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Figure 2. Nashville urban area: (a) Loss of NO, due to reaction. Symbols are observed values from equation
(3) and are corrected for dispersion. Equation (2) is used to determine CNO,. Curve is calculated from
equation (4). (b) Loss of NO, due to deposition of NO,. Symbols are observed values from equation (5) and
are corrected for dispersion. Curves are calculated from equation (7), using equations (4) and (6). Constants
for the urban plume are as follows: o = 0.5 hour", C, =002 =02 hour", and C, = 0.1. Sensitivity
calculations were performed with the same values of a, C,, and C,, but also with 8 = 0.25 and 0.33. The
corresponding NO, lifetimes (1/8) are 3 hours (thin line), 4 hours (medium line), and 5 hours (thick solid
line). Vertical error bars represent the root-mean-square uncertainty determined for the calculated ratio based
on error in the measurements of NO,, NO,, CO, or SO, and the error in the slope of the regression line used
to determine each ratio. The horizontal error bars represent a 30% uncertainty in the determination of plume

age based on wind speed data.

being the more conserved quantity) in a plume and NO, oxidation
products. Numerically, there is only a slight difference (i.e., 10%)
if O, is used instead of Os for the determination of OPE,. One way
of doing this is to determine the slope of a graph of O, versus NO,.
However, as was inferred from Figure 2b, NO, loss can be quite
rapid and therefore the measured NO, concentration is only a
fraction of the NO, that was consumed. If there was no deposition,
the concentration of NO,(¢f) would be

NO (/)

NOy

NO()" =

—NO.(9) ®

Using the corrected values for NO, (i.e., NO,* from equation (8)),
we arrive at an OPE, of 3-4 for the Nashville urban plume in the
downwind region where maximum O; occurs [Nunnermacker et
al., 1998]. This range of values is a factor of 2 lower than would
be obtained if NO, was not corrected for losses.

3.2. Power Plants

3.2.1. Observations. Table 1 provides a summary of the
traverses of the Gallatin and Paradise power plant plumes. The
Gallatin data were acquired relatively close to the power plant with
plume ages ranging from 0.5 to 4 hours. This range is adequate for
determining an oxidation rate but is too short to determine an
accurate value for the rate of NO, loss. The Paradise data were
collected farther away from the emission source, with transects
ranging from 2.8 to 9.6 hours downwind. Accordingly, it provides
a better description of the loss process.

Table 1 includes the ratios NO,/SO, and NO,/NO, needed for
the kinetic analysis. Figures 3 and 4 show a series of plots from
the July 7 traverses of the Paradise power plant plume with travel
times varying from 2.8 to 9.6 hours, as an example of the
regressions that were used to generate these ratios. Several trends
are apparent. As downwind travel time increases, the plumes get
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Table 1. Data Summary for Power Plant Analysis

NUNNERMACKER ET AL.: NO, LIFETIMES AND O; PRODUCTION EFFICIENCIES

Travel Observed® Corrected®
Date tme [NO,J/[SO,] [NOJ/NO,] (NOLH/NOL0))C® (NO,(A/NO,(0)*
Paradise  July 7, 1995 2.8 0.60 0.80 0.77 0.61
July 7, 1995 4.6 0.51 0.61 0.61 0.37
July 7, 1995 1.7 0.35 0.13 0.37 0.05
July 7, 1995 9.6 0.30 0.11 0.29 0.03
July 17, 1995 6.0 0.46 0.61 0.52 0.32
July 17, 1995 6.5 0.40 0.38 0.44 0.17
Gallatin  July 3, 1995 0.5 0.17 0.95 0.98 0.93
July 3, 1995 35 0.15 0.36 0.77 0.28
July 7, 1995 23 0.18 0.48 0.97 0.46
July 15, 1995 4.0 0.13 0.40 0.65 0.26
July 17, 1995 2.0 0.15 0.49 0.81 0.40
July 17, 1995 25 0.15 0.52 0.80 0.42
July 18, 1995 20 0.17 0.72 0.92 0.67

* Observed ratio from slope of least squares fit to

data points collected on plume traverse.

® Ratios corrected for plume dispersion and loss of SO; from deposition and oxidation.
° Corrected NO, ratio = CNO,(¢) which is calculated from equation (9).
4 Corrected NO, ratio = CNO(f) times the observed NO, ratio (see equation (3)).

wider as indicated by the number of data points in each plot;
absolute concentrations of NO,, NO,, and SO, decrease due to
dispersion and removal processes; the ratio NO,/NO, decreases
due to loss of NO, by oxidation; and the ratio NO,/SO; decreases
due to loss of NO, by deposition. Correlation coefficients remain
reasonably high (r{ >0.9) except for NO,/NO, at 7.7 and 9.6 hours.
At a plume age of 9.6 hours the plume is only contributing a
maximum of 0.3-0.4 ppbv of NO, above background, thus
lowering the r? value.

3.2.2, Kinetic analysis. Our analysis of the power plant
plumes parallels that of the urban plume except that SO, is used in
place of CO as a tracer. Unlike CO, SO, is removed by dry
deposition and by oxidation at rates which are not negligible over
the timescale of the plume experiments. The oxidation rate of SO,
is about 2% h' for a power plant plume [Gillani, 1978; Forrest et
al., 1981], an order of magnitude lower than that found for NO,
(see below). The dry deposition velocity of SO, is estimated to be
about 0.7 cm s™' for the terrain types found near Nashville [Sheik et
al., 1979; Wesley et al., 1985). This translates into a 2% h!
removal rate for a 1200 m boundary layer height. Summing these
two processes, we artive at an estimated removal rate of SO, of
4%h".

For the power plant plumes the correction factor for NO, loss is,

NO (4

NO ,(0)
30,(0)

®

CNO (1) =

An initial ratio of SO; to NO, of 0.17 was used for Gallatin, and
0.7 was used for Paradise. These ratios were calculated based on
reported plant emissions [Ryerson et al., 1998], and have an
associated uncertainty of + 20% based on variations in the fuel,
burners, and other parameters. The factor ¢®®®*"™) that accounts
for SO, removal has a value of 1.5 at the farthest downwind
traverse which corresponds to a plume age of 9.6 hours. As with
other ratios, NO,(f)/SO,(¥) is determined from the slope of a linear
regression of NO, versus SO, for a plume transect at a given
location.

Figures 5a and 6a show (NO,,(t)/NO,(O))C versus time, as
determined from equations (3) and (9), for the Paradise and
Gallatin power plant plumes. The solid line is a curve of the form

C

[MJ =@ -cy+C, (10)

NO,(0)

In order to obtain a smooth fit of the data with the theoretical
expression (equation (10)), the oxidation constant must increase
with time. This also makes physical sense based on what is known
about plume chemistry. The form used in equation (10) satisfies
the objective of giving a rate constant that starts small and grows.
Thus, the parameter “n,” n > 1, accounts for the increase in the
NO, oxidation rate as the plume dilutes and becomes more
reactive. Figures 5b and 6b show the time dependence of
(NO,(t)/NOy(O))Cfor Paradise and Gallatin, as determined by (5)
and (9). The solid line is from a kinetic model in which
(NOL(?)/NO,(0))€ is given by (10) and (NO,()/NO(0))C is given
by (6).

The curves in Figures 5 and 6 depend on five rate constants and
parameters: C,, @, n, 3, and C,. For both power plants they were
determined by first finding a set of C,, &, and n that fit the NO,
data points, then values for  and C, that fit the NO, data points. A
fit was obtained by trial and error. Values of C,, &, n, 8, and Cy
are given in the captions to Figures 5 and 6. Because the NO, and
NO, kinetic expressions depend on five parameters, they are fairly
flexible, and it is therefore not surprising that the fitted curves
agree with most of the data points to within the uncertainties
shown on the graphs. Alternate sets of parameters can be found
that also do a reasonable job in fitting the data points. However,
the kinetic expressions start to give a noticeably poorer fit when
parameters are changed by more than 1/3. An exception is the
deposition rate of NO, in the Gallatin plume where the value for
has an uncertainty greater than 1/3 because the sampling points do
not cover a long enough time span to show much NO, loss.

From the fitted curves in Figures 5b and 6b we estimate an NO,
lifetime (1/8) of 2.5 and 3 hours for Paradise and Gallatin,
respectively. NO, lifetimes up to 5 hours in the Gallatin plume are
judged to be within the uncertainty of the analysis procedure as
illustrated in Figure 6b. Changing the Paradise NO, lifetime to 4
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Figure 3. Paradise NO,/SO, ratios at different travel times from the point of emission for July 7, 1995:
(a) 2.8 hours, (b) 4.6 hours, (c) 7.7 hours, and (d) 9.6 hours.

or 5 hours, gives a poorer fit as illustrated in Figure 5b. The fit is
only slightly worse for an NO, lifetime of 2 hours. Changing the
values of the other 4 parameters (C;, a, n, and Cy) for Paradise
does not alter the conclusion that the best fit value of B gives an
NO, lifetime of only 2.5 hours.

In order to provide a qualitative picture of the nonlinear decay
of NO, and NO, it is useful to define a phenomonological lifetime
as the time needed for these substances to decay to 1/e of their
original concentrations, and can be determined from Figures 5 and
6. The NO, lifetimes are 2.8 and 4.2 hours for Gallatin and
Paradise, respectively. For NO,, the corresponding lifetimes are
7.0 and 7.7 hours. NO, decays more slowly than NO, because of
the delay that exists in first converting NO, to NO,.

Results depend on the SO, loss rate which is only estimated. A
sensitivity calculation for Paradise indicates that a zero SO, loss
rate yields an increase in lifetimes from 4.2 to 5 hours for NO, and

2.5 to 3.5 hours for NO,. An SO, loss rate greater than 4% h!
would cause the calculated lifetimes to decrease.

Figures 7a and 7b show the correlation between O, and NO,’
for Paradise and Gallatin. From this, we determine that OPE, (i.c.,
slope of the line) has a value of 2 with an r* = 0.95 in the Paradise
plume. For Gallatin an OPE, = 3 with an ? = 0.85 was found. An
error estimate of 45% is arrived at by adding in root-mean-square
fashion a 25% error due to the uncertainties in the measurements
of O; and the oxides of nitrogen and a 35% error due to the
determination of Cyo,. Values as much as a factor of 2 higher
would be obtained if the deposition correction was not made.

4. Discussion

Oxidation and deposition lifetimes and ozone production
efficiencies for the urban and power plant plumes are summarized
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Figure 4. Paradise NO,/NO, ratios at different travel times from the point of emission for July 7, 1995:
(a) 2.8 hours, (b) 4.6 hours, (c) 7.7 hours, and (d) 9.6 hours.

in Table 2. A physically reasonable trend is the increase in NO,
lifetimes from 2.0 hours in the urban plume to 2.8 hours in the
plume of a small power plant to 4.2 hours in the plume of a large
power plant. Urban and power plant plumes have very different
characteristics. An urban plume contains a mixture of NO, and
reactive hydrocarbons. Except for the very early moming hours,
an urban plume is sufficiently dilute that an active photochemistry
can occur even in the source region. A power plant plume, in
contrast, contains very high NO, but relatively little reactive
hydrocarbons, and O; formation cannot occur until there is dilution
of the initially high NO, and mixing with hydrocarbon containing
background air. Dilution and mixing take time, which is why NO,
oxidation is slower in a power plant as compared with the urban
plume and why it is slower in a large power plant as compared
with a small one.

Model calculations indicate that OPE, should be a nonlinear
function of NO, concentration. All other things being equal, OPE,
should be low at high NO, and increase at low NO, levels [Lin et
al., 1988]. In support of this prediction, OPE, in the more
concentrated Paradise plume is about a factor of 1.5 lower than in
the Gallatin plume. However, the urban area and Gallatin both
have an OPE, of 3-4 even though higher NO, levels occur in the
Gallatin plume. This feature of the chemistry has been noted by
St. John et al. [1998]. We note that the comparisons of OPE,
between sources is not altogether straightforward because
processing times and hydrocarbon environments differ.

As has been noted in other studies of the Nashville plumes
[Gillani et al., 1998a, b; St. John et al., 1998], the disappearance
rate of NO, is quite rapid. In the urban and power plant plumes
considered here, the phenomonological lifetime of NO, varies
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Figure 5. Paradise power plant: (a) Loss of NO, due to reaction. Symbols are observed values from
equation 3 and are corrected for dispersion. Equation (9) is used to determine CNO,. Curve is calculated
from equation 10. (b) Loss of NO, due to deposition of NO,. Symbols are observed values from equation (5)
and are corrected for dispersion. Curves are calculated from equation (7), using equations (6) and (10).
Constants determined for Paradise are as follows: o= 0.12 hour", C.,=002,n=15,8=04 hour", and C, =
0.1. Sensitivity calculations were performed with the same values of a, C;, and n, but also with p=02and
0.25. The comesponding NO, lifetimes (1/8) are 3 hours (thin line), 4 hours (medium line) and 5 hours (thick
line). Error bars same as in Figure 2. Symbols: solid circle, July 7, 1995; cross-hatched square, July 17.

from 7 to 9 hours. Loss of NO, occurs with a lifetime of 2.5 to 5
hours. There is no apparent reason why the power plants and the
Nashville urban area have different NO, lifetimes. We note that, at
least in the case of the Gallatin plume, the uncertainty in the
analysis procedure is large enough to accommodate a2 5 h NO,
lifetime, the same as in the urban plume. Also, the urban NO, data
could be fit almost equally well with an NO, disappearance rate of
about 4 hours, bringing it closer to the power plants. Although the
data set and analysis procedure is only good enough to indicate a
range of possible values for the NO, loss rate, it is clear that
measurements are only consistent with very rapid loss of NO.,.
NO, is seen to have a lifetime that is significantly greater than NO,
since the NO, lifetime reflects the additional time needed to
convert NO, into a substance (i.e., HNOs) which is susceptible to
loss by deposition.

A 5 hour lifetime for NO, corresponds to a midboundary layer
dry deposition velocity of 6.7 cm s for a 1200 m deep boundary
layer (i.e., 6.7 cm s = 1200 * 10 cm/ (5 hours x 3600 s h™)). A 3

hour lifetime gives a deposition velocity of 11 cm s, Even
assuming that NO, is 100% HNO; and that the surface resistance
of HNO; is zero, these are higher than the normally expected
deposition velocities [Huebert and Robert, 1985; Hall and
Claiborne, 1997]. The discrepancy with existing measurements is
actually greater than we have stated because deposition velocities
are typically measured a few meters above the ground. A rapidly
depositing gas will develop a vertical gradient such that an
emptying of the whole of the boundary layer at a velocity of 6.7
cm s implies a significantly higher deposition velocity near
ground level.

The very high apparent NO, deposition velocities inferred here
are puzzling. We do not have an explanation, but can speculate on
several sources of error in the analysis. First, there may be errors
in the NO, measurements. NO, may be converted to an odd-N
species which is not being detected as part of NO,. This would
lead to an underestimate in NO, that would get worse farther from
the source, thereby mimicking a loss process. Laboratory and field
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Figure 6. Gallatin power plant: (a) Loss of NO, due to reaction. (b) Loss of NO, due to deposition of NO,.
Calculated as in Figure 5. Constants determined for Gallatin are as follows: o= 0.3 hour!, C, =0.02,n =
1.2, $=0.333 hour, and C, = 0.1. Sensitivity calculations were performed with the same values of o, C;,
and n, but also with 8= 0.2 and 0.25. The corresponding NO, lifetimes (1/f) are 3 hours (thin line), 4 hours
(medium line) and 5 hours (thick line). Error bars same as in Figure 2. Symbols: solid triangle, July 3; solid
circle, July 7; open circle, July 15; cross-hatched square, July 17; solid square, July 18.

tests indicate that the NO, detector, used on the DOE G-1,
measures commonly occurring gaseous odd-N compounds with
near 100% efficiency [Fehsenfeld et al., 1987; Nunnermacker,
1990; Williams et al., 1998]). Owing to the design of the Mo
converter, it is assumed that small nitrate particles (i.e., diameter
<1 um) are converted with 100% efficiency [Williams et al.,
1998]. However, NO, compounds incorporated into large aerosols
(i.e., diameter >1 um) may not be detected, due to inlet losses.
Second, the effective mixing height may be less than 1200 m.
Observations were done on power plant effluents that had been
emitted early in the day when mixing heights were lower (i.e., not
fully developed). If the mixing height was less than 1200 m, a
smaller deposition velocity could account for the observed rapid
disappearance of NO,. Third, there may be systematic errors in the
analysis procedure. For example, if the initial NO, to SO,
emission ratio for Paradise was 0.5, then a reasonable fit to the
NO, decay curve could be obtained with f=0.2 (i.e., a 5 hour NO,
lifetime). Some combination of these factors along with a
deposition velocity that is indeed high may explain these results.

5. Conclusions

The Nashville area is dominated by a very rapid photochemistry
as demonstrated by the short lifetime of NO, in both the urban and
power plant plumes. The rate of oxidation for NO;, also varies
from small power plant (i.e., Gallatin had a NO, lifetime of 2.8
hours) to large power plant (i.e., Paradise had a NO; lifetime of 4.2
hours).

Table 2. Summary of the Urban and Power Plant Plume

Plume Characteristics Nashville Gallatin Paradise
NO;, lifetime (hours) 20 2.8 4.2
NO, lifetime (hours) 8.7 7.0 7.7
NO; lifetime® (hours) 5 3 25
Average OPE; 3-4 3 2

*NO, lifetime is based on the best calculated fit to NO, loss.
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Figure 7. The ozone production efficiency (OPE,) determined for the Gallatin and Paradise power plants: (a)
An OPE, = 2 was determined from the slope of the regression line for the Paradise power plant on the final
transect (i.e., see Figure 1b, P4), July 7, 1995, and (b) an OPE, = 3 was determined from the slope of the
regression line for the Gallatin power plant on the final transect (i.e., see Figure 1c, G), July 15, 1995. Note

that the NO, concentrations were corrected for losses.

The kinetic analysis indicates NO, lifetimes ranging from 2.5 to
3 hours for the power plants to 5 hours for the urban area.
Although the uncertainties on these values are high, the data
unequivocally show rapid NO, loss. If this loss is attributed to dry
deposition of HNO;, it implies a deposition velocity of 7 to 13 cm
s'. This is much faster than anticipated based on currently
accepted rates of deposition for HNO; (1-4 cm s™'). Further studies
are needed to determine if other processes, such as large particle
formation, are at work in the Nashville region.

Ozone production efficiency also varies depending on the size
of the power plant. The larger power plant (Paradise) has a 30%
lower OPE, than the smaller power plant (Gallatin). Another
important point is that despite the differences in precursor
concentrations the OPE, for the Gallatin power plant is virtually
the same as that of the Nashville urban plume (3 to 4 0;/NO,). The
lower OPE, determined for the larger power plant (Paradise)
provides important information for determining future emission
control strategies.
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