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appears that on this day the major factor is entrainment. Mixing
during the midday period from 1030 to 1600 is evidently
efficient in keeping concentrations of NO,, and CO at low
values. A shallow nocturnal inversion is again established in the
evening. At 2000, the peak in CO and NO,, suggests that the
inversion height is still above 100 m, but not so high that surface
level emissions are extensively diluted. A decrease in O; at
2000 due to titration is coincident with a peak in NO,.

On July 3 the Nashville urban plume was encountered by the
G-1 between 1400 and 1500, about 5 hours and 50 km down-
wind of Nashville (L. J. Nunnermacker et al., unpublished
manuscript, 1998). According to this time difference the air that
the G-1 sampled was over Nashville at about the time of the
inversion breakup. As discussed above, we believe that the
majority of the boundary layer had an O3 concentration similar
to the air that is entrained downward after the inversion breakup.
With that assumption, the 115 ppb O3 observed from the G-1
represents about a 35 ppb net increase over downtown levels.

3.3. Hydrocarbon Composition

Table 1 provides the median concentrations and OH reactiv-
ities of anthropogenic VOCs and isoprene at the two primary
sampling periods; 0700-0800 and 1200-1300. These downtown
observations are compared with low-altitude measurements from
the G-1 aircraft taken outside of the city center. The G-1
samples were collected between 1100 and 1400, a time period
centered on the downtown "PM" collection time. Percentile
distributions for the downtown concentrations are shown in
Figure 6.

As with the other primary pollutants, median anthropogenic
hydrocarbon concentrations are higher in the morning (97 ppb
C) than 1n the afternoon (45 ppb C). Reactivity per ppb of
anthropogenic carbon does not vary indicating that the hydro-
carbon mix observed 1n the afternoon is not any more aged than
that observed in the moming. Effects of aging are clearly seen
in the G-1 samples. According to Table 1 the median anthro-
pogenic hydrocarbon concentration observed from the G-1 is a
factor of 3.5 lower than downtown; but the median OH reac-
tivity is a factor of 7 lower.

The median isoprene concentration does not change much
from morning (1.10 ppbC) to afternoon (0.96 ppbC), although,
as might be expected by the 2 order of magnitude range in

Table 1. Median Hydrocarbon Concentration and VOC-OH
Reactivity at the Downtown Site and in the Boundary Layer
Outside of Nashville

Anthropogenic? Isoprene
Location  Concentration, Reactivity, Concentration, Reactivity,
ppb C 5! ppbC s
Downtown 97 4.48 1.10 0.51
AMP
Downtown 45 2.06 0.96 0.45
PMP
G-1° 13.2 0.29 0.92 041

“All compounds except 1soprene and terpenes.

bThere were 30 samples in AM and 20 samples in PM, same data as
used for Figure 6.

€Includes 62 samples, 300-1000 m aititude at a median distance of 55
km from the urban center. Average altitude equal to 550 m. G-1 samples
collected from 1100-1400.
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Figure 6. Percentile distributions of total VOC (ppb C),
isoprene (ppb C), and percent contribution of isoprene to total
OH reactivity. Box covers interquartile range, between 25 and
75 percentiles. Whiskers are at 10 and 90 percentile. Line in
box is median. Data are given at the two primary measurement
times, 0700-0800 and 1200-1300. Morning data is from 30
hydrocarbon samples, noon data are from 20 samples.
Percentile distribution for morning isoprene does not include
two samples with isoprene lower than detection limit.

concentration, there can be large differences between AM and
PM on any given day. Because anthropogenic VOCs decrease
in concentration in the afternoon while isoprene remains
constant, we find that the contribution that 1soprene makes to
total OH-VOC reactivity is about a factor of 2 greater in the
afternoon as compared with the morming. Although isoprene is
usually a minor contributor to the total reactivity, there are a few
occasions in the afternoon when it is the dominant reactive
hydrocarbon. Isoprene levels observed from the G-1 are similar
to those observed downtown. We believe that this is due to two
opposing effects; namely, an increase in isoprene emission rate
outside of the urban area and a decrease in isoprene concen-
tration with altitude that reflects a very short atmospheric life-
time. Because the reactivity of the anthropogenic hydrocarbons
decreases outside of the urban area, isoprene becomes, on
average, the largest measured contributor to VOC-OH reactivity.
Our analysis does not include daughter oxidation products which
in the case of isoprene are quite reactive. We might therefore be
underestimating the contribution that isoprene makes to OH
reactivity. Biogenic reactivity is also underestimated by not
including terpenes.

L. J. Nunnermacker et al. (unpublished manuscript, 1998)
have compared the hydrocarbon composition measured down-
town on the morning of July 18 with the composition measured
from the G-1 [York University, 1995] later in the day in a
downwind location. By using CO as a conservative tracer to
account for dilution, they were able to derive an average OH
concentration experienced by the air parcel as it was advected
from downtown to the G-1 located 25 km from the urban center.
Figure 7a shows the concentrations of a select group of alkanes,
alkenes, and aromatics, from the downtown July 18 AM and
July 18 G-1 samples that were analyzed by Nunnermacker et al..
We have adjusted the scales on the vertical axes so that the two
concentration plots coincide at iso-pentane. The total concentra-
tions, including compounds not explicitly shown in Figure 7a are
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Figure 7. Comparison of hydrocarbon samples observed
downtown on July 18 AM and downwind on July 18 from the
G-1. Vertical scales have been adjusted so that plots coincide at
iso-pentane. Compounds are arranged by category (i.e., alkanes,
C,H,, olefins, and aromatics) and within a category by OH
reaction rate constant. (a) Concentration (ppb C); (b) OH-VOC
reactivity as defined in equation (1) (s°").

approximately a factor of 3 greater downtown as compared with
the downwind measurement on the G-1. Differences between
the downtown and G-1 samples are not all that apparent in
Figure 7a because most of the high concentration species have a
similar relative abundance at both sites.

Figure 7b shows OH reactivities. Again, the vertical scales
are adjusted so that the downtown and G-1 plots coincide at iso-
pentane. The first two compounds, ethane and propane, have an
appreciable background which is proportionately more important
in the G-1 sample. Most of the alkanes do not react appreciably
in the 2 hours that L. J. Nunnermacker et al.(unpublished
manuscript, 1998) estimate for a travel time to the G-1, and
therefore the two reactivity curves almost coincide. The G-1
samples show a preferential removal of the more reactive olefins
and aromatics. Internally bonded olefins with OH rate constants
of order 10~!! (cm? molecules! s1) have very low concentra-
tions and reactivities in the G-1 sample. The reactivity per unit
VOC is some 40% lower in the G-1 sample compared with the
downtown sample.

4. Comparison With Emission Inventories
In this section we compare concentration and reactivity ratios

determined from the downtown observations with the corre-
sponding quantities determined from estimates of local emission
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rates. This comparison is performed to assess the accuracy of
emission information.

There are two major categories of emission sources that could
impact the downtown site; namely, the urban area in which the
downtown site is located and the power plants located outside of
the city. Table 2 contains emission estimates for these sources.
Power plant emission estimates are from TVA (N. Gillani,
personal communication, 1998) and are provided for the four
large plants closest to Nashville. Paradise and Cumberland are
among the largest NO, sources in the United States
[Environmental Protection Agency (EPA), 1993a]. Urban area
emission estimates were obtained from the 1995 SOS emission
inventory. This emission inventory is an update of the 1990
Middle Tennessee Emission Inventory [Davis et al., 1993].
Emission data collected during the 1995 SOS Ozone Field Study
was used to modify and to update the 1990 inventory to 1995
values [Cardelino et al., 1996]. Table 2 provides an emission
estimate for Davidson County which contains the city of
Nashville. The downtown site is located approximately in the
center of the county. Emissions in the five county Oj
nonattainment region, which includes Davidson, Rutherford,
Sumner, Williamson, and Wilson counties is approximately
double that of Davidson by itself. Table 2 indicates that NO,
emissions from the Nashville metropolitan area are significantly
smaller than that from the surrounding power plants. The three
larger power plants, however, are located 80 or more km from
the city center, so it is not a priori evident which source will
contribute the most NO,, to the Nashville urban area.

In order to maximize the likelihood that the observations are
capturing fresh emissions, we have limited the comparison to
data collected between 0600 and 1000. This is a period of high
emission rates due to morning rush hour traffic. Vertical mixing
is limited during this period resulting in high concentrations,
which overwhelm the dilute mixture of pollutants carried over
from the previous day. Contributions from power plants are
minimized because fumigation of elevated plumes does not
generally occur until later in the day [Duncan et al., 1995].
Reactive losses are also minimized. NO and NO, were not
successfully measured, so a direct comparison between emitted
and observed NO, is not possible. However, NO, can be used
instead. This has the advantage that loss of emitted NO, from
reaction is accounted for because the products are measured as
part of NO,. We expect NO and NO, to make up most of the
NO,, especially for the high concentration conditions occurring
in the moming. An NO,, instrument intercomparison conducted
in Nashville in 1994, indicated high detection efficiencies under
these conditions [Williams et al., this issue]. There are 30
hydrocarbon samples suitable for this analysis, all of which were
collected over 1-hour long periods extending from 0700 to 0800.

Table 2. Emission Rates

Emission Distance From Emissions , kton yr‘l
Source Nashville,km CO VOCs NO, SO,

Power Plant®

Gallatin 38 12 98

Cumberland 82 118 26
Johnsonville 110 20 115

Paradise 124 132 192
Urban area®

Davidson - 187 50 40

County

?Annual average rates.
Summertime average rate.
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According to Table 2 the urban area and power plants have
very different emission characteristics. Power plant emissions
contain NO, and SO,, but essentially no CO or hydrocarbons.
Urban emissions in contrast have high NO,, CO, and hydro-
carbons, but low SO,. These signatures can be used to identify
the primary emission source impacting the downtown site
[Parrish et al., 1991; Poulida et al., 1994). Figure 8a shows
80, as a function of NO,, at the downtown site. Straight lines on
this figure indicate the SO, to NO, emission ratios for the four
power plants listed in Table 2. We do not expect that air masses
influenced by power plant emissions will correspond quantita-
tively to any of the curves because the urban area could still be
supplying most of the NO,. However, the SO, observations do
indicate only a minor impact from power plants with plume-like
excursions of high SO, occurring less than 5% of the time. This
view is confirmed in Figure 8b which shows the close associa-
tion between CO and NO,, in the downtown observations. Taken
together these figures indicate that there are almost no points
that simultaneously have high SO,, high NO,, and low CO.
Accordingly, the downtown observations will be compared only
with urban area emissions.
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Figure 8. Correlations between SO,, CO, and NO,, observed
downtown in the morning. Each open data point is a 5 minute
average between 0600 and 1000. Solid symbols indicate 1 hour
average concentrations during the 0700-0800 time period in
which hydrocarbon samples were collected. (a) SO, versus
NO,. Straight lines indicate emission ratios of SO, to NO,, from
the Gallatin, Johnsonville, Paradise, and Cumberland power
plants; (b) CO versus NO,. Solid straight line is a linear
regression fit to the data points coincident with the hydrocarbon
samples. Broken line is a linear regression fit to the 5 minute
average data.
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Table 3. Comparison of Observed Concentration and Reactivity
Ratios With Corresponding Quantities From Emission
Estimates

Emissions
Ratio Observations 1990 NAPAP? 1995 SOS
vOCb/CO, ppb C/ppb 0.32 0.46 0.42
VOC/NOy , ppb C/ppb 29 4.1 2.9
CO/NOy, ppb/ppb 9.3 9.1 6.9
K(VOC)*/VOC, cm’ 213¢-12¢  1.6de-12
molecules™ s~

*Encompasses 40 by 40 km region that includes the city of Nashville.
Emission rates are for a summer weekday with maximum and minimum
temperatures of 29.4° and 18.3°C.

YVOC does not include CH4 or biogenics.

°The term k(VOC) defined in equation (1).

9Read 2.13¢-12 a5 2.13 x 10712,

As indicated in Table 3, the comparison between observations
and emissions is carried out for the concentration ratios
CO/NO,, VOC/NO,, and VOC/CO, and also for a measure of
hydrocarbon reactivity, k(VOC)/VOC. The term k(VOC) is
defined in (1) as the OH reactivity of a hydrocarbon mixture and
k(VOC)/VOC is thereby the average rate constant for reaction of
that mixture with OH. Emission ratios are determined from the
1995 SOS inventory used in Table 2 and also from a gridded
version of the National Acid Precipitation Assessment Program
(NAPAP) 1990 [EPA, 1993a] that was provided to us by S.
Sillman (personal communication, 1998). This inventory was
used by Sillman et al. [this issue] for photochemical model
calculations of the Nashville/Mid Tennessee region. Reactivity
calculations were carried out only for the 1990 NAPAP
inventory. For both inventories we used a temporal weighting
factor to account for the diurnal dependence of emission rates.
The fraction of emissions in the downtown area that occur
between 0600 and 10:00 for NO,, VOCs, and CO are taken to be
0.214, 0.171, and 0.192, respectively. The fraction of mobile
emissions were computed using traffic counter data [Cardelino
et al., 1996], while the other categories, area, mobile nonroad,
and point emissions were computed using default values within
the emissions model EPS2 [EPA, 1993b]. Urban area SO,
emissions were not available from the 1995 SOS inventory. The
1990 NAPAP inventory does include SO, but it appears to be
several-fold higher than is consistent with the observed SO, to
NO,, ratio (3.2%).

In order to minimize the effects of background concentration,
the observed ratios in Table 3 have been determined as the slope
of a linear least squares regression between the two quantities
that make up the ratio. In performing the regressions we assume
that both variables have equal "errors" [Imre et al., 1996]. This
assumption applies when the departure from a perfect correlation
reflects a real atmospheric variability. The equal error regres-
sion slope so obtained is the geometric mean between the slopes
that are calculated by considering one and then the other variable
as independent. Measurements errors for CO, NOy, and VOCs
are estimated to be in the range 10-20% depending on absolute
concentration. As the slopes in Table 3 depend more on the
higher concentration observations, the lower error estimate is
more appropriate. The propagated error in the ratios is thereby
approximately 15-20%.

Regression fits to the concentration data are shown in Figures
8b, 9a, and 9b for CO/NO,, VOC/CO, and CO/NO,,
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Figure 9. Correlation between VOC, CO, and NO,, observed
downtown between 0700 and 0800. Solid lines are linear least
squares regression fits, the slope of which is the observed ratio
in Table 3. (a) VOC versus CO; (b) VOC versus NO,.

respectively. The ratio, CO/NO,, that is in Table 3 was deter-
mined from CO and NO,, measurements that coincide with the
times of the hydrocarbon samples; these are the shaded points in
Figure 8b. This figure shows two almost identical regression
fits, which indicates that there is only a small difference between
the CO to NO,, ratio determined from the measurements coinci-
dent with the VOC samples and those determined from the entire
0600-1000 data set.

According to Table 3 the observations reproduce the CO/NO,
ratio in the 1990 NAPAP inventory and the VOC/NO, ratio in
the 1995 SOS inventory. The problem of deducing errors in
emission rates (assuming observations are accurate) is under-
determined, leaving us with a family of possible solutions. The
simplest way to proceed is to assume that the two correct ratios
imply that emissions of CO and NO, are correctly given by the
1990 inventory and that VOCs and NO, are correctly given in
the 1995 inventory. This agrees with the perception that
emission inventories are more accurate for NO, than for VOCs
or CO [Fujita et al., 1992]. The remaining ratios can be brought
into agreement with observations if the 1990 NAPAP VOC
emission rate is decreased by 30% and the 1995 SOS CO
emission rate is increased by about 35% (i.e., the 1990 VOC
emissions are high, and the 1995 CO emissions are low).
Although the VOCs in the 1990 inventory are 30% higher than
suggested by observation, we note that the OH reaction rate
constant is 77% of observed, which leaves the 1990 VOC
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mixture only slightly less reactive than the observed VOC
mixture.

Compared with some earlier attempts to reconcile emissions
and ambient concentrations, the comparisons in Table 3 are very
encouraging. Similar to the observations by Goldan et al. [199])
in Boulder, Colorado, we do not find any evidence that emission
inventories are underpredicting CO and VOCs by factors 2 or
more as was deduced for several sites from CO/NO, and
VOC/NO, ratios [Morris, 1990; Fujita et al., 1992] (for a review
of prior measurements, see National Research Council (NRC)
[1991)).

5. Conclusions

Trace gas measurements from the Polk office building in
downtown Nashville show elevated concentrations of CO, NO,,
and VOCs characteristic of urban area emissions. Peak levels
occur in the morning when vertical mixing is limited and emis-
sions are high due to rush hour traffic. High O3 concentrations
were measured later in the afternoon. During the 30 day aircraft
intensive period, there was one occasion when Oy exceeded the
current 1-hour average, 120 ppb standard. In downtown
Nashville the daily maximum 8-hour average O is, on average,
only 10 ppb lower than the daily maximum 1-hour average Os.
As a consequence, changing the standard to 80 ppb averaged
over 8 hours would cause the number of potential violations to
increase to 12.

Most of the downtown VOC samples indicate that isoprene
makes only a small contribution to OH reactivity (median
contribution is 9 and 17% in the AM and PM, respectively), in
contrast to what is found in samples taken outside of the city
from the DOE G-1 aircraft. A comparison of a sample taken
downtown on July 18 with a sample taken later in that day
downwind of the city shows that there is a preferential loss of
reactive alkenes and xylenes in the downwind sample.

Correlations between CO, NO,, and SO, were used to
establish the relatively minor influence of the nearby power
plants on the downtown air. Because the downtown site is
located in a high emission rate region, we are able to assess the
accuracy of the Nashville urban area emission inventories by
comparing emission ratios with the corresponding observed
morning concentration ratios. The observed morning ratios were
VOC/CO equal to 0.32 (ppbC/ppb), VOC/NO, equal to 2.9
(ppbC/ppb), and CO/NO, equal to 9.3 (ppb/ppb). The 1990
NAPAP emission estimates can be brought into agreement with
these values if the VOC emission rate is decreased by 30%. The
1995 SOS inventory will agree if the CO emission rate is
increased by about 35%. In contrast to comparisons that have
been made in other locations, we do not find any evidence for
large (i.e., factor of 2 or greater) underpredictions of CO or
VOCs in the inventories.
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