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Absiract. Ambient concentrations of photochemlcal
HO) and variou including reactive nitrogen
total NO, were measured during June and early July 1992 at
the central Piedmont region of Notth Carolina, s @ past of
Study. The measurements were made in an effost ©
understanding of
States. NO,, NO

oxidants (O,

pPAN, HNO,
compounds as well as
a rural site, SONIA, In
the Southern Oxidants

provide 2 comprehensive
tropospher'sc photochemistry in the Tural Southeastern United
, and NO showed diurnal vagiations with maxima in the morning

2
between 0600 and 0900 EST. The maximum NV NO, and NO, concentrations
reached wete 14.5,5.4, and 7.8 ppbY, respectively- The mean NO, concentration was

found to be .63+ 1.72 ppbY (n
The mean congentrations of NO
found to be 0.18 £0.37 ppbv (n=
and PAN showed diurnal variaton
night. Mean concentrations were found to be
ppbv {n= 250, and o4l 0.24 ppov (n
indicasor of the chemical age of airmasses
correlations with the photoc‘nemical oxidants

O, r= 0.79) measured at the site. The relationship between the accumulation rate of
0o, and the deviation from the photostationary state was examined pased on the
measured PSS constant obtained from the values of [0} [NO}, and [NOL measured

at the site.

INTRODUCTION control of the major aif pollutants in this country 2'Much
Photochemical oxidants comptise class of highly of this difficulty can pe traced to the natot
reactive chemical compounds produced within the hotochernical oxidants themselves. Unlike most other
Earth’s atmosphere. In the upper atmosphere, ozone, the air pollutants, such as sulfur dioxide, which are et
most abundant photochemical oxidant, protects tife directly into (he atmosphere.’ ozone and other
from the harmful effects of ultraviolet light from the hotochemtcal oxidantis ar® formed within the
suil, Paradoxically, pear the Farth’s surface ozone and atmosphere by 3 complex set of chemical reactions
other photochemical oxidants cam at sufficient involving Volatile QOrganic Compounds (VOCs),

concentrations, have adverse effects on human, plant,

and animal Jife.

Most major metropolitan areas in the United States
exhibit peak summertime concentrations of ozonet
above the Nationat Ambient Al Quality Standard
N AAQSY established by the Environmental Protection

Agency (EPA) for the protectlon of human nealth.!

1eading 10 the
(PAN), HNO,

(NMHCs).

More than 2 decade has elapsed since implementation of sources NO, and NMHC represent the m

the current air quahity standard. In (hat time, 0ZOD€ has

proven 0 be one of the most pervasive and difficult 10 + Author to whom cotrespoendence should be
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0zone precursors in most areas of the United States.
Reactions rl and r2 in Table 1 represent the only
formation process of ozone in the troposphere. Ozone
formation is driven by the cycle of odd hydrogen
(=OH+H02+RO2 radicals) reactions that are responsible
for the oxidation of NMHCs to their byproducts. The
odd hydrogen cycle is important because the rates of
ozone-forming reactions are governed by the availabil-
ity of OH. NO_piays a critical role in reactions with CO,
CH,, and nonmethane hydrocarbons (NMHCs) that
determine the distribution of ozone (O,) and hydroxyl
radical (OH), and the interconversion between OH and
hydroperoxyl radical (HO,). An understanding of this
distribution is important because OH and HO, radicals
regulate the rates of destruction of long-lived species
and determine the rates of transformation of many
reactive species to reservoir species, thus changing their
susceplibility to removal processes and long-range
transport b

In the lower atmosphere, oxides of nifrogen are
emitted primarily from anthropogenic processes such as
combustion of fossil fuels and biomass burning.* In

Table 1. Major chemical reactions involving nitrogen species
leading to the formation of 0,, PAN, and H.O, in the
atmosphere

Photostationary state {NO, NQ,, and O,
NO2 +hv (L <420 nm) — _ yNO+0O CP) (1)

0,+0¢p) —M 5 o (r2)

NO+ o, — NO, + 0, (r3)
Peroxy radical disruption of photostationary state;

NO+HO2 - —— NO,+OH. (rd)

NO + RO, — N02 + RO (r5)
Formation of HNO, (during day):

NO,+OH- __M , HNo, (16)

Formation and thermal decomposition of PAN, and loss of
PAN with NO:

CH3CO3 +NO, ¢—— CH3C03N02 (r7)
(;‘H?‘CO3 +NO CH, + co, +NO, (r8)
Formation of HO,
NO,+oH- M, Ho,.+Ho,.
HOo. M H,0, +0, (19)
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rural/remote areas, however, natural processes that
exhibit spatial and temporal variability, such as soil
emission of oxides of nitrogen, may be significant
sources of atmospheric NO,_.** Anthropogenic sources
are generally confined to small geographic areas and
can be well defined. On the other hand, natural sources
of NO_are more widespread and less intense, making
quantitative estimation much more difficule. i

The oxides of nitrogen are also oxidized in the
atmosphere. The compounds enter the atmosphere from
a variety of natural and anthropogenic sources, largely
as nitric oxide. The rapid daytime interconversion of
NO and N O, thatinvolves the peroxy radical, RO,, is the
photochemical mechanism for the formation of ozone,
as described above. NO and NO, are subsequently
converied to a variety of other organic and inorganic
nitrates. The entire family of compounds is generally
referred to as the reactive nitrogen oxides, and the sum
of the concentrations of all the compounds that
comprise the family is referred to as NOy. The more
oxidized forms are less chemically active in the
atmosphere than are NO and NO,. The organic nitrates
Serve to sequester NO , and provide a means to transport
NOy from source regions to more remote parts of the
atmosphere. The nitrates are eventuaily converted into
nitric acid. The deposition of nitric acid and the nitrate
ion is the chief removal mechanism for the nitrates from
the atmosphere. Interconversion of N O_ into other odd-
nitrogen species, therefore, can be an effective
mechanism for the long-range transport of reactive
oxidized nitrogen to remote regions.'t12

in the rural southeastern US, summertime midday O3
concentrations of 50-70 ppb are common, !>15 In many
ways, the South, and the Southeast in particular,
represents a natural laboratory for the study of oxidant
formation. The same mix of sunlight, moisture, and kigh
temperatures that makes the South's forests and
agriculture highly productive also contributes to high
oxidant formation rates. Further, the relatively low
population density and level of industrialization in the
region may make natural sources of ozone precursors
potentially important, Vegetation, including crops,
forests, and ornamental plants, is known to produce
VOCs as part of natural respiratory, photosynthetic, and
stress defense mechanisms. Emission rates of these
VOCs typically increase with temperature and/or
photosynthetic rates that are, on average, higher in the
South than in more northerly locations. These emission
rates, in combination with a generaily dense vegetative
cover, make natural VOC emissions particularly high in
the southern US. The Southern Oxidants Study (508)
was initiated in response to this problem (University
Corporation for Atmospheric Research (UCARY}, 1990).
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The meteorology of the South, and the Southeast it where NO, NOy» NO,, PAN, HO» HNO,, and spectated
particular, is conducive © the gencration of high NMHCs were also monitored- Measurements of O,
concentrations of photochemicai oxidants. During the particulates, and meteorological data are measured year round
summer and early fall, stagnant nigh pressure systems at the .N"‘ﬁf’“a‘} Dry Deposition Network (NDDN) site. The
often develop over the southeast. The mostly cleat skies sampling site ® in an open field (ares ~1200 ?) which W5
and low winds associated with these systems allow a reviously 9sed to grow SOybeay (~1.0 years prior 12 this
steady buildup © f contaminants, including ozOne study), and 18 susrounded by mixed deciduous and coniferous

X 4 - deal h et ¢ oxid forest, The site 18 located ont the gastern porder of the Uwharrie
precursors; an are ideal for the P uction of oxidants- National Forest. Four Jarge urban areas of North Carolina aré

During pofiution episodes. 03‘3"619 in excess of the 120 withina 150-km radius of the sampling site- Three sources of
ppb N_AAQS have been measured at rural sites. " anthropogenic poltution, Raleigh-Durbar, Greenshoro, and
This paper yeports the observations and analysis of Winston-Salem a8 well as the junction between two busy
photochemicai oxidants (0, 1,0, HNO., and PAN) interstate highways,l-dro and 1-85, are situated to the porth and
and other trace gases, and discusses tropospheric northeast of the site (Fig. 1) :
photochemistry at a rural S0OS site, SONIA Ambient air was drawn from 2 height of 10 ™ through 2 1
(Southeastern Oxidant and Nitroge? Intensive Analy sis) G2-cm (3-inch) 1.D. glass sampling tower bY 2 3115 x.104 L
in the Southeastern United States. Because site SONIA min (1100-¢{m) blower in Order 10 limit, sawple residence
T . . time, The residence time to the base of the tower Wwas
is indicafive ofa typical rural setung throughout much  _gjeytated 10 be ~0.25 5. A Loport. g1ass - anifold was e
of the Southeast United States, 4 is hoped that the o P

Lysi 4 di . stalied at the pase of the glass sampling OWET above the
analysis 2% jscussion of the measurements made at  plower 1O permit sampling access. All gpecies, with the

site SONIA may shed light on fhe regional distribution exception of rotal NO., HNO,, and particulate NO,, were
of the oxidants and their precursor species (NMHCs and  sampled from the mmanitold via 5.m lengths of 0.635-cm {1447
NO,)in this region. 0o.D. Teflon tubing. To maximize the officiency of NYy
conversion forits measurement, a heated (325 °C) molybdenuim
converter was mounted at the top, adjacent to {he 10-m tower-
EXPERiMENTAL The NOy sample, converted 1o NO and less susceptible to loss in
n rural and remote areas, & quantitative knowledge of the  the sampling line, was ransferred © the high-sensitivity N
distribution of oxidants and oxidant precurser species 18 monitor by a 10-m, 0.635-¢m (114" Teflon tube.
critical to the undesstanding of regional tropospheric Ambient NO and NO, were measured with a single
photochemistry, and to the development and analysis of global instrument, the TECO 425 (Thermo Environmentai
and regional atmospheric models, For this reason, 2 multi-yeat Instruments Inc.) chemiluminescent high sensitivity analyzer.
study of oxidant and nitrogen chemistry 18 being conducted in This instrument utilizes the reaction between NO and reagent
the Southeast United States a8 part of the Southern Oxidants O, which produces a chemiiuminescence detected by 3
Study funded by the United States Environmental Protection photomuitipiier tube. The analyzer has an internal
Agency (USEPA)- As partofthis study, the Adr Quality group molybdenum convertet heated to L5 eC it converis NO,
at North Carolina State Umiversity in Raleigh, NC operated an species to NO. The results of extensive fests of this conversion
enhanced chemistry site. site SONIA (Fig. 1) neat the town of technique,both in the laboratory and field measurements,have
Candor, NG, in the central Piedmont region of North Carolina  been reported. The comversion efficiency of NO, HNO,,
(35.26 o, 79.84 ogy, ~170 M MSL). From 6 June 1992 to N.O., and PAN have all been found to be near 100% with this

25
7 July 1992 an inlensive measurement period was operated technique, while N0, Ny and NH, are not converted o any

Colymbia
SOUTH

Fig 1 Map of sampling site SONIA
near Candof, North Carolina.
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appreciable degree.'"? For this experiment, as mentioned
above, a second heated molybdenum converter was mounted
at the top of the 10-m tower, and all calibrations were made
through both converters, For the laboratory operating
conditions, the instrument detection limit is 50 parts per
trillion volyme {pptv) for both NO and NOy.

HNOJ and particulate nitrate {NO.") were measured using
the filter pack method, The filter pack was placed at 10 m, and
the air was drawn through it by a vacyum pump on the ground
Connected to the filter pack by 1/4" Teflon tubing. Sampling
air flow rate was maintained at 24 L/min, and was checked
each time new filters were installed in the filter pack. A 5-um
Tefton filter was used 1o collect the particulate nitrate, and a 3-
Rm nylon filter was used to collect gaseous HNOS. The
collected filters were lajer desorbed into a buffer solution, and
the solution was analyzed with an jon chromatograph to
determine the nitrate comtent. The detection limits for both
HNO, and NO,~ are ~30 ppty.

Ambient NO, was measured directly with the LMA-3
luminol-based NO, analyzer from Scintrex Lid. The LMA-3
Luminox monitor operates by detecting the chemilumines.
cence produced when NO, encounters a surface wetted with a
specially formulated luminei solution. The monitor does not
require prior conversion of NO, to NO as do other
chemiluminescence detectors. ‘The luminol solution is
oxidized producing chemiluminescence (<425 nm), and a
photomultiplier tube {(PMT) detects the intensity of the light,
The signal from the PMT is directly proportional to the
concentration of NOQ, in the air, Under laboratory conditions
the detection limit of the instrument is ~5 pptv, calculated as
the noise equivalent of a clean air sample.'® Interference of
PAN and O; with the instrument are ~20% and 1%,
respectively. An O, scrubber was installed which scrubs
99.5% of O, at 50 ppbv to reduce the O, interference. PAN
interference was resolved by measurement of PAN.

PAN was monitored with a specially constructed packed-
column gas chromatograph which employed a Valco
Instruments electron capture detector Model 140-BN to detect
the PAN peak. The GC column was a 60-cm long by 1/8* O.D,
nickel tubing packed with 10% Carbowax 600 supported by
60/80 mesh acid-washed substrate, Refention time for the
PAN peak was 2 min and 408, 0or 45% of the retention time of
the water vapor peak. The GC used a UHP P-5 mix (5%
Methane-95% Argon) as a carrer gas, and the electron
Capture detector developed a stable standing current of 4.5 x
10" A at an attenuation of 24 A 3-ml volume of ambient ajr
was injected onto the column every 15 min, giving four daig
points per hour.

Ambient gas-phase hydrogen peroxide was measured
using a continuous dual channel fluorometric analyzer based
on the horseradish peroxidase method, 12 The analyzer measures
total peroxides on one channel, and, by specific enzymatic
destruction of hydrogen peroxide, only organic peroxides on
the other channel, Hydrogen peroxide is then obtained as the
difference between the tota] and organic peroxides. Gas-phase
total and organic peroxides were recorded on a chart recorder
and extracted manually as [2-min averages. The data was then
consolidated into hourly averages.
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All of the instruments were calibrated according to
Southern Oxidants Stuty QA/QC protocol,?

RESULTS AND DISCUSSION

Biurnal Variations of O, PAN, and H,0,

Figure 2 is a time-series plot of 0,, PAN, and H,0,
from June 23 to June 28, 1992, All three photochemical
oxidants show similar diurnal profiles with morning
minima and afternoon maxima, in accordance with
expecied photochemical production of the three species,
Typically, maximum 0zone concentrations were
observed between 1400-1600 Eastern Standard Time
(EST), and minimum concentrations, between 05000700
EST. PAN minimum concentration occurred at ~0500
EST followed by a steady Increase to about 1200 EST,
exhibiting a broad maximum between 1200--1500 EST.,
H,0, formation, however, was found to lag behind both
PAN and O, formation in the photooxidation process.
The continued increase in the concentrations of these
species into the afternoon is thought to be evidence of
their photochemical production from either locally-
generated or -transported precursor species, The gradual
decrease of these photochemical oxidants into the late
evening is observed as production is overtaken by loss
processes such as enhanced dry deposition under the
subsiding boundary layer.

The daily trends of PAN and O, concentration appear
to be generally similar except for the early morning rise
in PAN which is attributed to downward mixing of
undepleted air from above the nocturnal boundary layer
(NBL). This apparent correlation is based upon the
photochemical reaction pathway to produce both
compounds. The actual formation schemes are quite
different. Both compounds require RO, radicals in their
formation processes. However, in the case of PAN, RO,
must be the peroxyacetyl radical. Ozone formation is
based on the photodissociation of NO, to produce NO
and the O radical which reacts with oxygen to produce
0,. Likewise, NO is quickly converted to NO, via
reaction with HO, or any RO, species, and may once
again photodissociate to produce NO and O and repeat
the process (reactions rl-r3, Table 1). On the other
hand, the formation of PAN is chain terminating via the
removal of both the peroxyacety! radical and NO, from
the reaction system {reaction r7). Thus, the formation
pathways for O, are more abundant and continue as long
as RO, species and NO, are present, while PAN
formation can more quickly deplete its precursors, Con-
sequently, one would €xpect ozone production without
PAN formation to occur if precursors to the
peroxyacetyl radical are not present, In an atmosphere
depleted of NO,, neither compound would be produced.




Untike O, PAN can form during nighttime periods by
alkene ozonolysis in the presence of NO,M

HO, 1ike PAN, is a photochemical oxidant that is
formed from the oxidation of hydrocarbons in the
atmosphere. The formation of H,0, is primarily via the
self-reaction of the HO, radical? under tow NO, condi-
tions (Reaction 9). The predominam pathways for the
formation of the hydroperoxy radical are the pho[oiysis
of formaldehyde and the oxidation of carbon monoxide
(CO). Typically H0, formation lags behind both PAN
and O, formation in the photooxidation process. After
sufficient NO, has been consumed, NO concentrations
are low and dependent upon the photostationary-state
equilibrium with NO, and 0, HO, radicals will then
combine to produce H,0,” '

Diurnal profiles of PAN, HO, and O, (Fig. 2)
behave in amannet consistent with their relationships tO
ambient NO,- PAN accumulation leads H.O, py 14D
As PAN formation and other processes reduce the
ambient levels of NO, 1,0, is able to accumulate. Of
particular interest is the pehavior of pAN and H,0, 00
June 25. This day represents i
accumnulation rate and the highest absolute maximum of
PAN concentration during the entire measurement
period. At 1100 EST, howevel, the formation of PAN

1.6
1.4

1.2

Conc., ppbv (03)150)

LI NEN W

I S,

PR PR TR H+HH-H%—H-¥-_H P i %H’rHH-H‘HHi-H%H PH+HH¥+HHHH+H-H%H*
— [=1] ™ i &N
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qeems to be dramatically cut off while O, and H,O,
pmduction conlnue robustly. The “continued
accumulation of O, and B0, rules out the cessation of
photochemical activity due 0 meteorological
phenomend. In this case the rapid accumulation of PAN
appeats to have depleted the supply of peroxyacetyl
cadical by late morning, but apparcntly cufficient NO,
was consumed by pAN formation and other processes to
create favorable conditions for HO, accumulagion. in
the same Lme period, ambient temperatures have
increased, enhancing the thermal dissociation of PAN.
The resulf is an inverse relationship hetween PAN and
H,0,0n this particular day.

Diurnal variations of O; and Nitrogen Species

Figure 3 {llustrates the composite diurnal profiles of
nitrogen specics and O, for the entire measurement
period. Total NO, and NO, show consistent maxima in
the early morning howrs petween 0600 and 0500 EST,
with the average time of morning maximum being 0700
EST. (This time . calculated bY poting the houf of
maximom NO, and NO, for each of the 33 days during
the measurement period and averaging the times ©

maxima, This approach gives a more accurate idea of

NO, and NO, than sioply reading

the time of maximum

]
L I
.
[

r—mmmh-ﬂv—mmmhwrmmmnv—v—mmmr—u— n 53 — oM T
ODDl—q—NDOO-—:—NODD-—v—‘NOOOr—r'NOOOr—t—'NOODr'u—

NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
mmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmm
mmmmmm¢¢<r-:r-d-<rmmmmmmmmmomwhhhhhhmmmmmm
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
lD(D(D(D(DlD(D{D(D{DtD(QLD(DlQ@(D(D LOCDLD(D(D‘D(D(DLD{D(Q’.DLDCDLD‘D(D

Fig. 2. Diurnal profiles of ozone, PAN, and 11,0, from 93 10 28 June 1992.
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the time of maximum concentration from the composite
average diurnal profile, because it is not influenced by
the fluctuating magnitude of the maximum
concentration.) The mechanism most likely o be
responsible for the morning peaks of NO, and NOy is
regional transport of poltuted airmasses above the NBL.
At sunrise, when increased solar nsolafion triggers the
breakup of the low NBL, a period of downward mixing
brings the relatively undepleted polluted airmass aloft to
the surface.” Kim et al® have also suggested the
possibility of enhanced biogenic emissions of NO_ from
the soils during morning as contributing to morning
ambient peak of NOQ, and NOF.

The diurnal profile of NO, reached a minimum
during the early afternoon when solar insolation was at
its peak. The NO, concentration then gradually
increased throughout the night until the rapid early
morning rise to the daily maximum. It is not totally
attributable (o buildup of NO, during the collapse of the
boundary layer, because such a mechanism is expected
to cause a shorter and sharper increase in the concentra-
tion rather than a steady buildup in concentration for
several hours,

An alternative hypothesis for the nighttime buildup
of NO, is that the increase is due to natural emissions of
nitrogen species from the local soils, A dynamic flux
chamber experiment to measure nitrogen compound
flux was conducted on severa] different days during the
measurement period.® The results of the experiment,
however, show that while there was no appreciable
nighttime flux of N O, from the soil which could explain
the buildup of NO, at night, frequently there was a

4.00
3.50
3.00
2.50
2.00

L.50 -+ \

1.00

cone, ppby

0.50

significant level of NO flux from the soil at night. No
evidence of a buildup of NO during the night was found
in the data set. Iy scems, then, that a chemical
mechanism may be converting the NO emitted from the
soil during the night into NO,. One possible mechanism
for such a conversion is the titration of O, by NO to give
NO,. Levels of O, overnight are typically near 30 ppbv
and are sufficient to immediately titrate any NO from
the soil to NO, (reaction 13). Thus, the persistence of 0,
overnight at the site may facilitate the conversion of NO
to NO, and effectively increase the background concen-
tration of NO,, at the site.

In Fig. 3, NO shows a morning maximum between
0700 and 0900 EST. The time of the NO peak is
sometimes the same as the NOy and NO2 peaks, but
typically follows the NO, peak by one to two hours. For
this reason, the existence of a morning maximum of NO
concentration is considered (o be the combination of
three separate mechanisms, The first is the same
mechanism that brings NO2 to the site; medium range
transport from one of the regional urban areas followed
by downward mixing during the breakup of the
nocturnal boundary layer. A second possible
mechanism is the regeneration of NO from NO, after the
onset of NO, photolysis in the morning. To test this
second hypothesized mechanism, the regeneration of
NO from NO,, a simple calculation based on
photostationary state equilibrium (PSS} between NO,,
O,, and NO was made. After assuming that
pﬁotostationary state applies early in the morning, the
average 0800 EST concentration of O, (~30 ppbv) and
NO, (~2 ppbv) as well as the rate constant of the reaction

T 60.00
+ 50.00

T 4¢.00

T 30.00

conc., pphy

20.00

10.00

0.00 -

Time, EST

1T 22 4556728 a 101!12131415161718!92021222324

0.00

— 00— NO —p—— Noz

——+— HNO,

—>— NO,

T PAN —e—

Fig. 3. Composite diurnal profiles of nitrogen
species and ozone for the measurement
period.
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of NO with Oy, k(= 18X 107" cm® molecule™ sh, and
J(=4x 103 s, which is the average observed value,
the photolysis ate of NO, are used to calculate the
expected concentration of NO. The resulting concenird-
tion of NO 18 ~0.5 ppbv, @ concentration that 18
comparable 10 that observed in the morning NO profile
(Fig.3). A third possible contributing factor responsible
for a portion of the morning NO peak could be the
natural injection of NO from the soil into the site
environment.“ Thus, the diurnal behavior of NO is
thought to be a combination of direct transport of NO,
from regional pollution soutces, the regeneration of NO
by the early morning near-P85 conditions, and possibly
nataral emission of NO from the soil.

Gaseous HNO, concentrations Were measured during
the daytime between 0800 and 1800 EST. HNO, shows
a typical diurnal profile with a steady increase in
concentration from its (morning minimum (o a maximuimn
occurring at ~1500 EST, followed by @ steady decrease
{o nightfime lows. The diurnal profile of HNO, is
explained by the mechanism of the daytime formation
of nitric acid- HNO, is primarily produced through the
reaction of NO, with OH during the daytime (reaction
16). In fact, HNO, typically starts to increase at the same
gme that NO, concentrations begin {0 decline, and the
HNO, maximum corresponds with the NO, minimum in
{he middle of the afternoon (Fig. 3)- Statistically, there
was found tobea negative correlation ((HNO,} = _0.14[NO,}
+ (.86, r = _{.6) between diurnal profiles of NO, and
HNO, in our data. This correlation between NO, and
HNO, is in accordance with the accepted primary
pathWay of the formation of HNO, during daytime
being the reaction of NO, with OH at the site.

393

NO, and the Ratio of NO/NO,
Table 2 presents statistical summaries of the average,
daytime, and nightdme concentrations of individual
odd-nitrogen compounds and total NO, measured at the
site. Daytime is defined as 07001700 EST, and
nighttime a8 0200-0400 EST. Al concentrations
reported in this table are based on hourly averages
integrated OVer the measurement period, except for
nitric acid which is a two-hour average and was
measured only during the daytime. Median
concentrations of daytime NO and O, We found to be
sirpilar to those observed ata high clevation site (1100m)
in the Shenandoah National Park 18 cural Virginia, but
the NO_ was about 25% higher at this site.> However,
the NO, concentration Was found to be similar to the
concentrations observed in Bondville, 1ilinois, and
Scotia, ‘E’emnsy1v.‘:mia.25 The partitioning of NO, among
individual odd-nitrogen compounds for all data are
given in Table 3. The fractional contribution of each
odd-nitrogen compound measured recenily at several
different sites in the US are also presented in Table 3.
Tn the absence of high deposition and dispersion the
total quantity of NO, can be conserved while the

lifetime of NO, is 1’1m1{ed {o as little as 1 day or less in
the boundary layer.®® The jifetime of NO, depends
strongly on the physical and chemical processes in the
atmosphere. The obvious importance of photochemistry
is in the rapid conversion of NO,_ mto longer live

reservoir species guch as PAN and HNO, (reactions 16,
y7). Thus the relative abundance of NO, in the
atmosphere ¢an pe used as an index of the
photochemical age of the airmass.”’ AR alternative
expression of this photochemica’i age is the ratio of NO,

Table 2. Statistical summaries of the average, daytime, and nighttime concentrations of individual

odd-nitrogen compounds and total NO, measured at site SONIA
Species Data set n Max Mean Median s.D.
NO day 357 1.46 022 0.14 023
night 299 5.41 0.09 0.04 033
all 785 541 015 0.07 029
NO, day 336 5.06 1.19 091 0.96
night 302 7.84 1.38 1.25 091
all 769 7.84 1.31 1.06 0.99
PAN day 267 117 0.48 0.46 0.27
night 216 0.86 033 0.32 0.17
all 578 1.17 0.40 0.36 0.24
HNO, day 250 176 0.67 0.66 033
NO, day 333 9.31 2.97 2.78 1.49
night 291 14.47 277 2.68 1.59

743

all
Sum NO,;: day 148 5.55
Aneja et al. / Photochemical Oxidants and Trace Gases

1447 2.88 2.70 1.58

2.38 2.25 1.04
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to NO_** The ratio of NO)(/NOy reflects the degree of
transformation of NO,_ species to reservoir species of
NOy, but is not skewed by dilution effects or changes in
the total magnitude of the concentration of nitrogen
species, The NOK/NOy ratio is expected o be nearly
unity in a freshly polluted airmass while the ratio should
decrease as the airmass ages photochemically and NO,
is converted to other NO_ species. In the simplest case,
where sources and sinks of NOy are neglected, the NO/
NOy ratio would gradually decrease as the airmass
progresses away from its anthropogenic source and ages
chemically, Thus we expect a relatively high value of
NO,(/NOy in an airmass encountered a relatively short
time after its exposure to anthropogenic pollution and a
significantly lower value for the ratio for an airmass
encountered long after its exposure to pollution. The
NOx/NOy ratio also gives information about the nature

of an airmass. For example, the ratio is found to increase
from an airmass originating in a marine environment
with few anthropogenic sources to a continental airmass
which is more heavily impacted by anthropogenic
pollution. Recent measurements show that the average
NOJNOy ratio in the planetary boundary layer increases
from 0.14 over the ocean {Mauna Loa)® to as high as
0.59 over a continental rural site (Scotia, PA)Y7
(Table 3).

Figure 4 shows the plots of HN03/N01 vs. NO, and
PAN/NO _ vs. NO,, respectively. Using the absolute
level of NO_ as a gauge of chemical age, Fig, 4
illustrates the photochemical transformation of the
active nitrogen species into the reservoir species HNO,
and PAN. This transformation is an illustration of (he
airmass aging process and of local photochemical
processes. There is strong correlation between the

Table 3. Partitioning of NOy among individual odd-nitrogen compounds at site SONIA and recent resylis

from other rural sites in the US

Species n Max. Mean Median S.D.  Scotia Niwot  Mauna
Ridge Loa
NO/NOy 568 0.38 0.05 0.03 0.05 - - -
NOEINOy 577 1.02 0.41 0.38 0.22 - - -
NOx/NOY 568 [.40 0.45 0.41 0.27 0.59 0.32 0.14
PAN/NOy 488 0.64 0.13 0.12 0.08 0.14 0.24 0.05
HNOK/NOY 180 0.64 0.21 0.19 0.11 0.16 0.13 0.43
Sum NOyi/NOy 180 - 0.80 0.72 - 0.93 0.73 0.75
0.70 { ° oM 7
0.60 -+ 0.60
® I N
0% o &
¢50 .50
¢ ¢ ®
* 0,40 - 0.40 -
g_p 0.40 . Ox o:’“
O g30 ® < 30 ¢
Z + Z. ®
junt ® § s gt ®
(.20 020 L
* <
0.10 - 0.10 M
L4
BOY e R s e S B

0 1 2 k| 4

cone. NO_, ppby

0 1 2 3 4 5 [

conc. NO , ppby

Fig. 4. Ratio of (2) HNO}/NOX; and (b) PAN/NOx versus NO . Each cell represents (a) 10 (b) 20 data points. The cells are sorted

in increasing order of NO_ concentration.
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yariables in each of the plots where both the HNO,MNO,
ratio and PAN/NO, ratio InCrease strongly @8

decreases. This relationship is expected because

X

NO,

decreases and 18 converted (0 ceservoir NO, species as
{he alrmass ages during gransport. Also, the average

diurnal profiles of NC,, PAN, and HNO, cle

arly show

that, on 2 jocal photochemical basis, both PAN and

HNO, ceach thetl maxima when

NO is near s

. *
minimuin at the site. These two factors of

explain the trends shown in Fig.

been observed in the t\:opos.phere”*29 even though the

The NO“.'“NOy ratio ranges from U.

GONIA. These ratios are comparable with TeC

range of the ratios and NO, levels &€ different because

of the different nature of the expenmemal environment:

0.1t QR at site

(0.2-—0.8) from twoO other rural sites i# the Unite

Gtates, Nijwot Ridge. Colorado, and Scotia,

these sites the decline of NOKINOy is also coincident
with the Increase in reservoir species. The rangé of the
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NO /NO, catio is 0.03 1@ 0.3 at Maund Loa, Hawail,
signiﬁcanﬂy jower than at the continental sites. The
lower range at Mauna Loa 18 not Surprising in hight of

NO, is a factor of 2-15 tower at Mauna Lo2 than at
qurface sites in the continental United States. In
additon, AlrMAasses reaching the Mauna Loa site have
travelled a ninimum of several days from possib‘ie
anthropogenic NO, SOUTCes. puring the transport
period, NO, is converted 10 reservolr species and/or
reactive oxidized products and suffers more loss due t0
wet and dry deposition.

In Fig. 3 the ratios of HNOJNO and PAN/MO, are

plotted against NO/MO.. The same declining trends are

evident in these plots. The ratio of
NO, decreases 48 the ratio of NO /MNO increases. The
same explanation 8% that for Fig- A s used for the
(elationships shown in these plots. One {eature to Note is

b

NONO,
d
@
e &

0& »

& 0% Qo

&
&
&
@ Fig. 3. Variations of (a) 1o of
® HNOJNO);, ) ratio ©

NO MO, ascending 0rdet of NO /NO..
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an apparent inflection peint in Fig, 5b g NOx/NOy =04,
In this figure PAN as a fraction of NOy steadily
increases, as NOX as a fraction of NOy decreases, The
trend appears 1o reverse at a NOX/NOy value of 0.4. Ope
possible explanation for this apparent inflection point is

In concentration strongly as the NOx/NOy ratio
decreases to an inflection point between .40 and 0.50.
Thereafter, PAN concentration decreases linearly with
the NOX/NOY ratio. In contrast, O, concentration
increases linearly with decreasing NOX/NOy throughout
the entire range of NOX/NOy. The relationship of 0, to
NOfoOy 1s quite similar (o the relationship between
HNO3/NOY and NOX/NOy (Fig. 5a), 0O, is formed from
photolysis of NO, (reactions rl, 12) when organic
peroxy radicalg interrupt the photostationary state. As
the ratio of NOX/NOy decreases,
decrease can be attributed to the formation of organic
nitrate compounds, Particularly PAN, O, continues to
increase with decreasing NOx/NOy, however, while
PAN at some point will begin to decrease with decreas.
ing NOK/NOy, because O, requires only the RO, radical

examination of the Jocg] photochemical and transport
Processes. The NOX/NOy ratio is typically at its

perhaps locally generated precursor species.
As stated above, for a given airmass the NOX/NOy
ratio provides a telative measyre of the exteni of

Israel Journat of Chemistry 34 J994

photochermical Interconversion between NO,_ and the
balance of the NOy reservoir, The ratio therefore is

high altitude of the Niwot Ridge site. Niwot Ridge is

conversion ofNOX into reservoir species such as PAN and
HNO.,. Thus, as the ratio increases, indicating a more aged
airmass and more complete photo-chemjcal conversion of
NOx to reservoir Species of NOy, the concentration of O3
also increases, In fact, it is expected that the ratio of 0,10

Teservoir NOy should increase ag anmass age increases

old airmass with the value of the (NOy— NOx)/NOy ratio
approaching unity, the O, should continue to increase,
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The regression equation of O, and (NG, - NO )/
(NOy) given above can be rewritten as 0O, = 25.8/NO
(NOy - NO) + 27. Substituting the average value for
NOy (2.92), the equation then reduces to 0,=8.84 (NOy
- NO) + 27. From this equation, it is scen that the
background ozone concentration at this rural site js
about 27 ppbv, which s typical of the eastern US
background ozone concentration.™ The value of 8.8 for
the siope of the line [N()y— NOJ vs. [O,] can be
interpreted as the number of O, molecules formed for
every NO_molecule oxidized to its oxidative products,
which is similar to the value of 8.5 reported by Trainer et
al®

Photostationary State (PSS) Constant and O,
Formation '

In an atmosphere containing only NO_ and air (no
organics), the reactions which determine the
concentration of NO and NO, and the formation of O,
are reactions r1, 12, and 3 in Table 1. When the time
rate of change of O, is defined as zero, this relationship
is known as the _photostationary state. The PSS
assumption leads to an expression of [G,], [NO,], [NOJ,
J, and k., the Leighion relationship,

[O] [NO] — 4
NO, k,
45,00
40.00
3500 -|-
30.00 + -
25.00 J*k )

20.00

PSS constants, Bpbv

1560 -

1000 -

8 9 10 11

where J and k, are the rate constants for the photolysis of
NO, and for the reaction of NO with O, (reaction r3),
respectively. According to this relationship, the ratio of
[0,], [NOJ, and [NO,] at any time in an airmass should
be a constant given by the ratio of J and k.. Thus, the
qQuantity J/k, should exhibit a diurnal profile because the
value of J varies (1 x 10 1o ~9 x 107 s7Y2 with the
inclination of the sun and with the sky condition over
the site, and k, (= 1.8 x 10 ¢m? molecules™ s gt
298 K)*' varies with temperature.

PSS equations have been used in the past to estimate
the O, formation rate at different locations in the
US.**% The PSS constant obtained from the values of
[0,], INOYJ, and [NO,} measured at the site is used in this
section to examine the relationship between the
accumulation rate of O, and the deviation from the
photostationary state.

Figure 8 shows the diurnal variation of the value of
[03]{NO]/[N02] for each hourly observation, and PSS
constant (J*/k,) estimated from J values scaled by
hourly averaged solar radiation measured at the site and
k,. shown as a solid line. The dotted line denotes the
average value of the ratio (hereafter referred to as the
measured PSS constant). Figure 8 illustrates that
approximately 70% of the measured PSS constants were
below estimated PSS constant (J*/k3) for the hour,

[0,]INOVNO,]

o POk Gpam o

12 3 14 13 16 17

Time, EST

Fig. 8 Diurnal variations of photostationary state (PS5) constants based on the ratio of hourly averaged O,, NO, and NO,

concentrations and calculated PSS constant (J*/kj).
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implying that the photostationary state is routinely
disturbed at the site. These results suggest that O, is
accumulating at the site from local photochemical
activity involving precursors, ie, NO and VOCs,
which may either be transported and anthropogenic in
origin or local biogenic precursors. The role of transport
in the O, concentrations found at the site should not be
ignored,' particularly in light of the clear evidence of
regional transport of NO_ to our site. It is noted,
however, that O, peaks were rarely observed to be
coincident with NO,_ transport episodes. An increased
abundance of peroxy radicals in ambient air is
responsible for the disturbance of the photostationary
state because of their preferential competition (reactions
4, 15) with O, for NO.

In order to determine a mathematical relationship for
the accumutation of O, in the non-photostationary state,
veactions r4 and 5 must be considered in conjunction
with reactions r1-r3. The concentrations of NO, and NO
may still be assumed to be at steady state, as the net
result of reactions r3-r5 is conversion of NO to NO,.
However, the relative importance of the three pathways
for the reaction of NO depends on the level of reactants
available and the magnitude of the rate constants for
each reaction. The rate of change of the concentration of
O, in this non-photostationary state situation may be
calculated from the following first-order differential
equation if no other sources or sinks for O, are allowed:

do;
[3-] + K, {NOJ[O] = JINO,) (1)

The solution for this equation for [O,] at fime ¢t is as
follows:
k4 [NO]

[0l =01-01- ﬁm [0,1,) ¥y /

k4 [NO]
J[NO,]

(2)
where [O,] is the initial O, concentration. If initial {O,]
is zero, eq 2 may be written as:

0= (1 -4 /5 e »

This solution shows that O, concentration increases
with time and that the rate of the increase depends on the
ratio of the loss reaction of O, to the photolysis of NO,.
Finally, the ratio of the concentrations of [NQJ, {NO,],
and [O,] approaches the quantity J/k, as time approaches
infinity, or expressed in another way, as time
approaches infinity the system approaches the
photostationary state. This relationship is
understandable from the standpoint that as the peroxy
radjcals are used up in iheir reaction with NO, they are
removed from the system. The system then returns ©
the photostationary state. Thus, the O, maximum occurs
when the system reaches the PSS. The O, concentration
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calculated under PSS conditions may thus be considered
an upper bound for O,-forming potential from a given
NO, balance.

Diurnal variation of O, (Fig. 3) may be explained by
considering the change in solar intensity throughout the
day and the implications of that change on the PSS. O,
concentration starts to increase at 0800 EST and reaches
its maximum around 1600 EST, The average range of
O, concentrations is 30-60 ppbv. Photochemistry is
initiated in the morning, and O, is accumulated because
the peroxy radicals formed from local biogenic
hydrocarbons and, possibly, transported hydrocarbons
interrupt the loss reaction of O, with NO. The
atmosphere is expected to reach its maximum deviation
from the photostationary state situation as solar
radiation reaches its maximum (Fig. 8). The time rate of
change of the concentration of O, is also expected 1o
reach its maximum at the time of maximum deviation
from PSS. The system is then expected to return to PSS
balance as solar intensity diminishes after around 1700
EST (Fig. 8). Consequently, the magnitude of the time
rate of change of O, is dependent on the ambient level of
peroxy radicals which drive down the efficiency of the
loss rate of O, with NO. Additionally, the maximum
potential level of [O,] may be sensitive both to the [NOY/
[NQ,] ratio and to the NO, photolysis rate constant, I

SUMMARY AND CONCLUSIONS

As part of the SOS project, we conducted an intensive
field experiment at a rural site, site SONIA in the ceniral
Piedmont region of North Carolina, USA. In order to
establish the background concentrations of different
chemical species at this rural site, i.e., photochemical
oxidants ( O, PAN, and H,0,), various trace gas species
including reactive odd-nitrogen compounds as well as
total NO, were measured. The diurnal variations of the
photochemical oxidants were investigated as a sum of
their formation and removal processes. The diurnat
variation of eachNO, species was also discussed and the
relationship between NO_and total NO_ was explored
on the basis of airmass origin and age. The relationship
between NO, and NO_was also used to determine the
extent of chemical processing among the nitrogen
species in an airmass and the relationship of that
chemical processing to photochemical oxidants (O,,
HNO,, and PAN).

The mean NO, concentration was found to be 2.63
ppbv (median 2.57 ppbv). The mean concentrations of
NO, NO,, HNOE, PAN, and H202 were found to be (.18,
1.31, 0.67, 0.41, and 0.52 ppbv, respectively. Each
species showed diurnal variations (Figs. 2, 3). N()y, NO,
and NO, maxima occurred in the morning between 0500
and 0900 EST. The NOy and NO, maxima typically
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occurred around 0700 EST. It is likely that the NO_
mixed down to the surface during the morning breakup
of the NBL. The NO peak at the site could also be
supplied by downward mixing of polluted airmasses,
but the short lifetime of NO and the lack of strong
correlation between the NO, and NO peaks suggests
other mechanisms may be at work. Possible other
mechanisms responsible for the NO peaks at 0900 EST
are conversion of NO, to NO by photolysis and peroxy
radicals available at the time in the morning or natural
NO flux from the soil. A soil flux experiment conducted
over the measurement period showed elevated morning
flux of NO in 30% of the samples, suggesting enhanced
emissions of NO from soils as a possible source. PAN,
HNO,, H,0,, and O, diurnal variation were quite
similar, suggesting they might share a common source,
probably mesoscale photochemical production from
transported and locally produced precursor species.

The NO/NO, ratio, as well as the quantity (NO, — NO)
/MNO_were used as “chemical clocks” of an airmass, and
the photochemical oxidants were correlated with these
measures of airmass age (Figs. 5, 7). From a linear
regression of O, on (NOy -NO) fNOy, it was found that
~9 molecules of O, were produced for every NO,
molecile oxidized to its oxidative products., Back-
ground concentration of O, at this rural site was found to
be ~27 ppbv. Both 03' and HNO, concentrations
increased linearly with increasing chemical airmass age.
However, the relationship between PAN concentration
and the NO,/NO, ratio revealed that PAN increased to
an inflection point between 0.40 and 0.50. Thereafter,
PAN concentration decreased linearly with the NO/
NO, ratio. It seems that the levels of the photochemical
oxidants O,, HNO,, and PAN are heavily impacted by
the concentration of N 0, and the NO/NO, ratio,

The relationship between the accumulation rate of O,
and deviation from the photostationary state was
examined based on a measured PSS constant obtained
from the values of [Q,], [NO], and [NO,] measured at
the site (Fig. 8). The rate of O, accumulation was found
to be correlated with the deviation of the measured PSS
constant from the PSS constant calculated from J*/kj.
Comparison of the measured and calculated PSS
constant illustrates the diurnal deviation of the local
photochemical environment from’the photostationary
state. The maximum deviation from the photostationary
state is found during mid-afternoon, suggesting that the
O, accumulation rate may be maximum during these
hours, :

In conclusion, while this study has shed some light
on the behavior of oxidants in the Southeast US, it is
clear that more comprehensive research into the role of
naturally produced nitrogen species and their character-

Israel Journal of Chemistry 34 1994

istics is needed to enhance our understanding of the
photochemical processes leading to their production
there. The understanding gained from this field research
and the photochemical moedels developed are of great
importance to the formation of basic pollution control
strajegy in the Southeast US.

Acknowledgments. This research has been funded by the US
Environmental Protection Agency through a cooperative
agreement with the University Corporation for Atmospheric
Research (S 9192) as part of the Southern Oxidants Study-The
Southern Regional Oxidant Network (SOS-SERON). We
acknowledge Dr. W, Lonneman, US EPA, for assisting us in
the PAN measurements; Mr. G. Murray, N.C. DENHR for
systems audit; Dr. H. Jeffries, University of North Carolina at
Chapel Hill, Dr. B. Gay, US EPA, Dr. M. Rodgers, Georgia
Institute of Technology, and members of our Air Quality
group, Zheng Li, and Eric Ringler for their assistance and
discussions on atmospheric oxidants; Ms. M. DeFeo and Ms.
B. Batts for the preparation of the manuscript.

Disclaimer. The contents of this decument do not necessarily
reflect the views and policies of the US Environmental
Protection Agency, the University Corporation for
Atmospheric Research, nor the views of all members of the
Southern Oxidants Study Consortia, nor does mention of trade
narnes or commercial or noncommercial products constitute
endorsement or recommendation for use.

REFERENCES

(1) National Research Council Committee on Tropospheric
Ozone Formation and Measurement. Rethinking the
Ozone Problem in Urban and Regional Air Pollution;
National Academy Press: Washington, DC, 1991, 500 pp.

{2) Lindsay, R.W.; Richardson, J.L.; Chameides, W.L. /.
Air Pollut. Conirol Assoc. 1989, 39: 4043,

(3) (a) Ridley, B.A,; Madronich, S.; Chatefield, R.B.;
Walega, J.G.; Shetter, R.E.; Carroll, M.A.; Montzka,
D.D. J. Geophys. Res. 1992, 97: 10,375-10,388. (b)
Ridley, B. A.; Robinson, E. J. Geophys. Res. 1992, 97
10285-10290.

(4) Logan, I. A, J. Geophys. Res. 1983, 88: 10785-10807.

(3) Slemr, F.; Seiler, W. J. Atmos. Chem. 1984, 2: 1-24,

(6) Williams, E. J.; Parrish, D.D.; Fehsenfeld, F.C. J
Geophys. Res. 1987, 92: 2173-23179.

(7) Johansson, C.; Sanhueza E. J. Geophys. Res. 1980, 93:
14193-14198.

{(8) Kim, D.S.; Aneja, V.P.; Robarge, W.P. Atmos. Environ.
1994, 28; 1129-1137.

(9) Aneja, V.P.; Robarge, W.P.; Holbrook, B.D. Atmos.

Environ., in press.

Williams, B.J.; Guenther, A., Fehsenfeld, F.C. /L

Geophys. Res. 1992, 97:7511-1519.

Crutzen, P.J. Annu. Rev. Earth Planet. Sci. 1979, T

443-472.

(a) Singh, H. B.; Hanst, P.L. Geophys. Res. Lett. 1981,

(10
(n

(12)




(13
(14)
(15)

(16}

(7

(18)
(19

(20}

2D

(22)

(23}

@4

(2%

(26)

8: 941, (b) Singh, H. B.; Salas, L.J. Azmos. Environ.
1989, 23; 231-238.

Meagher, J.F.; Lee, N.T.; Valente, R.J.; Parkhurt, W.J.
Atmos. Environ. 1987, 21: 605-6135.

Aneja, V.P.; Claiborn, C.S.; Li, Z.; Murthy, A, J. Air
Pollut. Waste Manage. Assoc. 1990, 46: 217-220.
Kleinman, L; Lee, Y.—N.; Springston, S.R,;
Nunnermacker, L.; Zhou, X.; Brown, R.; Hallock, K,;
Klotz, P.; Leahy, D.; Lee, J.H.; Newman, L. /.
Geophys. Res. 1994, 99: 3469-3482.

Delany, A. C.; Dickerson R.R.; Melchior F.L.Jr,;
Wartburg, AF. Rev. Sei. fnstrum. 1982, 53: 1899-
1902,

Dickerson, R. R.; Delany, A.C.; Wartburg, A.F. Rev.
Sei. Instrum. 1984, 55; 1995-1098,

LMA-3 LUMINOX Operation Manual, SCINTREX/
UNISEARCH, Concord, Ontario, Canada, 1987,
Lazrus, A.L.; Kok, G.L., Lind, I.A.; Gitlin, S.N,;
Heikes, B.G.:; Shettes, R.E. Anal. Chem. 1986, 58: 594-
597.

Healey, I. “The Quality Assurance Plan for the
Southern Oxidants Research Program on Ozone Non-
Attainment,” Revision 1, 1991: The Fleming Group,
Albany, NY.

Finlayson-Pitts, B.I.; Pitts J.N.Jr. Afmospheric
Chemistry: Fundamentals and Experimental
Techniques, Wiley: New York, 1986, pp. 526-328.
Dollard, G.).; Jones, B.M.R.; Davies, T.J. Ammos.
Environ. 1991, 25A; 2039-2053.

Trainer, M.; Williams, E.J.; Parrish, D.D.; Bubhr, M.P,;
Allwine, E.J.; Westberg, H.H.; Fehsenfeld, F.C.; Lin,
S.C. Nature 1987, 329:; 705-707.

Deoddridge, B.G.; Dickerson, R.R.; Wardell, R.G.;
Civerolo, K.L..; Nunnermacker, L.J. J. Geophys. Res.
1992, 97: 20,631-20,646.

Parrish, D.D.; Trainer, M.; Buhr, M.P.; Watkins, B.A.;
Fehsenfeld, F.C. J. Geophys. Res. 1993, 98: 2927-
29440,

Spicer, C.W. In Advances in Environmental Science
and Technology, Pitts, J.N. Jr.; Metcalf, R.L., Eds.;

(27
(28)

(29)

(30)

(b

32)
(33)

(34

(33)

(36)

C)

(38)

401

Wiley: New York, 1977; Vol. 7, pp. 182-197.

Ridley, B.A. Atmos. Environ. 1991, 21: 569-578.
Atlas, E. L.; Ridley, B.A,; Hubler, G.; Walega, 1.G.,
Carroll, M.A.; Montzka, D.D.; Huebert, B.J.; Notton,
R.B.; Grahek, F.E.; Schauffler, S. J. Geophys. Res.
1992, 97: 10,449--10,462,

Huebert, B.J., et al. J. Geophys. Res. 1990, 95: 10,193—
10,198.

Hubler, G.; Fahey, D.; Ridley, B.A.; Gregory, G.L.:
Fehsenfeld, F.C. J. Geophys. Res. 1892, 97: 9833-9850.
Fahey, D. W.; Hubler, G.; Parrish, D.D.; Williams, E.J.;
Norton, R.B.; Ridley, B.A.; Singh, H.B.; Liu, §.C;
Fehsenfeld, F.C. J. Geophys. Res. 1986, 91: 9781-
9793.

Trainer et al. J. Geophys. Res. 1993, 98: 2917-2623.
Madronich, 3. Intercomparison of NO, photodissocia-
tion and U.V. Radiometer Environmental Management/
Air Quality Section. 1989 Ambient Air Quality Report,
May 1951.

Parrish, D.D.; Trainer, M.; Williams, E.J.; Fahey,
D.W.; Hitbler, G.; Eubank, C.S.; Liu, 8.C.; Murphy,
P.C.; Albritton, D.L.; Fehsenfeld, F.C. J. Geophys. Res.
1986, 91: 5361-5370.

Chameides, W.L.; Davies, D.D.; Bradshaw, J.;
Sandholm, $.; Rodgers, M.; Baum, B.; Ridley, B.;
Madronich, 8.; Carroll, M.A_; Gregory, G.; Schiff, H.L;
Hastie, D.R.; Torres, A.; Condon, E. J. Geophys. Res.
1990, 95: 10,235-10,247.

Davis, D.D.; Chen, G.; Chameides, W.; Bradshaw, J.;
Sandholm, S.; Rodgers, M.; Schendal, J.; Madronich,
S.: Sachse, G.; Gregory, G.; Anderson, B.; Barrick, J.;
Shipham, M.; Collins, J.; Wade, L.; Blake, D. /.
Geophys. Res. 1993, 98: 23,501-23,523.

Cantrelt, C.A. Lind, J.A.; Shetter, R.E.; Calvert, 1.G.;
Goldan, P.D.; Kuster, W.; Fehsenfeld, F.C.; Montzka,
S.A.; Parrish, D.D.; Williams, E.J,; Buhr, M.P;
Westberg, H.H.; Allwine, G., Martin, R. J. Geophys.
Res. 1992, 97: 20,671-20,686.

Poulida, O.; Civerolo, K.L.; Dickerson, R.R. /.
Geophys. Res. 1994, 99: 10,553-10,563.

Aneja et al. / Photachemical Oxidants and Trace Gases







