data points are the same as those
used in Figure 3. Calculations were done with NO, doubled,
VOCs doubled and both doubled.
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Information on the NO, and VOC sensitivities of the base case
and perturbed scenarios is contained in the variable L,/Q, which is
shown in Figure 10. We choose to look at Ly/Q rather than dln
P(0Os3)/din [NO or VOC] for each of the scenarios because it is
somewhat easier to interpret and because Figure 9 indicates that it
is a reasonable surrogate. Figure 10 shows that a doubling of NO,
increases Ly/Q and thereby makes the system more VOC
sensitive. As Ly/Q is the fraction of radicals removed by reaction
with NQ,, it is expected that it would increase as NO, concentra-
tions increase. A doubling of [VOC], according to Figure 10, has
the opposite effect of decreasing Ly/Q and making the system
more NO, sensitive. This result follows from the fact that the
major contributor to Ly is from the reaction of OH with NO,, and
that increasing [VOC] tends to decrease [OH].

When both NO, and VOCs are doubled the increase in NO, has
the stronger effect; Ly/Q increases, and the atmosphere becomes
more VOC sensitive. It takes only a 25% increase in NO, to
counterbalance a 100% increase in VOCs and leave L)/Q
unchanged. As we look backward in time we expect that the NO,
to VOC ratio in the plume increases because NO, is more reactive
than the average VOC. This effect by itself causes plumes to
evolve from being more VOC sensitive near their source to being
more NO, sensitive downwind [Sillman, 1993, 1999; Staffelbach
et al., 1997; Duncan and Chameides, 1998]. We show here that
the tendency to be VOC sensitive near the source is even stronger
than can be explained by a change in NO, to VOC ratio. Even if
the NO, to VOC ratio stays the same, our calculations show that
Ln/Q increases, and the plume becomes more VOC sensitive. This
is an example of an effect discussed by Sillman [1999] whereby
more polluted conditions (i.e., with higher concentrations of both
NO, and VOCs) tend to be more VOC sensitive. We have also
done calculations in which we consider the effects of a lower
upwind O; concentration. Allowing O; to vary does not change
the conclusion that the plume is more VOC sensitive near its
source region. Having established that P(Os) is VOC sensitive at
all points between the source region and the place where the
plume is intercepted, we conclude that O; formed in the plume is
more sensitive to VOC emissions than to NO, emissions.

Photochemical model calculations [Rao and Sistla, 1993;
Roselle et al., 1991, National Research Council, 1991,
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pp. 362-375; Roselle and Schere, 1995; Sistla et al., 1996] for the
NE corridor indicate that O; in the New York City metropolitan
area is best controlled by VOC reductions, at least in the case of
the worst O, episodes. This sensitivity, determined from model
predictions, pertains to a combination of O; formed in the New
York City urban plume as well as background O, imported into
the area. Our finding of VOC sensitivity pertains only to Oj
formed in the urban plume, which we expect will be more VOC
sensitive than total O, [e.g., Sillman, 1999]. However, whereas
models indicate a transition to NO, sensitivity under less polluted
conditions [Roselle and Schere, 1995], our results show that O,

formed in the urban plume remains VOC sensitive even at O,
levels of 50-110 ppb.

7. Conclusions

Downwind traverses of the New York City urban plume by the
DOE G-1 airplane showed that 31-34 ppb of O; was produced 3-4
hours downwind on 2 days (July 6 and 17) having W-SW winds.
Ozone levels of ~110 ppb resulted. On 2 days, July 20 and 28,
with NW winds, O3 production was 6 and 28 ppb, leading to Os
levels of 41 and 76 ppb at locations 1 and 5 hours downwind of
the source region, respectively. High wind speed on July 20
accounted for it being much cleaner than July 28. Differences in
downwind O; between W-SW and NW flow conditions are
accounted for by the location of emission sources, which leads to
higher pollutant levels being imported into the New York City
metropolitan area when flow is from the W-SW, along the north-
east corridor. Surface Oj observations from the EPA monitoring
network indicated that on the 2 days with W-SW flow the G-1
intercepted the urban plume close to the time and place where
maximum Oj; occurred. This is the place where it is most impor-
tant to determine whether O; control is best done using NO, or
VOC reductions.

The W-SW plumes were observed 110 km downwind of New
York City at which point they had experienced 3-4 hours of aging.
Most of the NO, from the urban area had reacted away, leaving a
NO, to NO, ratio of 20-30%. Peak NO, concentrations were 7 ppb
on July 6 and 4 ppb on July 17, sufficient to support an active
photochemistry and, furthermore, as several lines of reasoning
indicate, high enough to cause O; formation to be VOC sensitive.

A comparison of VOC-OH reactivity in the urban plume with
that observed in background air, upwind of the New York City
metropolitan area, indicates that the plume and background have
comparable reactivity. The plume has a higher concentration of
CO and anthropogenic hydrocarbons, but the background air has a
higher concentration of isoprene. Low isoprene in the urban
plume was due to its location, over or near bodies of water.
Relatively low VOC levels contribute to the VOC limitation on Os
production.

A comparison between the observed ratio of CO to NO, in the
urban plume and an emission ratio determined from the OTAG
inventory for the center of the New York City metropolitan area
indicates agreement of the ratios to within 20%. The inventory
gives a ratio of 8.2 and 10.8 for weekdays and weekends,
respectively. The corresponding observed values are 8.8 and 12.7.
There are no large systematic changes in the value of CO/NO,
with respect to plume age that would indicate rapid deposition of
NO, such as was seen in Nashville, Tennessee.

The ratio of O3 to NO, in the urban plumes had values between
5.4 and 9.4; H,0,/NO, had values between 0.08 and 0.2.
According to calculations by Sillman [1995] the H,O; to NO,
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ratios are all within the range of values associated with O; being
VOC sensitive. The O; to NO, ratios show VOC-sensitive condi-
tions on July 6 and 17 and conditions near the VOC to NO, transi-
tion point on the other 2 days, consistent with a larger relative
contribution of NO,-sensitive background O; on July 20 and 28.
Ozone production efficiencies determined from the slope of an O;-
NO; regression had values between 2.2 and 4.2.

Steady state photochemical calculations were performed using
plume observations as constraints. These calculations yield the
production rate of O3, P(O;3), the fraction of free radicals which are
removed by reacting with NO,, Ly/Q, and the sensitivity of P(O3)
to changes in the concentrations of NO or VOCs, dln P(O;)/dIn
[NO or VOC]. Maximum values of P(Os) were 14 and 12 ppb h™',
on July 6 and 17, respectively, indicating a still active photo-
chemistry after 3-4 hours of aging. These high values for P(O;)
were observed in regions where O; concentrations were within 10
ppb of their maximum values as indicated by the surface moni-
toring network. Evidently, at these locations there is almost a
balance between gain of O; by chemical production and loss by
dispersion. In as much as the O; maximums occur in regions
where NO,/NO, is about 20-30%, our results agree with the
findings of Olszyna et al. [1994] that maximum Os concentrations
are reached at about that point. On one of the days with NW winds
(July 28), maximum P(O;) was only slightly lower, 11 ppb hl.
This is consistent with the observation that the O, increase
(relative to the adjacent nonplume regions) on July 28 was only
slightly less than that seen on July 6 and 17.

In all four urban plumes, P(O,) is VOC sensitive, meaning that
P(0O5) is more sensitive to a small fractional change in [VOC] than
it is to the same small fractional change in [NO]. In three of the
plumes, NO, inhibits O3 production; that is, P(O3) increases when
NO is decreased. As shown in previous work, the P(0;) sensitivi-
ties are well represented by simple analytic formulas that depend
only on Ly/Q [Kleinman et al., 1997]. Low- and high-NO,
formulas for P(Os) reproduce its dependence on NO,, VOCs, and
radical production rate.

P(0O;) sensitivities are local properties of an air mass, whereas
the sensitivity of O3 concentration to an emissions change depends
on the history of an air mass from the point of emissions to the
point where it is being observed. A plausible, but not mathemati-
cally rigorous, argument was constructed to show how P(O;)
sensitivities are related to the effects of emission controls. It was
argued that if the instantaneous P(O,) is VOC sensitive at every
point in the history of an air mass, it is likely that the integrated O,
will also be VOC sensitive. It was further argued that closer to the
source region (i.e., looking back in time) an air mass would have a
higher NO, and VOC concentration and the ratio of NO, to VOC
would either be the same or higher. For this hypothetical but
physically reasonable set of conditions the steady state calcula-
tions show that P(0O;) becomes more VOC sensitive close to the
emission source region. Therefore P(O) is VOC sensitive over
the whole history of the air mass, and O; itself is VOC sensitive.
This argument is based on calculations which consider the effects
of small perturbations. The problem of NO, and VOC sensitivity
has to be addressed also from the perspective of the large emission
changes which Eulerian models indicate are necessary to meet air
pollution standards [Roselle and Schere, 1995).
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