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followed by

(R3) NO, + hv - NO + O

(R4) O + 00 + M -5 O
PAN is produced as a result of the reaction of peroxyacetyl
radicals with NO,

[RS) CH;3C(O)00° + NO, — CH;C(0O)YO0ONO,

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
NO,, because the formation of peroxyacetyl radicals is often
initiated by reaction of a precursor with OH.

The removal of O3 from the atmosphere can occur through
various processes. The reactions

R6) O; + HOy — OH + 20,

RT) O + OH - 0, + HOy

which occur in the gas phase under low NO, conditions and the
reaction

(R8) O3 + O + HHO = 20, + 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) 04

+ NO - O, + NO;

when followed by reactions (R3) and (R4) in the daytime is not
a net sink for O3, however reaction (R9) is a chemical sink for
O, at night. The deposition of O3 on surfaces is also
recognized to be fast, for example v4= 0.53 cm s'! [Colbeck
and Harrison, 1985], and is generally thought to be
irreversible.

The removal of PAN in the bulk atmosphere occurs through
thermal and photolytic 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) CH;C(O)OONO, —» CH;C(O)00- + NO,

followed by reaction of peroxyacetyl with NO, HO,* or RO,*

(R10) CH3C(O)O0 + NO — CH3C(0)O: + NO,

(R11a) CH;C(O)0O: + HOy — CH;C(O)OOH + O,
(R11b) CH;C(0)00 + HOy — CH;C(O)OH + O,

(R12) CH5C(O)0O + ROy — products

the acetoxy radical (CH3C(0O)O-) decomposes to CH3* and CO,.
Thus the rate and pathway of PAN decomposition depends on
the concentrations of NO and NO,. When [NO] is high, the
rate of thermal decomposition is the rate of reaction(-5)
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multiplied by the factor k;gNO/ksNO,. 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 O; based on photochemical reactions. Some
simplifying assumptions were used in a recent study by
Sillman et al., [1990], to derive the following equation;

[PAN] = (k3 k5 kg /k_5 k19 j3) [OH][CH3CHO][O4] 1)
where the rate constants refer to the reactions described above
and the following:

(R13) CH;CHO + OH — CH3CO)y + H,0
which was considered to be the sole source of peroxyacetyl
radicals in this calculation. Note that acetyl radicals
[CH3C(O)] react rapidly with O, to form peroxyacety! 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,, with the substitution
of the expression for the NO, "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,. 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 NO,/NO, or in other words the ratio NO,/NO is a factor of 2
or more higher than predicted by the photostationary state
[Carroll et al., 19871.

Figure 5 shows the correlation of O3 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 NO,/NO. This value of [CH3;CHO] 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 (CH3;C(O)CHO) and methyl vinyl ketone
(CH;C(O)CHCH,), 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 12 = 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; with CH3CHO. has been proposed as a
nighttime source of PAN [Cantrell et al., 1986] through the
reaction

(R14) CH;CHO + NO; — HNO; + CH;C(Oy

followed by reaction with O, and NO,. The rate of formation
of peroxyacetyl radicals from reaction (R14) is estimated from
the rate constant (2.1 x10°15 ¢cm3 moleculess!) and average
NO3 (50 pptv) [Noxon et al., 1980; Platt et al., 1980; 1984]
and CH;CHO (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
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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 O3 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 30°N to 51°N latitude and 69°W to 102°W 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
concentrations. 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 Oj 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, H>O,) better than a factor of 2.
Simultaneous measurements of PAN and O3 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

ks 1.1x10°11 cm? molecule 15”1 a

k.5 37 x10°4 s a

kg 1.8 x10714 cm> molecule 1571 a

k10 2.4x10712 cm> molecule” 151 a

K13 14x10°11 cm3 molecule 151 a

i3 7x103 571 average at 15:00
[OH] 2x108 molecule cm™> average at 15:00

T 298 °K average summer day
[CH3CHO] 1.6 ppbv calculated from slope

a, DeMore et al. [1992]



22,828

[Hanst et al., 1982; Grosjean, 1983; Peake and Sandhu, 1983;
Anlauf et al., 1985; Singh et al., 1985; Corkum 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 O3 has been explicitly examined in only a few of
these data sets. Measurements at Niwot Ridge, [Singh ef al.,
1985; Ridley et al., 1990] and Boulder, Colorado [Ridley et
al., 1990], have shown PAN and O; 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/O;
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 O; 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 O3 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 O3 formation on the concentration of NO,, which
has been the subject of recent modeling studies [Lin ef al.,
1988] and is discussed by Trainer et al ., [1993] in reference to
the results from these measurements. These studies have
examined Oj production relative to NO, conversion to
products and found that O3 production is relatively inefficient
at high NO, and non-methane hydrocarbons (NMHC) and
becomes more efficient (for the same NMHC/NO,) as the
absolute concentration of NO, decreases. Some of the reasons
cited for this are that in highly polluted air the reaction of OH
with NO, (and to some extent reactive hydrocarbons) and the
reaction that forms PAN (RS5), serve to remove radicals (HO,-,
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O  THIS WORK 2 A
A& GROSJEAN, (1983)

40| O HANST, (1982)

-c>) 3ok AA A

Q

o

E' A

< 2071 A

L o

0
0 100

200 300 400 500

[OZONE], ppbv

Figure 6. The measurements of PAN and O; 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.
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RO,"). This feature of the O3- PAN chemistry is not reflected
in the simple analysis represented by equation (1), nor the data
set as a whole, however the PAN-O; correlations from some of
the sites, Bondville in particular, show an increase in slope
with increasing O3. The correlations of O3 with NOy and NO,-
NO, for these sites [Trainer et al., 1993] clearly show this
nonlinear dependence of O3 production on NO,.

The gross features of the day/night variation in PAN and O3
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 O3 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 O3
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 O3 and PAN. From the data presented here for
these sites, it was apparent that O3 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 Oj 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 O3 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, O3
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 O3 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 +
CH;CHO produced the peroxyacetyl radical. Other
measurements of PAN and O3 in moderately polluted air masses
had slopes that implied more efficient production of O;
relative to PAN and measurements in highly polluted air
masses have indicated less efficient production of O3. These
observations underscore the generally held precepts that Oj
production is nonlinearly dependent on NMHC/NO, and the
absolute concentration of NO,. 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.

Acknowledgements. This work was conducted under contract DE-
AC02-76CHO00016 with the U.S. Department of Energy under the
Atmospheric Chemistry Program within the Office of Health and
Environmental Research. We thank Stuart McKeen from providing
model results. JWB acknowledges the extensive experimental support
of A.J. Gallant.

References

Altshuller, A. P., Measurements of the products of atmospheric
photochemical reactions in laboratory studies and in ambient air-
relationships between ozone and other products. Atmos. Environ., 17,
2383-2427, 1983.

Aneja, V.P., S. Businger, Z. Li, C.S. Claiborn, and A. Murthy, Ozone
climatology at high elevations in the Southern Appalachians, J.
Geophys. Res., 96, 1007-1021, 1991.

Aneja, V.P., and Z. Li, Characterization of ozone at high elevation in
the Eastern United States. Trends, seasonal variations and exposure,
J. Geophys. Res., 97, 9873-9888, 1992.

Anlauf, K. G., J. W. Bottenheim, K. A. Brice, P. Fellin, H. A. Wiebe, H.
1. Schiff, G. I. MacKay, R. S. Braman, and R. Gilbert, Measurement
of atmospheric aerosols and photochemical products at a rural site in
SW Ontario. Atmos. Environ., 19, 1859-1870, 1985.

Atherton, C. S., and J. E. Penner, Nitrogen oxide transformation in a
tropospheric model. Tellus, 40B, 380-392, 1988.

Blanchard, P., P.B. Shepson, K.W. So, H.L. Schiff, J.W. Bottenheim, A.J.
Gallant, J.W. Drummond, and P. Wong, A comparison of calibration
and measurement techniques for gas chromatographic determination
of atmospheric peroxyacetyl nitrate (PAN). Atmos. Environ., 24A,
2839-2846, 1990

Bottenheim, J. W., A. J. Gallant, and K. A. Brice, Measurements of
NOy species and O3 at 82°N latitude. Geophys. Res. Lett., 13, 113-
116, 1986.

Bottenheim, J. W., W. Fricke, and K. A. Brice, Measurements of PAN,
a highly sensitive tracer for photochemical oxidant chemistry. paper
presented at the Air Pollution Control Association 80th Annual
Meeting, Air Pollut. Control Assoc., New York, June 21-26, 1987.

Brice, K. A., J. W. Bottenheim, K. G. Anlauf, and H. A. Wiebe, Long-
term measurements atmospheric peroxyacetyl nitrate (PAN) at rural
sites in Ontario and Nova Scotia; Seasonal variations and long-range
transport. Tellus ,40B, 408-425, 1988.

Broder, B., H.U. Dutsch, and W. Graber, Ozone fluxes in the nocturnal
planetary boundary layer over hilly terrain. Atmos. Environ., 15,
1195-1199, 1981.

Buhr, M.P., D.D., Parrish, R.B. Norton, F.C. Fehsenfeld, R.E. Sievers,
and J.M. Roberts, Contribution of organic nitrates to the total reactive
nitrogen budget at a rural eastern U.S. site. J. Geophys. Res., 95,
9809-9816, 1990.

22,829

Cantrell, C.A., J.A. Davidson, K.L. Busarow, J.G. and Calvert, The
CH3CHO-NOj reaction and possible nighttime PAN generation. J.
Geophys. Res., 91, 5347-5353, 1986.

Colbeck, 1., and R.M. Harrison, Dry deposition of ozone: some
measurements of deposition velocity and of vertical profiles to 100
metres. Atmos. Environ., 19, 1807-1818, 1985.

Corkum, R., W. W. Giesbrecht, T. Bardsley, and E. A. Cherniak ,
Peroxyacetyl nitrate (PAN) in the atmosphere at Simcoe, Canada.
Atmos. Environ., 20, 1241-1248, 1986.

DeMore, W.B., S.P. Sander, D.M. Golden, R.F. Hampson, M.J. Kurylo,
C.J. Howard, A.R. Ravishankara, C.E. Kolb, and M.J. Molina,
Chemical Kinetics and Photochemical Data for Use in Stratospheric
Modeling, Jet Propulsion Laboratory, NASA Publ. 92-20, 1992.

Fehsenfeld, F. C., et al., A ground-base intercomparison of NO, NO,
and NOy measurement techniques. J. Geophys. Res., 92, 14710-

14722, 1987.
Folinsbee, L.J., W.F. McDonnell, and D.H. Horstman, Pulmonary

function and symptom responses after 6.6-hour exposure to 0.12 ppm
ozone with moderate exercise, J. Air Pollut. Control Assoc., 38, 28-

35, 1988.
Gaffney, J. S., R. Fajer, and G. I. Senum, An improved procedure for

high purity gaseous peroxyacyl nitrate production: Use of heavy lipid
solvents. Atmos. Environ., 18, 215-218, 1984.

Garland, J. A. and, S. A. Penkett Absorption of peroxyacetyl nitrate and
ozone by natural surfaces. Atmos. Environ., 10, 1127-1131, 1976.
Grosjean, D., Distribution of atmospheric nitrogenous pollutants at a Los
Angeles area smog receptor site. Environ. Sci. Technol., 17, 13-19,

1983.

Hanst, P. L., N. W. Wong, and J. Bragin, A long-path infra-red study of
Los Angeles smog. Afmos. Environ., 16, 969-981, 1982.

Heck, W.W,, O.C. Taylor, R. Adams, G. Bingham, J. Miller, E. Preston,
and L. Weinstein, Assessment of crop loss from ozone, J. Air Pollut.
Control Assoc., 32, 353-361, 1982.

Hill, A. C., Vegetation: A sink for atmospheric pollutants. J. Air Pollut.
Contr. Assoc., 21, 341-345, 1971.

Holdren, M. W., C. W. Spicer, and J. M. Hales, Peroxyacetyl nitrate
solubility and decomposition rate in acidic water. Afmos. Environ.,
18, 1171-1173, 1984.

Hough, A., An intercomparison of mechanisms for the production of
photochemical oxidants. J. Geophys. Res., 93, 3789-3812, 1988.

Kleindienst, T.E., P.B. Shepson, D.F. Smith, E.E. Hudgehs, C.M. Nero,
L.T. Cupitt, J.J. Bufalini, and L.D. Claxton, Comparison of mutagenic
activities of several peroxyacyl nitrates, Environ. and Molec.
Mutagen, 16, 70-80, 1990.

Kuster, W.C., P.D. Goldan, and F.C. Fehsenfeld, Controlled environment
portable gas chromatograph for in situ balloon-borne applications. .J.
Chromatogr., 205, 271-279, 1981.

Lee, Y.-N,, G. I. Senum, and J. S. Gaffney, Peroxyacetyl nitrate (PAN)
stability, solubility, and reactivity-implications for tropospheric
nitrogen cycles and precipitation chemistry. paper presented at the
Fifth International Conference of the Commission on Atmospheric
Chemistry and Global Pollution, Oxford, England, August 28-
September 2, 1983.

Lee, Y.-N. Kinetics of some aqueous-phase reactions of peroxyacetyl
nitrate. Presented at the Conference on Gas-Liquid Chemistry of
Natural Waters, NSF, ONR, DOE, NOAA, Brookhaven Nat. Lab.,
Upton, New York, April 1-4, 1984.

Leighton, P. A., Photochemistry of Air Pollution, Academic Press, San
Diego, Calif., 1961.

Lelieveld, J., and P.J. Crutzen, Influences of cloud photochemical
processes on tropospheric ozone, Nature, 343, 227-233, 1990.

Lin, X., M. Trainer, and S.C. Liu, On the nonlinearity of the
tropospheric ozone production, J. Geophys. Res., 93, 15,879-15,888,

1988.
Lurmann, FW., A.C. Lloyd, and R. Atkinson, A chemical model for use

in long-range transport/acid deposition computer modeling, J.
Geophys. Res., 91, 10905-10936, 1986.

McKeen, S.A., E.-Y. Hsie, M. Trainer, R. Tallamraju, and S.C. Liu, A
regional model study of the ozone budget in the eastern United
States, J. Geophys. Res., 96, 10809-10845, 1991.



22,830

Mueller, S.F., Characterization of ambient ozone levels in the Great
Smoky Mountains National Park, J. Appl. Meteorol., 33, 465-472,
1994,

Noxon, J.F., R.B. Norton, and E. Marovich, NO3 in the troposphere,
Geophys. Res. Len., 7, 125-128, 1980.

Parrish, D.D., M. Trainer, E.J. Williams, D.W. Fahey, G. Hubler, C.S.
Eubank, S.C. Liu, P.C. Murphy, D.L. Albritton, and F.C. Fehsenfeld,
Measurements of the NO,-O3 photostationary state at Niwot Ridge,
Colorado, J. Geophys. Res., 91, 5361-5370, 1986.

Parrish, D.D. et al., The total reactive oxidized nitrogen levels and
partitioning between the individual species at six rural sites in Eastern
North America, J. Geophys. Res., 98, 2927-2939, 1993.

Peake, E., and H.S. Sandhu, The formation of ozone and peroxyacetyl
nitrate (PAN) in the urban atmosphere of Alberta, Can. J. Chem., 61,
927-935, 1983.

Peake, E., M.A. MacLean, and H.S. Sandhu, Surface ozone and
peroxyacetyl nitrate (PAN) observations at rural locations in Alberta,
Canada, J. Air. Pollut. Contrl. Assoc., 33, 881-883, 1983.

Penkett, S.A., and K.A. Brice The spring maximum in photo-oxidants in
the Northern Hemisphere troposphere, Nature, 319, 655-657, 1986.
Perros, P., N. Tasalkani, and G. Toupance, PAN measurements in a
forested area (Donon, France), Environ. Technol. Lett., 9, 351-358,

1988.

Platt, U., D. Perner, A.M. Winer, G.W. Harris, and J.N. Pitts Jr.,
Detection of NO3 in the polluted troposphere by differential optical
absorption, Geophys. Res. Lett., 7, 89-92, 1980.

Platt, U., A.M. Winer, H.W. Biermann, R. Atkinson, and J.N. Pitts Jr,
Measurement of nitrate radical concentrations in continental air,
Environ. Sci. Technol., 18, 365-369, 1984.

Ridley, B.A. et al., The behavior of some organic nitrates at Boulder and
Niwot Ridge, Colorado, J. Geophys. Res., 95, 13,949-13,961, 1990.
Roberts, J.M., The atmospheric chemistry of organic nitrates, Atmos.

Environ., 24A, 243-287, 1990.

Roberts, J.M., R.W. Fajer, and D.M. McIntire, Characterization of a
calibration source and gas chromatographic system for the
measurement of ambient PAN, paper presented at the American
Chemical Society 196th National Meeting, Am. Chem. Soc., Los
Angeles, CA, Sept. 25-30, 1988.

Schurath, U., U. Kortmann, and S. Glavas, Properties, formation and
detection of peroxyacetyl nitrate, Presented at the Third European
Symposium on Physio-Chemical Behavior of Atmospheric Pollutants,
Varese, Italy, April 10-12, 1984.

Shepson, P.B., The production of carbonyl compounds associated with
photochemical oxidant formation at three sites in eastern North
Anmerica paper presented at the AGU Fall Meeting, Am. Geophys.
Union, San Francisco, Calif., 1989.

Shepson, P.B., D.R. Hastie, H.I. Schiff, M. Polizzi, J.W. Bottenheim, K.
Anlauf, G.I. Mackay, and D.R. Karecki, Atmospheric concentrations
and temporal variations of C;-C3 carbonyl compounds at two rural
sites in Central Ontario, Atmos. Environ, 254, 2001-2015, 1991.

Shepson, P.B., J.W. Bottenheim, D.R.Hastie, and A. Venkatram,
Determination of the relative ozone and PAN deposition velocities at
night, Geophys. Res. Lett., 19, 1121-1124, 1992.

ROBERTS ET AL.; PAN AND OZONE IN EASTERN NORTH AMERICA

Sillman, S., J.A. Logan, and S.C. Wofsy, The sensitivity of ozone to
nitrogen oxides and hydrocarbons in regional ozone episodes, J.
Geophys. Res., 95, 1837-1851, 1990.

Singh, H.B., Reactive nitrogen in the troposphere, Environ, Sci.
Technol., 21, 320-3217, 1987.

Singh, H.B, L.J. Salas, B_A. Ridley, J.D. Shetter, N.M. Donahue, F.C.
Fehsenfeld, D.W. Fahey, D.D. Parrish, E.J. Williams, S.C. Liu, G.
Hubler, and P.C. Murphy, Relationship between peroxyacetyl nitrate
and nitrogen oxides in the clean troposphere, Nature, 318, 347-349,
1985.

Singh, H.B., and L.J. Salas, Measurements of peroxyacetyl nitrate
(PAN) and peroxypropionyl nitrate (PPN) at selected urban, rural
and remote sites, Atmos. Environ., 23, 231-238, 1989.

Skarby, L., and G. Sellden, The effects of ozone on crops and forests,
Ambio, 13, 68-72, 1984.

Stephens, E.R., The formation, reactions, and properties of peroxyacyl
nitrates (PANSs) in photochemical air pollution, Adv. Environ. Sci., 1,
119-146, 1969.

Temple, P.J., and O.C. Taylor, World-wide ambient measurements of
peroxyacetyl nitrate (PAN) and implications for plant injury, Atmos.
Environ., 17, 1583-1587, 1983.

Trainer, M. et al., Observations and modeling of the reactive nitrogen
photochemistry at a rural site, J. Geophys. Res., 96, 3045-3063, 1991.

Trainer, M. et al., Correlation of ozone with NOy in photochemically
aged air, J. Geophys. Res., 98, 2917-2925, 1993.

Trivett, N.B.A., L.A. Barrie, J.W. Bottenheim, J.-P. Blanchet, G. den
Hartog, R.M. Hoff, and R.E. Mickle, An experimental investigation
of Arctic haze at Alert, NNW.T., March, 1985, Atmos. Ocean., 26,
341-376, 1988.

Tsani-Bazaca, E., S. Glavas, and H. Gusten, Peroxyacetyl nitrate (PAN)
concentrations in Athens, Greece, Atmos. Environ., 22, 2283-2286,
1988.

Woodman, J.N,, and E.B. Cowling, Airborne chemicals and forest
health, Environ. Sci. Technol., 21, 120-126, 1987.

Wunderli, S., and R. Gehrig, Influence of temperature on formation and
stability of surface PAN and ozone, A two year field study in
Switzerland, Atmos. Environ., 25, 1599-1608, 1991.

K.G. Anlauf, J.W. Bottenheim, and K.A. Brice, Atmospheric
Environment Service, Downsview, Ontario, M3H 5T4, Canada.

E. M. Bailey, J. F. Meagher, and R.L. Tanner, Tennessee Valley
Authority, Muscle Shoals, AL., 35660.

V.C. Bowersox, Atmospheric Chemistry Section, Illinois State Water
Survey, Champaign, IL., 61820.

M.P. Buhr, F.C. Fehsenfeld, D.D. Parrish, and J.M. Roberts,
Aeronomy Laboratory, NOAA, 325 Broadway, Boulder, CO., 80303.
(e-mail: jr@al.noaa.gov)

L. Newman, Environmental Chemistry Division, Department of
Applied Science, Brookhaven National Laboratory, Upton, NY., 11973,

(Received February 3, 2994; revised March 11, 1995;
accepted March 29, 1995.)





