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Fisure 1•. Dependence of O] and FA on NO• obse•ed on July 
20, 1995. 
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4.3.2. July 7-Western Tennessee. On this P3 subregional 
flight a series of six southwest-northeast traverses in the BL was 
made (Figure 14). The winds were mostly northwesterly, 
between 300' and 340'; the wind speed was variable, ranging 
from 3 to 7 m s -1 . The concentrations of FA, 03, CO, SO2, and 
H20 measured on these transects are plotted along a coordinate 
perpendicular to the wind direction (Figure 15) with the south- 
westernmost point reached by the P3 as the origin (x = 0 km). 
Because of the variability in wind speed and, to some extent, 
direction, a Lagrangian type of analysis of the chemical evolu- 
tion of emissions from the embedded sources (i.e., Paradise, 
Cumberland, Johnsonville, and the Gallatin power plants, and 
the Nashville urban area) is expected to be uncertain. In fact, 
slight adjustments in the distance coordinate were necessary for 
the SO2 peaks to be reasonably aligned (Figure 15, bottom). 
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Figure 14. Flight track of a P3 subregional flight on July 7, 
1995. The dashed line represents a cross wind coordinate. 
Flight transects are identified by uppercase letters. 
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Figure 15. Concentrations of FA, 03, CO, SO2, and H20 
observed on cross wind transects during a P3 flight on July 7, 
1995. The different symbols correspond to different flight tracks 
defined in Figure 14. 

Despite this limitation, we observed several interesting photo- 
chemical features which we qualitatively examine below. 

Transect B (diamonds connected by dotted line) intercepted 
the plumes from Johnsonville (x-35 km), Cumberland (x-100 
km), and Paradise (x-230 km), and transects E and F intercepted 
the Gallatin plume at the -240 km point. An apparent 03 
increase of-25 ppbv (x-250 km) was observed in the Paradise 
plume along transect B using the lowest 03 level observed along 
track B at x-100 km to be the background 03 value of the air 
flowing into the region. The transport time from the Paradise 
plant to transect B was -3 hours. Using transect D as back- 
ground, an 03 increase on an order of-20 ppbv was observed on 
transect F at x-200 km, corresponding to an area downwind of 
the region between downtown Nashville (x-170 km) and the 
Gallatin power plant. The time elapsed between downtown and 
transect F was roughly 4 hours. These observations demonstrate 
that NOx emissions from power plant plumes and urban plumes 
are responsible for 03 production within a few hours. The rate 
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Plate 1. Flight track of the P3 on July 1, 1995: traverses within 
the boundary layer are in black with local time given in 
parentheses; segments above the boundary layer are in blue. 
Isoprene emission rates, in units of 1014molecules m -2 s-1 
[Williams et al., 1997], are coded in color: dark green, green, 
yellow-green, yellow, and light yellow, represent 80-120, 40-80, 

20-40, 10-20, and 5-10, respectively. Power 0plants are identified 
according to annual NOx emissions (in 10 tons): red square, 
blue triangle, and black dot denote >200, >100, and >50, 
respectively. 

of 0 3 production and its efficiency with respect to NOx level 
were found to be in qualitative agreement with that reported by 
L. J. Nunnermacker et al. (unpublished manuscript, 1998) based 
on data collected on the G 1. 

FA concentrations showed a progressive increase from -2.5 
to 5 ppbv along the wind flow in the southwestern edge of the 
domain, and a general trend of increasing concentration with 
decreasing distance along the cross wind coordinate. The latter 
is seen to coincide with that prominently shown by the H20 
vapor concentration, suggesting that the sources of H2 ̧ and 
isoprene, precursor of FA, are highly correlated. This observa- 
tion is consistent with the fact that the southwestern edges of 
these transects are located in an area of high isoprene emission 
(Plate 1). The much greater scatter in FA concentration than that 
in H20 can be interpreted to reflect a variable isoprene emission 
rate or, more plausibly, the fact that the oxidation of isoprene to 
produce FA is being governed by, among other factors, the 
concentration of NOx. 

We note that [FA] showed an increase along transect D in 
both the Johnsonville (x-40 km) and Cumberland (x-100 km) 
plumes compared to that observed on transect B. In contrast, the 
Nashville urban plume, located at x -160 km as indicated by the 
-20 ppbv CO increase on track E, FA showed little change 
downwind of the urban center, reinforcing an earlier conclusion 
that anthropogenic HCs contribute weakly to FA formation. It is 
noted that an increase of-l.3 ppb in [FA] was observed between 
the background values of transects B and transect D immediate 
upwind of the urban center, suggesting that isoprene played a 
major role as a precursor. Finally, it must be pointed out that the 
cross wind CO profiles along the wind flow remained nearly 

unchanged (Figure 15), indicating limited dilution during 
sampling. Consequently, concentration changes observed from 
one traverse to another are mainly due to chemistry. 

4.3.3. July 1 - Kentucky and Tennessee. The P3 took off at 
1200 LT, flew northwest at high altitude (>3 km) to the 
Kentucky-Illinois border, and made six successive east-west BL 
traverses southward between 500 and 700 m in altitudes 

(Plate 1). These traverses are shown in solid black and desig- 
nated by letters A to F, with time identified in parentheses. The 
wind directions were quite constant, from between 320 ø and 
350 ø, the wind speed was mild, varying between 4 to 6 m s -1 
The isoprene emission rate [Williams et al., 1997] is variable in 
the immediate vicinity of Nashville, but very strong in an area 
west and southwest of Nashville where the Johnsonville and 

Cumberland power plants are located (Plate 1). The in situ HC 
measurements made on the P3 showed that the concentrations of 

some anthropogenic HC were fairly constant throughout the six 
transects: ethyne, 0.4-0.6; ethene, 0.12-0.15; propane, 0.6-1.0, 
and/-butane, 0.08-0.11, all in ppbv. In contrast, isoprene was 
much more variable, ranging from 0.1 to 0.3 ppbv during 
transects A-C, and from 0.15 to 1.1 ppbv during transects D-F. 

The FA concentrations observed during these transects range 
between 1.8 and 4.3 ppbv (Figure 16). The three transects 
upwind of Nashville showed [FA] in the range 1.9 to 2.9 ppbv. 
The three transects downwind of Nashville found similar levels 

of FA in the region east of the western boundary of the urban 
area (i.e.,-87 ø longitude). However, in the region between-87.5 ø 
and -88.0 ø longitude, a significant production of FA, -2.2 ppbv, 
was observed on track E, directly downwind of the Cumberland 
and Johnsonville power plants. Since these power plant plumes 
traveled through a high isoprene emission region, this increase in 
FA was ascribed to isoprene oxidation. We examine below 
whether this secenario is consistent with other experimental 
data. 

Using a decay rate constant of 0.4 h -1 for FA (calculated 
using [OH] - 7 x 106 molecules cm -3 and a j value appropriate 
for 5 pm), the observed [FA] of 4.2 ppbv corresponds to a total 
decay rate of FA of-4.2 x 0.4 = 1.68 ppbv h -1 This decay rate 
should approximate the production rate if FA is at steady state. 
The contribution of isoprene is estimated using an emission rate 
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Figure 16. FA concentrations observed along the six BL 
transects of a P3 subregional flight on July 1, 1995. 



22,460 LEE ET AL.: AIRBORNE CARBONYLS DURING THE 1995 NASHVILLE SOS STUDY 

90 

80 

60 

5O 

3 

' I ' ' ' ' I ' ' ' ' I ' ' ' ' I ' ' ' ' I ' ' ' ' I [ ' 

_ 

ß *. G 

.- D 

.;. E F 

,o 

.O.. ., ',',, •D- - -(3' 
- o" "o .... o' o - - o' '",:.'. 

I ' ' 

--e--A 

.... e• -- B 

• C 

.- D 
= E 

J_ F 

25 

20 

O3 10 

i ' ' 

• C 

.- D 

: E 

.L F 

9 

::; 
,,. 

,,o 

,. 

-88.5 -88 -87.5 -87 -86.5 -86 

Longitude, degrees 

Figure 17. Concentrations of O 3, PAN, and SO 2 observed along 
the six BL transects of a P3 subregional flight on July 1, 1995. 

of 80-120 x 10 TM molecules m -2 s -l, and a rapid oxidation 
leading to FA production (at [OH] = 7 x 106 molecules cm -3, the 
time constant is 0.4 h). The FA thus produced was mixed into a 
boundary layer height of-1500 m. Based on this scenario, a 
total isoprene consumption was estimated to be -•1 ppbv hr-1 (at 
100 x10 TM molec m -2 s-l), and a FA production rate of 0.75 ppbv 
hr-] (FA yield being 0.75). The rate of FA production from 
methane is estimated to be 0.25 ppbv hr -1 using [CH4] = 1.70 
ppm, and [OH] = 7 x 106 molecules cm -3. The contribution 
from PAN decomposition is estimated from the observed 
concentration of-•2.5 ppbv (Figure 17) and a [NO2]/[NO] ratio 
of 5, which led to a FA production rate of 0.72 ppbv h -]. The 
total FA production rate was therefore 1.72 ppbv h -1, nearly 
identical to the estimated decay rate of 1.68 ppbv h-]. 

Judging from the above analysis, it is evident that PAN plays 
an important role in FA production. PAN is produced from both 

anthropogenic and natural hydrocarbons [e.g., I'Villiarns et al., 
1997]. In the case of isoprene oxidation, PAN is produced 
through the intermediate MVK at an yield of 70% [Carter and 
Atkinson, 1996], which in turn is produced from isoprene at 
34%. A 1 ppbv h -1 isoprene oxidation rate estimated above 
would therefore result in a 0.24 ppbv h -1 production of PAN. 
This rate however accounts for only 1/3 of decomposition. The 
equilibrium time constant is controlled by the thermo- 
decompsition of PAN and the association of peroxyacetyl radical 
with NO2, 

'lJpA N = (k d + ka[NO2]) -1 (6) 

and is fairly rapid at [NO2] >0.5 ppbv, namely,---10 min. 
Therefore we found that the rate of PAN production was smaller 
than its decomposition rate and was not sufficient to maintain 
the PAN peak concentrations observed in the power plant 
plumes. However, since isoprene was logically the only reactive 
HC in this forested environment, we find it difficult to reconcile 
this difference unless the production rate is significantly greater 
than 0.24 ppb h-1 . This suggests that the PAN production rate 
of 0.24 ppbv h -1 based on isoprene mechanism represents an 
underestimate by a factor of 2 or more. It may be pointed out 
that a discrepancy of smaller magnitude, •40%, has also been 
observed by Carter and Atkinson [ 1996] in their comparison of 
the isoprene mechanism with chamber experiment data. Finally, 
we point out that because PAN was measured as a point 
concentration integrated over only a few seconds every 5 min, 
considerable discrepancy may result when compared to data of 
vastly different time integration. The analysis given above 
therefore should be viewed as highly qualitative. 

4.3.4. July 3 - Early morning flight. Nighttime chemistry 
of photochemical species in the air above the nocturnal inversion 
has been an area of uncertainty for gaining a complete descrip- 
tion of the fate and impact of emissions. One potentially 
important reaction in this regard is the NO3 mediated oxidation 
[e.g., Wayne et al., 1991]. Although FA is not expected to be 
greately affected by NO 3 judged from their slow kinetics, k = 6 
x 10 -16 cm 3 molecules -1 s -1 at 298 K [e.g., Cantrell et al., 1985] 
and a small [NO3] (significantly smaller than the daytime mean 
[NO2] of 0.7 ppbv due to fast reactions between NO 3 and other 
trace species such as substituted olefins), experimental data are 
needed to assess whether FA undergoes important nighttime 
transformations. Short of direct nighttime measurements, one 
might only be able to infer the importance of these hypothesized 
reactions from changes observed in the morning from that of the 
previous day. 

As pointed out by McNider et al. [this issue], BL air is often 
subject to low-level jets and gets dispersed during the night, 
resulting in substantial dilution. Consequently, one must make 
certain that the air mass being examined is unaffected by such 
processes before attributing concentration changes to chemical 
reactions. In this context, it was found that during a mini- 
episode period, July 1-July 3, the air mass over the Nashville 
urban center and the surrounding area was moving in a clock- 
wise direction, dispersing the urban derived pollution rather 
uniformly in the region [McNider et al., this issue, Figure 2]. It 
was further found that the winds were very mild during after- 
noon hours on July 2 when the G1 had its flight mission south- 
east of the city. Overnight the air mass was pushed by a 
moderate low-level jet toward southwest of the city where the P3 
made its first leg of sampling on early morning July 3. 

We consider that the data collected during these two aircraft 
missions had a high probability of characterizing roughly the 
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same air mass and therefore are suitable for a comparison to 
discern possible nighttime chemistry of FA. The last stretch of 
BL measurement made on July 2 between 1510 and 1550 LT, 
southeast of the city, after a spiral showed mean concentrations 
of 0 3 and FA to be, in ppbv, 59 + 1 and 2.6 + 0.5, respectively. 
The corresponding values determined on the P3 between 0650 
and 0740 on July 3 were 68 + 4 and 3.1 + 0.4 ppbv, respectively, 
both being essentially unchanged overnight. We take this as 
evidence that FA is not significantly affected by nighttime 
chemistry and therefore can serve as a radical source in early 
morning hours. 

5. Conclusions 

Airborne measurement of FA was made on the NOAA P3 and 

DOE G1 aircraft during the 1995 Nashville/Middle Tennessee 
Ozone Study. FA, GL, MG, and PD were also measured on the 
G1. FA concentrations were high, the mean and median in the 
BL being 4.2 and 3.9 ppbv, respectively. The BL mean and 
median (in parentheses) concentrations of GA, GL, MG, and PD 
were 0.78 (0.70), 0.07 (0.06), 0.14 (0.10), and 0.24 (0.23), 
respectively. At the observed levels, FA contributed 
significantly to the OH reactions, comparable to isoprene and 
CO, and served as an important radical source, responsible for 
---1/2 of that produced by 0 3. A source attribution analysis based 
on measured concentrations of VOCs and their reaction kinetics 

and mechanisms with the OH radicals showed that isoprene 
contributed to -67% of FA. PAN and CH 4 contributed-13% 
each. Other VOCs were found to of minor importance. This 
analysis is corroborated by the strong correlation observed 
between FA and other isorpene oxidation products, namely, GA, 
MG, and GL. The nonzero FA intercept values observed in 
these correlation plots were also consistent with the -30% of FA 
source that does not coproduce these multioxygenated carbonyls. 
Individual flight data obtained under farily uniform wind flow 
conditions also demonstrated that FA was mainely produced 
from NO x mediated photooxidation of isoprene. Because of the 
strong precursor-product relationship between isoprene and FA, 
FA can be used a complementary tracer for assessing the 
emission inventory of isoprene in the Middle Tennessee region. 
Although biogenic emission rates can in principle be verified by 
direct field measurements, the rapid reactions of these 
compounds, for example, isoprene, coupled to inhomogeniety in 
surface vegetation coverage and complex atmospheric 
structures, would typically hamper such approach [Andronache 
et al., 1994]. While using FA as a proxy to assess biogenic 
emission rates requires well established VOCs oxidation mecha- 
nisms affecting FA production, one recognizes that by the same 
token the model calculated concentrations of FA are similarly 
governed by the same mechansitic data, affecting the validity of 
model predictions in many key photochemical aspects discussed 
here. Clearly, oxidation mechanisms of VOCs built into models, 
particularly relating to FA production, are of critical importance 
and must be intercompared with and validated by field measured 
data. 
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