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for all three indicator ratios. The underestimate is relatively 

small for O3/NO z but is larger for H202/NO z and peroxides/NO r, 
and suggests that the scenario is biased toward VOC-sensitive 
chemistry. Referring to Figures 4-5 and 15-16, it appears that the 
underestimated indicator ratios are associated specifically with a 
small number of model locations (all in the Nashville urban 
center) with lower indicator ratios than the rest of the model 
domain. These locations with low indicator ratios also show 

greater sensitivity to VOC than the rest of the model domain. 
Peak 03 in the model occurs at 1600 rather than at 1400 LT, 

and the subsequent discussion will refer to predicted O3-NO x- 
VOC sensitivity at the time of peak 0 3. The standard scenario 
predicts that peak 0 3 shows equal sensitivity to reduced NO x and 
VOC, although the impact of reduced NO x is due in part to 
upwind NO x sources rather than to emissions in Nashville. The 
impact of reduced VOC in the simulations is due almost entirely 
to reduced emissions in Nashville rather than upwind. 

Table 2 also shows that relatively small changes in model 
assumptions cause large changes in predicted NOx-VOC 
sensitivity for peak 0 3. In the scenario with RUC mixing heights 
peak 0 3 shows greater sensitivity to NO x then to VOC. 
Simulations for July 12 and (especially) July 18 also show greater 

sensitivity to NO x than to VOC. This change in NOx-VOC 
sensitivity occurs because greater dispersion (through winds and 
vertical mixing) tends to create NOx-sensitive chemistry while 
stagnant conditions tend to create VOC-sensitive chemistry 
[Mi![brd et al., 1994; see also Kleinman, 1994]. Scenarios with 
increased VOC emissions also show NOx-sensitive chemistry, 
while the scenarios with reduced biogenic VOC (equivalent to the 
BEIS1 inventory) show VOC-sensitive chemistry. The NO x- 
sensitive model scenarios also have higher indicator ratios while 
the VOC-sensitive scenarios have lower indicator ratios. By 

contrast, the ratios 03/(2H202+NOz) and 03/(2peroxides+NOz) 
are affected by model deposition rates but show little change in 
response to changed model NOx-VOC sensitivity. 

The best agreement with measured indicator ratios is found in 
the NOx-sensitive scenarios, especially in the scenarios with 
increased VOC emissions. However there is no strong basis for 

rejecting the standard scenario (with equal sensitivity to NO x and 
VOC) since the low indicator ratios in this scenario are associated 
with a small number of model locations, which could easily have 
been missed in the aircraft flight path. 

It is useful to contrast the measured O3/NO z (=9.3) and 
H202/NO z (=0.2) associated with peak 03 in Nashville on July 13 
with previously measured indicator ratios in Atlanta [Sillman, 
1995; Sillman et al., 1995] and Los Angeles [Silhnan, 1995; 
Sillman et al., 1997]. The measured values in Atlanta 

(O3/NOy=14) are associated with NOx-sensitive chemistry, while 
measurements in Los Angeles (O3/NOz=4-6, H202/NOz=0.03) 
are associated with VOC-sensitive chemistry. The Nashville 
measurements represent intermediate values between NO x- 
sensitive Atlanta and VOC-sensitive Los Angeles. They also 
represent intermediate values between measured values in rural 
Virginia associated with a seasonal transition between NO x- and 
VOC-sensitive chemistry [Jacob et al., 1995]. The indicator 
values in Nashville may be seen as representative of chemistry 

close to the NOx-VOC transition. 
Results for July 18 deserve special notice. This day was 

characterized by high winds (5 m/s) relatively low 0 3, and 
chemistry that closely resembles rural sites even in the Nashville 

urban plume. Simulations for this day show high O3/NO z and 
H202/NO z, both characteristic of NOx-sensitive chemistry. 
Measured O3/NO z (=12) is consistent with model results and also 

suggests NOx-sensitive chemistry. However the measured H202 
was very low (<1 ppb) and significant discrepancies appear 
between model and measured values for H202/NO z (model equal 
to 0.41, measurement equal to 0.16) and O3/2H202+NO z (model 
equal to 6.5, measurement equal to 9.6). The measured indicator 

ratios (O3/NO z and H202/NOz) give contradictory values for 
NOx-VOC chemistry. These measurements can be reconciled 
with model results only if an unspecified upwind loss for H202, 
possibly through wet deposition or aqueous chemistry, is 
assumed. 

8. Ozone Production Efficiency 
and Removal Processes 

In the previous discussion of correlations between 03 and NO r 
and between 0 3, NO z, and peroxides, it was assumed that the 
correlations were determined primarily by photochemical 

production, production of ozone in association with the O3-NO z 
correlation, and production of NO z and peroxides as odd 
hydrogen sinks in association with the correlation between 0 3 , 
NO z, and peroxides. There has already been extensive analysis of 
the correlation between 0 3 and NO z in this context. The slope 
AO3/ANO z has been associated with the ozone production 
efficiency, that is, the ratio of the rate of production of ozone 
(P(O3)) to the loss rate of NO x (L(NOx)) [Liu et al., 1987; Lin et 
al., 1988; Trainer et al., 1993; Olszyna et al., 1994; Kleinman et 
al., 1994]. Chin et al. [1994], Jacob et al. [1995] and Ryerson 
(this issue) have suggested that the observed correlation between 

03 and NO z may be largely influenced by photochemical losses 
of 0 3 and NO z rather than production. P. H. Daum (private 
communication, 1997) has also found instances in which the 

observed AO3/ANO z does not represent the true ozone production 
efficiency because it represents the difference between twt• a•x' 
parcels with different photochemical age and histt•ry. There has 

also been confusion over the use t•f AO-•/ANO: as evidence for 
NO.•-VOC chemistry. Initially. Sillman et ed. 1199()bl suggested 
that a positive correlation between 0 3 and total reactive nitrogen 
(NOy) could be interpreted as evidence for NOx-sensitive 
chemistry, but more recent results [Silhnan, 1995] suggested that 

the O3/NO z ratio, not the slope, should be used to identify NO x- 
VOC chemistry. 

In order to investigate the relative impact of photochemical 
production and losses on these correlations, the Nashville 
standard scenario has been repeated with all photochemical losses 
for NO, and peroxides removed, except for thermal 
decomposition of PAN and equivalent organic nitrates. Dry 
deposition losses were also eliminated for all species. including 
0 3. Photochemical losses for 0 3 were retained. In this mt•dified 
scenario the ratit) (O3-40ppb)/NO z represents the exact net ozone 
production efficiency, [P(O3)-L(O3)]/L(NOx) for each ah' parcel, 
averaged over the history of the air parcel. Correlations between 

0 3, NO z, and peroxides for this modified scenario are shown in 
Figure 17. 

Net ozone production efficiency in this scenario is 
approximately 3 in both the Nashville urban plume (O3=130, 
NOz=30) and in rural air (03=80, NOz=12-17). These values 
reflect photochemistry in association with 1-4 ppb NO x during 
the daytime. If ozone pn•duction efficiency were defined as 
[P(O3)-L(O3)]/P(ltNO3). as by l, iu et al. [19871 and l. inet ctl. 
[ 1988], the resulting values w{•uld be 25t• higher (4-5 rather than 
3-4). Somewhat higher values would als()be found if t)Zt)tle 
production efficiency were calculated f•r the daytime only, 
ignoring nighttime loss of NO x. 
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Figure 17. Correlation between 0 3 and NO z (crosses), 
2H202+NO z (dashes), and 2peroxides+NO z (circles), all in ppb, 
from the standard scenario with zero deposition and 
photochemical losses for NO z and peroxides at 1600 LT, July 13. 

These ozone production efficiencies are significantly lower 
than the values derived from the slope between 03 and NO z in the 
standard model scenario. Referring to Figure 3, the 

concentrations of 0 3 and NO z in photochemically aged rural air 
(03=80 ppb, NOz=6-10 ppb) would imply a slope of 4-7 relative 
to the model background (03=40 ppb NO =0). For the Nashville 
urban plume (peak O3=135, NO :=19)relative to photochemically 
aged rural air the slope between 03 and N(). is 5. For both the 
Nashville urban plume and ph{•tochemically aged rural air the 
true ozone production efficiency (relative tt• I.(N(-)•))•s 4()• 
lower than the value that would be derived from 03 versus NO: 
in the standard model scenario, if the analysis {•t' 03 versus NO, 
did not account for loss of NOz. A similar difference is fi•und in 
the calculated slope between 0 3 and NO z in Table 1 (standard 
scenario equal to 4.0, zero-loss scenario 2.8). If results from the 
scenario with high deposition were assumed, the difference 

between O3-NO z slope and ozone production efficiency wt, uld be 
even larger. 

The ozone production efficiencies shown here are higher than 
the estimate (equal to 1.7) derived by Chin et al. [1994[. fn•m 
correlations between Ox and C(). flowever. the calculation by 
Chin et al. was based on ('O and NO r emissi{•ns rep•u'ted by the 
NAPAP 1985 inventory [EPA, 1989]. Subsequent inventories 
[EPA, 1993] reported CO emissions that were higher than the 
previous estimate by 50%. If this higher emission estimate were 
added to the analysis of Chin et al. [1994], the resulting ozone 
production efficiency would be 2.6, a value which is consistent 
with this analysis. Hirsch eta/. [1996] reported a similar value 
(equal to 2.9) based on measured 0 3 and CO in Massachusetts. 
The range of ozone production efficiencies shown here is also 
consistent with the values reported by Jacob et al. [1993] in a 
model for the eastern United States (equal to 4.4), although a 
more recent calculation by Hirsch et al. [1996] reported 
significantly higher values (equal to 5.7). 

It is 'also useful to compare the ozone production efficiencies 
associated with the Nashville urban plume, the relatively small 
Gallatin power plant, and the larger Cumberland power plant in 
these simulations. Peak 0 3 associated with Nashville in the zero- 

loss scenario for July 13 (equal to 143 ppb at 1600 LT) is higher 
than peak 03 associated with the power plant plumes (equal to 
115 ppb for Gallatin, 111 ppb for Cumberland). However the 
ozone production efficiency, defined as [P(O3)-L(O3)]/L(NO x) is 
similar between Nashville (equal to 3.2), the Gallatin plume 
(equal to 3.6), and the upwind rural region (equal to 3.6). The 
Cumberland plume has lower ozone production efficiency (equal 
to 2.0). On July 12, ozone production efficiency in the 
Cumberland plume is closer to the values elsewhere (equal to 2.8 
for Cumberland, 3.6 for Nashville and the upwind rural region). 
On July 18, a day with stronger winds (4-5 m s 'I) simulated NO x 
is lower both in rural areas and in Nashville, and ozone 

production efficiencies are higher (equal to 5), while in the 
Cumberland plume, ozone production efficiencies are unchanged 
(equal to 2-3). 

The correlations between 0 3, NO z, and total peroxides in the 
scenario with zero photochemical losses show several interesting 
features. In the initial discussion (section 4), it was pointed out 

that the linear correlation between 0 3 and the sums (21t202+NOz) 
and (2peroxides+NO,) can be interpreted as reflecting the balance 

between radical sources (proportional to 03) and sinks 
(proportional to 2peroxides+NOz). This interpretation is also 
consistent with the tendency for the ratio O3/(2peroxides+NOz) to 
have similar values in rural and urban locations. However the 

interpretation is somewhat imperfect because 0 3 is associated 
with the rate of production of radicals whereas (2peroxides+NOz) 
represents the accumulated loss of radicals over time. In the 
scenario with zero losses there is still a linear correlation between 

0 3 and (21-1202+NOz) and between 0 3 and (2peroxides+NOz), 
but the correlation no longer has an intercept near the origin and 

the ratio 03/(2peroxides+NO z) increases with increasing 03 (i.e., 
is higher in urban locations). This change in the ratio 

O3/(2peroxides+NOz) reflects the above imperfection, where 03 
is associated with the rate of radical production on the 4th day (at 

the end of the simulation), while the sum (2peroxides+NOz) 
represents the accumulation of radicals, without losses, over the 

entire 4-day period. The near-constant value for O3/2H202+NO z 
and O3/2peroxides+NO z, found in both the standard model 
scenario and measurements, is apparently due to the fact that 03 , 
peroxides, and NO z all have significant losses with similar (1-3 
day) lifetimes. 

Another feature of the correlation between 0 3 and 
(2peroxides+NOz) is the reduction in scatter in the scenario with 
zero losses as opposed to the standard model scenario (R:•=0.45 
in the standard scenario, 0.39 with zero losses, see Table 1). This 
reduction in scatter between the standard and zero-loss scenarios 

only occurs for 03 versus (2peroxides+NOz), not for 0 3 versus 
NO z or 03 versus (2H:/O2+NOz). In section 4 it was 
hypothesized that scatter in the correlation 0 3 versus 
(2peroxides+NOz) was due to the difference in loss rates between 
H202 and the organic peroxides. The reduced scatter in the 
scenario with zero losses supports this hypothesis. 

9. Conclusions 

This paper has examined correlations between 03, NO z, and 
peroxides, using both photochemical models and measurements 
from the Middle Tennessee Ozone Study, with special emphasis 
on the use of these species as photochemical indicators for 03- 
NOx-VOC chemistry. Results have been largely consistent with 
the original analysis of NO z and peroxides as photochemical 
indicators [Sillman, 1995], but there have also been significant 
revisions of the NOx-VOC transition values and some 
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measurements (on July 18) that are contrary to theory. A linear 

correlation was found between 0 3 and the sum 2HaO2+NO z, 
which is consistent with model results and with previous 
theoretical analyses [Sillman, 1995] and measurements [Daum et 
al., 1996; Stqffelbach et al., 1997a, b]. This linear correlation 

provides evidence in support of the use of 03/NO z and 
H202+NO z as NOx-VOC indicators, and also suggests that the 
NOx-VOC transition value associated with O3/NO z in models is 
correct. A similar correlation has been found between 03 and the 
sum 2H202+2ROOH+NO z, but with greater scatter. The 
modified NOx-VOC transition values are consistent with cross 
correlations between measured O3/NO z and H202/NO z in 
Nashville on July 11 and July 13 and are also consistent with 

measured O3/NO z and H202+NO z reported by Sta. ffelbach et al. 
[1997a] 

Deposition rates for HNO 3 and H202 provide a major source 
of uncertainty. We have found that the measured correlation 

between 0 3, NO z, and peroxides is consistent with model results 
with a dry deposition velocities of 5 cm s 'l and have derived 
indicator NOx-VOC results based on these values. Deposition is 
also a major factor when measured 03 and NO z are used to infer 
ozone production efficiencies. The ozone production efficiency 
in models for Nashville (equal to 3) is significantly lower than the 
equivalent slope between O 3 and NO z (equal to 4-7). 

The measured indicator ratios in the Nashville urban plume 

(O3/NO z and H202+NOz) are close to the values associated with 
the transition between NO x- and VOC-sensitive chemistry in 
photochemical models These transitional values forin an 
•ntermediate point between previous measurements in Atlanta 
and in rural areas (suggesting NOx-sensitive chemistry) and Los 
Angeles (suggesting VOC-sensitive chemistry). The best 
agreement between model and measured indicator ratios was 
found in a NOx-sensitive model scenario, but there were also 
plausible model scenarios in which peak 0 3 showed equal 
sensitivity to NO x and VOC and greater sensitivity to local VOC 
than to local NO x. This model-measurement comparison does 
not provide a firm basis for accepting the NOx-sensitive scenarios 
and rejecting the scenarios with mixed NOx-VOC sensitivity. 
Similarly, the measured indicator ratios tended to be on the NO r - 
sensitive side of model NOx-VOC transition, but they are too 
close to the transition region to draw any definite conclusions. 

Finally, it is important to recognize the limited nature of the 
model-measurement comparis•ns shown here. A th•rough 
analysis should include model evaluation in c•mparison with the 
extensive field measurements of VOC •n Nashville. This is 

especially important because the uncertainty in model NOx-VOC 
predictions is associated largely with uncertainties in emission 
rates for VOC. Comparison with measured VOC would provide 
an additional basis for evaluating model scenarios with different 

NOx-VOC chemistry. In the absence of a comparison between 
model and measured VOC, the VOC-NO x predictions reported 
here must be regarded as tentative. 
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