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is a plot of all of the concurrent CO and 03 plume data measured 
during the program. For clarity in presentation we have ordered 
the data by CO concentration into 10 bins, each representing 
10% of the data. With the exception of the bin at the lowest CO 
concentration, O3 increases linearly with CO over a wide range 
of CO concentrations. The slope and correlation coefficient for 
the unbinned data are 0.26 and 0.8, respectively; the intercept is 
of the order of 10 ppbv. Both the slope and correlation coeffi- 
cient for the plume data are wall within the range of these 
quantities that have been reported elsewhere, and in particular 
agree quite well with surface measurements made in the NARE 
operational region during July and August 1991 [Parrish et al., 
1993a]. This agreement gives further support to estimates of the 
amount of 0 3 exported from the United States to the North 
Atlantic as reported by Parrish et al. [1993a] and Chin et al. 
[1994]. 

It is of additional interest to explore the relationship between 
CO and other species that may be of anthropogenic origin, 
namely, NOy and accumulation mode aerosol particle number 
density, N•p. Both of these species are as well correlated with 
CO as is 0 3. The correlatio'•i coefficient between NOy and CO 
is 0.82 and the slope is 0.038 ppbv NOy/ppbv CO. For aerosol 
number density the correlation coefficient with CO is 0.80, and 
the slope is 6.2 cm-3/ppbv. The slope and correlation coefficient 
between CO and Nap are similar to values (0.88 and 7.7 
cm-3/ppbv) reported by Anderson et al. [1993] in measurements 
made in continental plumes transported over the North Atlantic 
Ocean in late summer 1989. 

The high degree of correlation between CO and NOy, and 
between CO and Nap is consistent with a common source for 
these species. However, it is somewhat surprising that these 
correlations are as good as between 03 and CO. In particular, 
the good correlation between CO and NOy is unexpected 
because most of the NOy is present as HNO 3 which is readily 
lost from the atmosphere by deposition. Similar arguments 
apply to accumulation mode aerosol particles which may be 
readily lost by wet deposition. The high degree of correlation 
that was observed reinforces the view that these species had 
been transported under conditions such that their losses were 
minimized (i.e., under nonprecipitating conditions in elevated 
plumes that were not in contact with the surface). 

Correlation of NOy and NO,. with 03. The relationship 
between 03 and NOy concentrations, and between 0 3 and the 
concentrations of the products of NO x oxidation (i.e., HNO 3, 
peroxyacetyl nitrate, and other organic nitrates), NO z (NO z = 
NOy - NOx), has been the subject of considerable recent study 
[e.g., Trainer et al., 1993; Olslyzna et al., 1994]. The motiva- 
tion for such study has been to evaluate the response of 03 
concentrations to changes in NOx emissions. Knowledge of the 
production efficiency and the NO x source strength allows an 
estimate of the total amount of ozone formed. 03 and NO x are 
linked because the only photochemical reaction that is known to 
produce 03 in the troposphere is the reaction of peroxy radicals 
with NO, producing NO 2 which is subsequently photolyzed in 
the presence of 0 2 to produce NO and 03. 

Modeling studies predict that the amount of 03 produced per 
NO x oxidized will depend nonlinearly on the NO x concentration, 
with ozone production efficiency decreasing with increasing 
NO x concentrations [Liu et al., 1987; Lin et al. 1988]. In regions 
far from NO x sources, it is thought that the production of 0 3 is 
NO x limited. The relationship between 0 3 and NOy, and 
between 03 and NO x oxidation products has been examined 
most frequently for data collected at the surface. To our 
knowledge, it has not been studied in aged, polluted air masses 
that have been isolated from hydrocarbon and NO x sources for 
periods of several days and in an environment where losses of 
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Figure 9. Binned 03 concentration as a function of the binned 
(a) NOy and (b) (NOy - NOx) concentration. Ten-second data 
were ordered by NOy or (NO• - NOx) concentration and divided 
into 10 intervals. Each point on the plot represents the average 
NOy or (NO• - NOx), and average 03 for the interval . 
Horizontal bars represent the concentration range for the 
interval; vertical bars represent the standard deviation of the O3 
concentration for the interval. Slope and intercept were 
calculated from the individual data points. 

photochemical reaction products to the surface by either dry or 
wet deposition was minimized. 

In the following analysis we examine both the relationship 
between 03 and NOy, and between 03 and NO z . In the latter 
analysis we acknowledge a positive bias in our estimates of 
NO x, but since NO x is generally such a small fraction of NO•, 
this does not significantly influence our analysis. Figure 9a 
shows a plot of the 03 concentration as a function of the NOy 
concentration in which the data have been divided into 10 bins 

each containing 10% of the data. Figure 9a exhibits some inter- 
esting features. Clearly the data can be divided into low and 
high NOy groups corresponding to NOy concentrations approxi- 
mately < 3 ppbv, and greater than 5 ppbv. The slope of the low 
concentration group is 12.5 ppbv O3/ppbv NOy; the slope of the 
high concentration group is only 3.8 ppbv O3/ppbv NOy (slopes 
for the two regions were calculated from the individual data 
points). Figure 9b shows the corresponding plot of 03 rs. NO z. 
The latter plot exhibits a slope of 14 ppbv O3/ppbv NO z in the 
low concentration region and a slope of 4.6 ppbv O3/ppbv NO z 
in the high concentration region; these are very similar to the 
slopes calculated from the O3-NO y data. The latter is expected 
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considering that for the vast majority of these measurements 
most of the NOy (> 85%) had been converted to HNO3, PAN, 
and other NO x oxidation products. It is interesting that almost 
all of the data included in the high NOy regime (NOy > 3 ppbv) 
came from flights made on August 27 and 28, in transported 
plumes that were well defined spatially. Data in the low- 
concentration regime were generally collected under less well- 
defined conditions. Radon measurements corresponding to high 
NOy concentrations exhibited higher radon concentrations than 
the measurements that were associated with the low NOy 
measurements [Zaucker eta/., this issue]. 

The slope of NO,. versus 03 at low concentrations is within 
the range of values that have been reported by others. In an 
analysis of the midday NOy/O 3 data collected more or less 
concurrently at six sites in the eastern United States and Canada, 
the relationships between 0 3 and NO z were found to be quite 
similar. At Scotia, Pennsylvania, it was observed that ozone 
concentrations could be well approximated by a straight line 
with a slope of 8.5 ppbv O3/ppbv NO z up to NO z concentrations 
of 10 ppbv [Trainer eta/., 1993]. In data taken during the same 
program at Egbert, Ontario, a similar slope up to an (NOy- NOx) 
concentration of about 5 ppbv was observed. At higher concen- 
trations, the slope decreased considerably, a point which will be 
discussed below. Olszyna et al. [1994], found a slope of 12.3 for 
NO z concentrations ranging between 0.5 and 5 ppbv in 
measurements made during a 6-week period in the summer of 
1991 in central Tennessee. Kleinman et al. [1994] found the 
slope of 03 vs. NO 2 to be 11.4, with an intercept of 27 and an r a 
value of 0.78 for hourly averaged data in summertime measure- 
ments in Metter, Georgia; the corresponding slope and intercept 
for 03 versus NOy was 10.3 with an r a value of 0.72. In part, 
differences in O3-NOy dependencies between various programs 
have been attributed to differences in the concentrations and 

consequent influence of biogenic hydrocarbons which, in 
combination with NOx concentrations, are known to influence 
03 production. This same reasoning may apply to differences 
between measurements made aloft over the North Atlantic and 

previous measurements cited above, but other factors may be 
important as well. 

The much lower slope (3.8) of the O3 versus NO z plot of our 
data at high concentrations of NO z in comparison both to the 
value calculated at low concentrations, and to the values 
calculated for other data sets is interesting. The slope is similar 
to the value of 3.6 we calculate from the Egbert, Ontario, data as 
displayed in Figure 4 of Trainer, et al. (1993), over the concen- 
tration range ~5-20 ppbv. It is also similar to modeled values of 
O3 rs. NOz, as discussed in Trainer et al. [1993], which exhibit 
a decreasing slope with increasing NO z concentration; below 
NOz concentrations of about 4 ppbv the slope is ~13; in the 
concentration range 5-10 ppbv, the slope is ~4. The slopes from 
both the low- and high-concentration ranges match the slopes 
derived from the NARE data very closely; whether this agree- 
ment is fortuitous or due to underlying chemical/physical 
processes will be discussed below. The variation of the O3/NO z 
slope as a function of NOz concentration is also consistent with 
calculations [Liu et al., 1987] suggesting that the efficiency of 
O 3 production per unit NO x increases with decreasing NO x 
concentration. 

It is interesting to speculate as to whether the curvature 
observed in our data at high NOy concentrations reflects a varia- 
tion in O3 production efficiency with NO x concentration as 
predicted by models, or whether it may be due to other factors. 
One explanation for the curvature observed in our data is that the 
higher concentration data was collected in a regime where the air 
was relatively immune to losses by either wet or dry deposition. 

Such conditions would cause (as observed) unusually high 
retention of NO x oxidation products leading to the observation 
of a slope lower than would measured under conditions where 
such losses were significant (e.g., surface measurements over 
land, or in air that had been subjected to wet deposition losses). 
Whether retention is the principal cause of the change in slope of 
the O3-NOz plot with NO z concentration is uncertain. However, 
this possibility clearly points out the need to adequately account 
for physical losses of NOz from the atmosphere when inferring 
O 3 production from analysis of O3-NO z plots. 

Correlation of O 3 with (NO,. + 2 H202). Correlation of the 
quantity (NO z + 2H202) with 03 is suggested by calculations 
and a similar plot of modeled concentrations by Sillman 1995. 
The sense of this correlation may be best understood in the 
context of radical sources and sinks. In this view, the quantity 
(NO z + 2H202) represents, approximately, the cumulative 
radical sink since the air mass had last been cleansed of soluble 

oxidation products (e.g., HNO 3 and H202). The H202 concen- 
tration is multiplied by 2 in this formulation because two 
radicals are consumed in formation of each molecule of 

peroxide. The 0 3 concentration is a measure of radical source 
strength of an air mass •cause 03 photolysis and subsequent 
reaction of O(1D) with H20 is the principal source of radicals in 
the atmosphere. It is understood that an exact accounting of 
radical sources and sinks would include, for example, HCHO 
photolysis as a source and reaction of H202 with OH as a sink of 
radicals, but for a first approximation these processes are 
ignored. 

A plot of the quantity (NO z + 2H202) versus the 03 concen- 
tration for the NARE plume data is shown in Figure 10. The 
plot exhibits a linear increase in (NOz + 2H202) with 03, with a 
slope of 0.22, an intercept of-2.2, and an r2=0.73 (calculated 
from the individual data points). The correlation between 03 
and (NO z + 2 H202) is much better than the correlation between 
03 and H202 (r a = 0.43), and marginally better than the correla- 
tion between 03 and NO z (r2= 0.68). As shown above, the 
relationship between 03 and NO z is not even linear, exhibiting 
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Figure 10. Binned (NO 2 + 2H202) concentration as a function 
of the binned 03 concentration. Sixty-second data were ordered 
by (NO 2 + 2H202) concentration and divided into 10 intervals. 
Each point on the plot represents the average (NO 2 + 2H202) 
and 03 concentration for the intervals. Horizontal bars represent 
the range of 03 concentration for the interval; vertical bars 
represent the standard deviation of the (NO 2 + 2H202) 
concentration for the interval. Slope and intercept were 
calculated from the individual data points 
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two distinct slopes corresponding to low and high NO z concen- 
trations; a similar nonlinearity between 03 and NOz is exhibited 
by the model calculations of Sillman [1995]. 

In some respects, it is not surprising that the correlation 
between (NO z + 2 H202) and 03 is better than the correlation 
between 03 and either H202 or NOz considering the fairly large 
range of conditions and air mass ages that our measurements 
encompass, and what that implies about how radicals are lost 
from the atmosphere. Early in the photochemical life of an air 
mass, NOy will primarily be in the form of NOx, and radicals 
will be lost mainly by reaction of OH with NO2 to form nitric 
acid; little peroxide will be formed, and significant correlation 
between 03 and H202 would not be expected. As the air mass 
ages and the NO x concentration decreases through formation of 
HNO3, more radicals will be lost from the system through 
formation of peroxides [Kleinman, 1986; 1991) and the number 
of 03 molecules generated per molecule of NOx converted to 
NOz will increase [Liu et al., 1987). When NOx reaches very 
low values peroxide formation will be the dominant radical sink 
and should be well correlated with the 03. 

By plotting 03 versus (NOz + 2 H202) we are including both 
conditions when formation of NOz (principally HNO3) is the 
principal radical sink and conditions when peroxides are the 
principal radical sink and focusing not on 03 formation, but on 
the role of 03 as a radical source. That the relationship between 
03 and (NOz + 2 H202) is strong, is probably due to several 
factors. First, the sampled air masses had not been in contact 
with source regions for periods of up to several days, and thus 
the complicating effects of addition of fresh quantities of NOx 
and/or hydrocarbons were avoided. Second, measurements were 
made under conditions such that the radical sink species 
(principally, HNO3 and H202) were retained by the air mass, 
having not been lost by either wet or dry deposition processes or 
chemistry. Such losses would have destroyed the observed 
correlation. Third, the air masses were aged to the point that 
significant peroxide had been formed, but not to the point that 
such formation involved consumption of 03. 

4. Summary and Conclusions 

NOy was predominantly composed of NOx oxidation products; 
NOx concentrations represented only a small fraction of the total 
NOy (_•16%); t-NO 3 was found to be the principal product 
species representing, on average, 70% of the NOy. H202 
concentrations were quite high, averaging nearly 4 ppbv, and 
exhibiting a maximum concentration in excess of 11 ppbv. The 
high t-NO 3' and H202 concentrations in conjunction with high 
03 concentrations indicate that the plumes had undergone 
extensive processing in transit from source regions to the 
sampling locations, and were well aged photochemically. 

Significant correlation between the concentrations of various 
species were found. Good correlation were observed between 
CO and 03, CO and particle number densities, and CO and NOy. 
The slope of the CO versus 03 curve was similar to values 
measured previously at the surface in the project area [Parrish, 
1993a]. 03 was found to depend nonlinearly on both the NOy 
and NO z concentrations. At low concentrations the slope was 
within the range of values measured previously in photochem- 
ically aged air masses in the eastern United States At high 
NOy•qOz concentrations the slope was a factor of 2 or more 
lower than has previously been observed in aged air masses. 
The low slope was attributed either to the variation in efficiency 
of 03 production with NOx concentration as predicted by models 
[Liu et al., 1987], or to the retention of an unusually high 
fraction of NOx oxidation products in these plumes in compar- 
ison to other observations. 

A strong linear correlation was found between the concen- 
tration of radical sink species as represented by the quantity 
(NOz + 2 H20 2) and 0 3. This correlation links the correlation 
between 0 3 and NOz, and 03 and H20 2, and emphasizes the role 
of O3 as the principal (but not sole) source of radicals in the 
atmosphere. 
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Plumes of anthropogenic pollutants transported distances up 
to 1000 km downwind of source regions in the northeastern 
United States were sampled over the WNAO during late summer 
1993. For the most part these plumes were observed in well 
defined layers at altitudes between 0.3 and 2 km above the 
surface. On several days, plumes were found to extend over 
distances in excess of 250 km, and to be as much as 1000 m 
thick. Because of the mode of transport, and because conditions 
were generally dry when plumes were advected off the east coast 
of North America, the chemical species contained in these 
plumes were not subject to losses to the surface by either dry or 
wet deposition processes. This led to unusually high accumu- 
lation of photochemical oxidation products. 

The composition of these plumes was characteristic of air 
masses combined with substantial quantities of anthropogenic 
pollutants which had been processed photochemically. 03 
concentrations as high as 150 ppbv were measured. High 03 
concentrations were associated with CO concentrations of up to 

480 ppbv, NOy concentrations up to 20 ppbv, and accumulation 
mode particle number densities of the order of 2000-3000 cm -3. 
Aerosol composition measurements indicated that the aerosol 
was composed principally of acidic sulfate; aerosol nitrate and 
chloride represented only a small fraction of the mass. 
Accumulation mode particle number densities were reasonably 
well correlated (r•-0.64) with the aerosol-S mass concentration. 
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