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over the center city, and the maximum ozone in the plume was
slightly south of the city as shown by the helicopter traverses.
Both the helicopter and the lidar aircraft show elevated ozone
levels in the Nashville vicinity, but quantitative comparisons
are not appropriate due to the different flight tracks and times
of observation.

The speciated NO, measurements reveal the chemical trans-
formations occurring within the urban plume. The spatial cor-
relation between ozone and NO, is immediately apparent by
comparing these two panels in Plate 6. The primary emissions
from Nashville are suggested in the NO panel of Plate 6, but
the NO reacts away so quickly that the NO, and NO, maps
give a better visualization of the primary emissions source area.
Another apparent source of NO was detected northeast of the
city near the Davidson county line coinciding with the location
of the DuPont Rayon City plant. Background NO was quite
low with upwind concentrations generally much less than 1
ppb. The NO, panel also reveals low background/upwind levels
and elevated NO, appearing over and just downwind of the
city. Spatial distribution of the termination products HNO,
and NO, is quite similar to that of ozone, and the maps for O,
HNO,, and NO, clearly indicate the shape and extent of the
urban plume. It is also interesting to note that concentrations
of the termination products are peaking only slightly farther
downwind than the NO and NO,, a result of high photochem-
ical reactivity and very light wind speeds. Thus the urban
plume appears to end abruptly just south of the Davidson
County boundary.

During this day of the ozone episode the regulatory ozone
monitors missed recording the high levels that occurred. The
downtown research station (not part of the routine regulatory
network) was the only ground station that was impacted by the
plume on July 12, causing the anomalously high ozone con-
centration. The small size of the plume combined with the
limited number of surface monitors reduces the probability
that the network will actually record the highest existing ozone
concentrations. There is no simple solution for this problem
because a network sufficiently dense to guarantee detection of
the plume maximum ozone on this day would be prohibitively
expensive. For this reason, it is also prudent for modelers
comparing model output with regulatory field data to bear in
mind that monitoring networks are probably underestimating
the maximum ozone concentrations and frequency of elevated
levels that are actually occurring in a region, sometimes by a
substantial margin.

How much of the ozone and precursors present in the mea-
sured plume on July 12 came from Nashville, and how much
came from sources upwind or locally generated ozone recircu-
lated from previous days? Midboundary layer ozone concen-
trations within the core of the urban plume were as much as 70
ppb higher than at the same altitude outside the urban plume.
With a revised ozone standard set at 80 ppb 8 hour average and
background levels as high as 60 to 70 ppb during this episode,
it is clear that the combination of elevated background and
local ozone is likely to bring levels above the concentration
limit for the new standard. The spatial distribution maps of
precursor concentrations also indicate the importance of local
sources in this episode. Upwind of the urban area the precur-
sor concentrations were very low, and not until the air flowed
over the source-rich urban complex did the excess, ozone-
producing photochemistry occur. Elevated levels of ozone and
precursors observed in Nashville on July 12, 1995, were a
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combination of substantial amounts of “home grown” ozone,
added into an already elevated background air matrix.

The limited spatial extent of the Nashville plume elucidates
grid size selection for regional modeling. Grid sizes geared
toward simulating urban ozone episodes need to be carefully
reevaluated in the light of these observations, especially for
cities similar to Nashville. A 20-km grid cell could contain the
entire urban plume on July 12, including both fringes, the core,
as well as a sizable amount of background air, zones with
distinctly different chemistry. Clearly, a finer grid structure (1
km, e.g.) is more appropriate to model this type of worst case
ozone cpisode for Nashville and likely for other medium- to
large-size cities as well.

6. Comparing Ozone Formation in Urban,
Power Plant, and Mixed Plumes

What similarities and differences are noted between the
urban plume, the power plant plume, and the mixed plumes on
July 11 and July 127 In order to place these comparisons on an
equal footing it is important to consider first that as a plume
ages chemically, the mixture of ozone, precursors, and photo-
chemical reaction products changes dramatically. Fresh
plumes contain much NO, (primarily as NO,) but little and
even negative ozone above background. As the plume ages and
more of the NO, is processed through the photochemical cycle,
ozone increases, NO, drops and NO, compounds such as PAN
and nitric acid increase. At some point a plume becomes
“burned out” or mature, and little additional ozone is pro-
duced. The plume is then primarily diluting and depositing as
it is advected by the wind. See Gillani et al. [this issue] for a
detailed discussion of the photochemical aging process as ob-
served in the Nashville SOS study. To further complicate the
picture, deposition of all species occurs at different and varying
rates depending on chemical properties of the species, turbu-
lence, ground surface type, and whether or not the plume is in
contact with the ground [e.g., Shepson et al., 1992; Wu et al.,
1992]. The concept of photochemical age, the fraction of the
nitrogen oxide species that are observed as reaction termina-
tion products, (NO,/NO,) or equivalently (1 — NO,/NO,),
helps to clarify the analysis. By organizing data from traverses
of different plumes and different days by chemical age, more
meaningful comparisons may be performed.

Plate 8 shows TVA helicopter data on excess ozone forma-
tion (ozone + NO, above background/NO, above back-
ground), abbreviated AO,/ANO,, versus chemical age, mea-
sured at the same time for the urban, power plant, and mixed
plume types studied on July 11 and 12. Several important
facets of the photochemical processing are revealed by this
data presentation. At photochemical ages of less than about
0.4 there is little excess ozone per molecule of NO, present for
any of the plume types (AO,/ANOQ, is about 1 or less). As the
photochemical age increases from about 0.4 to about 0.7, the
plumes are actively producing ozone, and the AO,/ANO, is
elevated. At photochemical ages from 0.7 to about 0.9 the
plumes are well aged. It is at the point of chemical maturity
that the most meaningful comparisons may be made among
the plumes. Focusing on the points at chemical maturity (NO,/
NO, > 0.7), the July 11 urban, power plant, and mixed plumes
show very similar ozone-NO,, relationships with most values of
AQ,/ANO, between 5.0 and 7.0. There is a suggestion that the
centroid of the cluster of power plant data points is slightly
above that of the mixed plume points, but there is substantial
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Plate 8. Ratio of excess ozone plus NO, to excess NO, abserved for isolated and mixed Nashville urban and
Gallatin power plant plumes, plotted as a function of photochemical age for July 11 and 12, 1995 (flights 14

and 15). TVA helicopter data.

scatter of the data. The pure urban plume data from July 12
also show AQ,/ANO, mostly between 5.0 and 7.0 at chemical
maturity, overlapping those of the mixed and separate plumes
of the previous day. However, there is also a fairly large num-
ber of data points in the mature, isolated urban plume (pho-
tochemical age above 0.7) with AO,/ANO, in the range from
7.0 to near 9.0, values largely absent the previous day.

7. Summary of Findings

During the 1995 Nashville SOS study the highest ozone
concentrations observed occurred when very light winds and
high solar radiation created an air stagnation episode highly
favorable for photochemical ozone production. Extensive air-
craft sampling of the plume using both in situ and remote

sensing techniques permitted thorough mapping of its geo-
graphic extent. Because of the very light winds, the Nashville
plume consisted of an unexpectedly small intense blob rather
than an elongated plume. The entire urban plume in midafter-
noon measured only about 10 km wide by 20 km in length. Two
important consequences of this phenomenon are that operat-
ing regulatory monitors missed peak ozone occurences and
that modelers may need to use smaller grid sizes for urban
plumes from cities such as Nashville, especially when modeling
worst-case episodes.

The aircraft flights data permitted a quantitative comparison
of the concentrations upwind and downwind of the city, and
analysis of these data in the light of the new NAAQS for ozone
lead to some important findings. On July 12, for example, the
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data show that boundary layer air flowing into Nashville con-
tained 60 to 70 ppb of regional background ozone and that the
urban area added as much as 70 additional ppb bringing the
core of the urban plume core up to 140 ppb ozone. Plate 4
shows a somewhat similar situation on the previous day with
slightly lower concentrations but with interacting urban and
power plant emissions. The newly promulgated NAAQS for
ozone in the United States is set at the level of 80 ppb, 8 hour
average. During this stagnation episode, background concen-
trations in the mid south were only 10 or 20 ppb less than the
level of the new standard. Clearly, there is a strong likelihood
that the ozone additions from the Nashville plume (or from a
city similar in size and emissions mix to Nashville) during a
summertime stagnation episode such as this will cause ozone
levels to rise above the level of the 80 ppb standard.

In the light of these observations, abatement strategies for
stagnation episodes under the new standard will need to care-
fully assess the relative contributions from current day local
emissions, the previous day’s local and subregional emissions
(which contribute to the subregional background), and the
longer time, longer range transport background influence. In a
companion paper [Banta et al., this issue] we investigate in
detail the apportionment of the measured ozone levels to these
source influences for several days of this same stagnation ep-
isode.

The plume from a small power plant located only 40 km
from Nashville was observed to reach chemical maturity before
it reached the city and mixed with the urban plume during the
episode (July 11). Winds were very light, and transport time to
maturity was at least 3 hours despite the short distance from
the plant. Comparisons on the same day of ozone-NO, rela-
tionships (normalized for photochemical age) between the ma-
ture small power plant plume and the mixed plume (dominat-
ed by the urban emissions) showed very similar values. Plumes
from larger power plants would not necessarily be expected to
show similar behavior. See Gillani et al. [this issue] for an
in-depth comparison of large and small power plants for a
variety of sampling days. On the following day the isolated
urban plume was found, on average, to exhibit slightly higher
ratios of excess ozone to excess NO,. Assessment of NO,-VOC
indicator species suggests that the background air is NO,-
sensitive, whereas the core of the urban and mixed plume is
likely sensitive to both VOC and NO, levels. Analysis of the
chemical composition of the urban plume shows that during
this episode the plume reached photochemical maturity before
traveling very far from the city and that upwind sources con-
tributed only modestly to the elevated levels of ozone and
precursors that were observed.

Profiler data showed that boundary layer winds, although
very light during the daylight hours, increased substantially
during the night, leading to nocturnal spreading and stretching
of the previous day’s plume above the nocturnal inversion. This
is the reason that each day of the episode appears to begin with
a relatively “clean slate.” This also explains, in part, the rather
abrupt end of the plume downwind of the city in the afternoon.
The abrupt end of the plume in the afternoon probably rep-
resents the air that was over the city when the morning slow-
down in the boundary layer winds began.

The data set collected by the SOS investigators in Nashville
provides a detailed look at the geographical extent and the
chemical composition and dynamics of urban and power plant
plumes in the region. This work represents the beginning of a
detailed analysis geared toward developing an improved un-
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derstanding of photochemical ozone production. Finally, this
effort shows the value of collaborative scientific field measure-
ments from multiple airborne and surface platforms in devel-
oping a more complete picture of the chemistry and transport
of photochemical O, in the troposphere.
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