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followed by 

(R3) NO2 + hv -• NO + O 

(R4) O + 02 + M ---> 0 3 

PAN is produced as a result of the reaction of peroxyacetyl 
radicals with NO2 

(R5) CH3C(O)OO' + NO 2 ---> CH3C(O)OONO 2 

peroxyacetyl radicals having been formed as products of 
organic photo-oxidation. Major PAN precursors include 
acetaldehyde, acetone, other ketones of the structure 
CH3C(O)R, methyl glyoxal, and biacetyl. The formation of 
PAN can be thought of as a reversible sink for radicals and 
NOx, because the formation of peroxyacetyl radicals is often 
initiated by reaction of a precursor with OH. 

The removal of 03 from the atmosphere can occur through 
various processes. The reactions 

(R6) 03 + HO 2' ---> OH + 202 

(R7) 03 + OH ---> 02 + HO 2' 

which occur in the gas phase under low NOx conditions and the 
reaction 

(R8) 03 + 02 - + H20 --> 202 + OH + OH- 

which is thought to be important in the aqueous phase 
[Lelieveld and Crutzen, 1990], are the major chemical sinks in 
the bulk atmosphere. The reaction 

(R9) 03 + NO --> 02 + NO 2 

when followed by reactions (R3) and (R4) in the daytime is not 
a net sink for 03, however reaction (R9) is a chemical sink for 
03 at night. The deposition of 0 3 on surfaces is also 
recognized to be fast, for example vd= 0.53 cm s -1 [Colbeck 
and Harrison, 1985], and is generally thought to be 
irreversible. 

The removal of PAN in the bulk atmosphere occurs through 
thermal and photolyric decomposition and by reaction with 
OH. Thermal decomposition is by far the fastest process in 
the lower troposphere and proceeds primarily via bond 
homolysis 

(R-5) CH3C(O)OONO2 ---> CH3C(O)OO' + NO2 

followed by reaction of peroxyacetyl with NO, HO2' or RO2' 

(RI0) CH3C(O)OO' + NO ---> CH3C(O)O- + NO2 

(Rlla) CH3C(O)OO' + HO2' ---> CH3C(O)OOH + 02 

(R1 lb) CH3C(O)OO- + HO 2' ---> CH3C(O)OH + 0 3 

(R12) CH3C(O)OO- + RO 2' ---> products 

the acetoxy radical (CH3C(O)O') decomposes to CH 3' and CO2. 
Thus the rate and pathway of PAN decomposition depends on 
the concentrations of NO and NO2. When [NO] is high, the 
rate of thermal decomposition is the rate of reaction(-5) 

multiplied by the factor kloNO/ksNO 2. The rate of deposition 
of PAN at surfaces appears to be moderate to slow [Hill, 1971; 
Garland and Penkett, 1976; Schurath et al., 1984] owing in 
part to the fact that it is not very soluble, and does not 
decompose rapidly in aqueous solution [Lee 1984; Holdren et 
al., 1984]. 

Although their production is intimately linked, it is 
difficult to derive a simple quantitative relationship between 
PAN and 0 3 based on photochemical reactions. Some 
simplifying assumptions were used in a recent study by 
Sillman et al., [1990], to derive the following equation; 

[PAN] = (k•3 k 5 k 9/k_ 5 k•o J3) [OH][CH3CHO][O3] (1) 
where the rate constants refer to the reactions described above 

and the following: 

(R13) CH3CHO + OH --> CH3C(O )' + H20 

which was considered to be the sole source of peroxyacetyl 
radicals in this calculation. Note that acetyl radicals 
[CH3C(O)'] react rapidly with 02 to form peroxyacetyl radical. 
This expression was arrived at by combining the expression 
for PAN formation from acetaldehyde with that for the net 
thermal decomposition rate at high NO x, with the substitution 
of the expression for the NOx "photostationary state" that is 
traditionally derived from reactions (R3), (R4) and (R9). 
Several major limitations exist in this analysis. There are 
several other processes aside from (R13) that are also 
responsible for production of peroxyacetyl radical. It is 
widely recognized that the photostationary state is not in 
balance but rather reactions (R1) and (R2) also drive the 
conversion of NO to NO 2. The extent of this imbalance is 
such that there would often have to be twice or more times the 

equivalent ozone concentration present to account for the ratio 
of NO2/NO, or in other words the ratio NO2/NO is a factor of 2 
or more higher than predicted by the photostationary state 
[Carroll et al., 1987]. 

Figure 5 shows the correlation of 03 and PAN for the whole 
data set, in which the relation [PAN] = -0.45 + 0.0242[03] is 
found to fit the data. The slope (0.0242) can be combined with 
assumptions about average conditions to see how the 
chemistry compares to that predicted by equation (1). Table 1 
lists the average conditions to be used for this comparison. 
The rate constants were taken from DeMore et al., [1992], and 
the parameters J3, [OH], and T, are estimates of average 
conditions for summer days at 1500. The mixing ratio of 
acetaldehyde, 5.4 ppbv, was calculated from the above 
conditions and the slope of the ambient data, assuming an 
average deviation from the photostationary state of a factor of 
2 in NO2/NO. This value of [CH3CHO] can be considered a 
summertime afternoon average, and is a factor of over 3 higher 
than the average acetaldehyde concentrations found at the 
Egbert and Scotia [Shepson et al., 1990, 1991] sites, which 
ranged up to 1.6 ppbv for the afternoon hours. This 
observation is consistent with the idea that many other 
processes, other than reaction of CH3CHO with OH, are likely 
producing peroxyacetyl radicals, apparently at a total rate 
several times faster. We note that several of the sites 

discussed here are forested and as such are influenced by local 
emissions of isoprene. Under these conditions it may be that 
methyl glyoxal (CH3C(O)CHO) and methyl vinyl ketone 
(CH3C(O)CHCH2), isoprene photooxidation products, are 
major peroxyacetyl radical precursors. Moreover, it is clear 
that a number of other sources of peroxyacetyl radicals are 
possible from anthropogenic hydrocarbons. 
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Figure 5. The combined data set for the hours 1300-1800, 
plotted on linear scales. The equation for the line fitting the 
data is [PAN] = -0.45 + 0.0242[03], and r 2 = 0.919 for the 10 
cell points. The point from Hough [1988] represents the 
average result of nine of the most recent photochemical 
models used for regional oxidant modeling, and the horizontal 
and vertical bars denote one standard deviation about the 

mean. The triangles and error bars are averages and standard 
deviations from the model of McKeen et al. [1991], as 
described in the text. 

The reaction of NO 3 with CH3CHO. has been proposed as a 
nighttime source of PAN [Cantrell et al., 1986] through the 
reaction 

(R14) CH3CHO + NO 3 -• HNO 3 + CH3C(O )' 

followed by reaction with 02 and NO2. The rate of formation 
of peroxyacetyl radicals from reaction (R14) is estimated from 
the rate constant (2.1 x10 -15 cm 3 molecules-is -1) and average 
NO 3 (50 pptv) [Noxon et al., 1980; Platt et al., 1980; 1984] 
and CH3CHO (1.6 ppbv) concentrations to be less than 10% of 
the daytime formation rate given by equation (1) and the 
observed slope. Therefore it appears that reaction (R14) is 
only a very minor contributor to PAN formation under these 
conditions. 

The comparison of model results with the measurements 
reported here is problematic, due to the difficulty in simulating 

transport, especially within the surface layer. One way to 
minimize problems with transport is to limit the comparison 
to the afternoon hours, in which the mixing of the boundary 
layer is the most rapid. Under these conditions, surface 
measurements come the closest to representing the average 
concentrations of the mixed layer. Hough [1988] reports the 
comparison of chemical models that have been used for the 
simulation of regional atmospheric chemistry, using the same 
initial conditions. The average and standard deviations of 
afternoon PAN and 0 3 concentrations are plotted in Figure 5 
for the nine most modern models examined. Also plotted are 
the results of a regional photochemical model developed by 
McKeen et al. [1991]. The points shown were calculated from 
the modeled concentrations on June 27, 1990, at 1500 for the 

lowest layer of the model. The model domain extended from 
roughly 30øN to 51øN latitude and 69øW to 102øW longitude. 
Often the models with the most complex transport simulations 
require that short-cuts be taken in simulating the chemistry. 
One common tactic, used by the majority of the nine models 
examined by Hough [1988], is to lump all of the PAN-type 
compounds together with PAN as one species. Atherton and 
Penner [1988] have shown that this can lead to the 
overprediction of PAN by as much as 25%. It can be seen from 
Figure 5 that the models overpredict PAN somewhat compared 
to the measurement results, and that there is a very large spread 
in PAN concentrations predicted. The results of the McKeen et 
al. model appear to be in reasonable agreement with the 
measurements at low to middle ozone concentrations, but the 

model trends to higher PAN at the highest ozone 
concentrationsø The chemical mechanism of McKeen et al. 

was essentially that developed by Lurman et al. [1986], which 
is one recognized to slightly overestimate PAN. However, the 
McKeen et al. model uses a more sophisticated and realistic 
treatment of PAN and 0 3 deposition than that of Hough 
[1988]. Trainer et al. [1991] modeled the reactive nitrogen 
chemistry at a rural site (Scotia, Pennsylvania, 1986) and 
found that isoprene photooxidation produces a significant 
amount of PAN, a result that supports the analysis derived 
above from equation (1). Hough [1988] has concluded, based, 
in part, on the agreement of these models on PAN 
concentrations, that many models do not simulate some 
product species (PANs, H202) better than a factor of 2. 

Simultaneous measurements of PAN and 0 3 have been 
reported for other sites, often close to urban areas. A summary 
of such measurements can be found in the work of Altshuller 

[1983], and there have been numerous reports since that time 

Table 1. Rate Constants and Conditions Consistent With the O3-PAN Correlation 

Parameter Value Units Reference 

k 5 1.1 x10 -11 cm 3 molecule-Is -1 a 
k_ 5 3.7 x10 -4 s -1 a 
k 9 1.8 x10 -14 cm 3 molecule-Is -1 a 

1 1 k10 2.4 x 10 -12 cm 3 molecule- s- a 
k13 1.4 x10 -11 cm 3 molecule-Is -1 a 
J3 7 x10 -3 s -1 average at 15:00 
[OH] 2 x106 molecule cm -3 average at 15:00 
T 298 øK average summer day 

[CH3CHO ] 1.6 ppbv calculated from slope 

a, DeMore et al. [1992] 
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[Hanst et al., 1982; Grosjean, 1983; Peake and Sandhu, 1983; 
Anlauf et al., 1985; Singh et al., 1985; Corkurn et al., 1986; 
Perros et al., 1988; Tsani-Bazaca et al., 1988; Ridley et al., 
1990; Wunderli and Gehrig, 1991]. The correlation between 
PAN and 03 has been explicitly examined in only a few of 
these data sets. Measurements at Niwot Ridge, [Singh et al., 
1985; Ridley et al., 1990] and Boulder, Colorado [Ridley et 
al., 1990], have shown PAN and 03 to be correlated. The data 
reported by Singh et al. [1985] were only divided between 
Summer and Fall measurements, not between night and day, so 
that the resulting slope of the correlation is not comparable to 
that observed in this work. The measurements reported by 
Ridley et al. [1990] were divided into midmorning to 
afternoon periods 1000-1700. The slope of the PAN/O3 
correlation at Niwot Ridge, under high anthropogenic impact, 
was 0.048, and that for Boulder was 0.038. There are also 
reports of individual measurements of PAN and 03 made under 
highly polluted conditions in the Los Angeles air basin [Hanst 
et al., 1982; Grosjean, 1983]. These measurements are plotted 
in Figure 6 together with the averages and least squares fit of 
the data from this study. The PAN and 0 3 concentrations found 
in highly polluted air lay above the correlation line from this 
work, in other words, the production of PAN was more 
efficient relative to that of ozone in more highly polluted 
urban air masses. This follows from the dependence of the 
efficiency of 03 formation on the concentration of NOx, which 
has been the subject of recent modeling studies [Lin et al., 
1988] and is discussed by Trainer et al., [1993] in reference to 
the results from these measurements. These studies have 

examined 0 3 production relative to NO x conversion to 
products and found that 03 production is relatively inefficient 
at high NOx and non-methane hydrocarbons (NMHC) and 
becomes more efficient (for the same NMHC/NOx)as the 
absolute concentration of NOx decreases. Some of the reasons 
cited for this are that in highly polluted air the reaction of OH 
with NO2 (and to some extent reactive hydrocarbons) and the 
reaction that forms PAN (R5), serve to remove radicals (HO2', 
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Figure 6. The measurements of PAN and 03 reported by 
Hanst et al. [1982] and Grosjean [1983] in the Los Angeles 
basin and the points and correlation line resulting from the 
measurements reported here. 

RO2'). This feature of the 0 3- PAN chemistry is not reflected 
in the simple analysis represented by equation (1), nor the data 
set as a whole, however the PAN-O 3 correlations from some of 
the sites, Bondville in particular, show an increase in slope 
with increasing 03. The correlations of 03 with NOy and NOy- 
NOx for these sites [Trainer et al., 1993] clearly show this 
nonlinear dependence of 03 production on NOx. 

The gross features of the day/night variation in PAN and 03 
concentrations at theses sites can be explained in terms of the 
formation and breakup of the shallow nocturnal boundary 
layer. The degree to which PAN and 03 were modulated 
day/night by this effect was dependent on the topography of 
each site. The two that show the largest contrast in this 
respect are the Scotia, Pennsylvania, site which is located in a 
shallow valley within a heavily forested area and the Whitetop 
Mountain, Virginia, site which is located on top of a 1680 m 
(5500 ft) high mountain. The degree to which PAN and 03 
differ in this day/night modulation is dependent on the relative 
rates of removal of these species' within the nocturnal 
boundary layer. Two modes of removal occur for these species 
under these conditions, deposition at the surface and reaction 
with NO (following reaction (R-5) for PAN). Nitric oxide is 
not usually present at night because of reaction (R9), however 
at several sites, there were small amounts of NO present 
probably from soil emissions and occasionally substantial 
concentrations of NO present from power plant sources. Under 
stagnant conditions where little or no NO was present, 
deposition to the surface may be the dominant removal 
process for both 03 and PAN. From the data presented here for 
these sites, it was apparent that 03 was more rapidly deposited 
than PAN, in agreement with experimentally derived 
deposition velocities [Hill, 1971; Garland and Penkett, 1976]. 
Recent results at three sites in Canada, Dorset, and Egbert, 
Ontario, and Kejimkujik, Nova Scotia, [Shepson et al., 1992], 
showed faster deposition of PAN relative to ozone during 
certain periods. 

Conclusions 

The measurements of PAN and 0 3 at four sites in this study 
show the two species to be products of the photochemistry 
occurring throughout eastern North America. The diurnal 
profiles of both species indicate that daytime photochemical 
production and surface destruction are important features of 
their chemistry. Sites that have flat terrain or are in valleys 
exhibit distinct diurnal profiles in which surface deposition is 
obvious. Although quantitative determination of deposition 
velocities is not possible, the deposition of 0 3 appears to be 
faster than that of PAN. Given the importance of surface 
deposition of PAN at these sites, more accurate measurements 
are needed of PAN deposition velocities on a variety of 
surfaces. The effect of surface cooling appeared to be 
intensified at the Scotia site, which is located in a shallow 
valley. Cooling of a sloped surface produces convective down 
slope flow, so that the air reaching the bottom of the slope 
has been transported within the surface layer. In accord with 
this the sole mountain top site at which both species were 
measured showed altogether different profiles. In this case, 03 
was higher at nighttime as a result of this convective 
downslope flow, which served to transport air from higher up 
in the mixed layer down to the site. 

The coproduction of PAN and 03 during the afternoon period 
was found to result in an overall linear relationship between 
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the two. A comparison of the slope obtained from the data 
with that predicted by a simple photochemical relationship 
indicated that many processes beside the reaction OH + 
C H3CHO produced the peroxyacetyl radical. Other 
measurements of PAN and 0 3 in moderately polluted air masses 
had slopes that implied more efficient production of 0 3 
relative to PAN and measurements in highly polluted air 
masses have indicated less efficient production of 0 3 . These 
observations underscore the generally held precepts that 0 3 
production is nonlinearly dependent on NMHC/NOx and the 
absolute concentration of NOx. Comparison of the results of 
these measurements with commonly used photochemical 
models showed that models consistently overpredict PAN 
concentrations. The results from this experimental period, 
which was unusually hot and stagnant, should be compared to 
future studies made under different conditions in different 

locations. 
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