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Abstract
The quantitative knowledge of NO,(=NO,+ HNO;+PAN+NO;+ N,Os+HNO,+ NGOy~
+organic nitrates4-----+ )distribution is essential in tropospheric chemistry, especially

that related to understanding the processes leading to ozone production. Ambient concen-
trations of NO, NO,, HNO; and PAN as well as total NO, were measured during June and
early July 1992 at a rural site( Candor,NC), in the central Piedmont region of NC. The
measurements of NO, species were made in an effort to provide a comprehensive under-
standing of nitrogen chemistry and to investigate the total nitrogen budget at the site.
NO,, NO, and NO showed diurnal variations with maxima in the morning. The maximum
NO, concentration reached was 14.5 ppbv, and the maximum concentrations of NO and
NO: were 5.4 and 7.8 ppbv, respectively. The mean NO, concentration as found to be 2.88
+ 1.58 ppbv(n=743). The mean concentrations of NO and NO, were found to be 0.15 =
0.29 ppbv(n=785) and 1.31 + 0.99 ppbv(n=769). Products of photochemical oxidants,
(NO,~ NO,), such as HNO; and PAN, as well as ozone showed diurnal variation with
maxima in the afternoon and minima at night. The fractions of individual reactive nitro-
gen species to total NO, were investigated and contrasted to the results from remote ma-
rine site and rural continental sites. NO, was the major species to total NO,(45% ). NO
concentrations appeared to be nearly constant whether the prevailing winds were from
continental areas or from oceanic areas. Linear regression of Os with ( NO,- NO,)/NO, (i.
e. percent NO, converted to the photochemical products of NO,) yielded [ Os] =25 .8[ NO,-
NO.J/[NO,] +27, (r*=0.58). The regression intercept is interpreted as the ozone back
ground (intercept=27ppbv) and the slope suggests that 8.6 molecules of ozone are
formed per molecule of NO, oxidized products (when the average NO, concentration,
about 3 ppbv at the site, is used). The NO,/NO, ratio was used as an indicator of the
chemical age of airmasses and the ratio showed strong positive correlations with HNO; (r
2=058), PAN (r!)=0.46) and O; (r’=0.62). Larger NO, and NO./NO, ratio were found
when winds came from continental sides. It may suggest that synoptic meteorological
conditions and transport of NO, are important in the distribution of NO, and its relation-
ship with photochemical oxidants at the site.

1. INTRODUCTION liams and Fehsenfeld, 1991; Ridley and Robinson,

1992) indicate that oxides of nitrogen, NO.(=NO
Recent experiments and model calculations (Wil +NQ,;), play an important role in the tropospheric
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chemistry. They participate not only in the acidifi-
cation of precipitation but also in the formation of
tropospheric ozone. Mainly NO, reacts with ozone
(Os) and radicals, e.g. hydroxyl radical (OH) and
hydroperoxyl radical (HO,) in the atmosphere.
Throughout these reactions, the concentration of
NO, plays an important role in the distribution of O
and the radical balance in the atmosphere. Peroxy
radicals are responsible for much of the oxidation
of NO to NO.. In the lower troposphere, ozone is
formed as a by-product of the photooxidation of
hydrocarbons while NO. acts as a catalyst. Thus,
the characterization of the levels of NO, is essential
to the understanding of tropospheric photochemis-
try. The primary pollutant, NO, is ultimately oxidi-
zed to nitric acid( HNO;) and removed from the at-
mosphere by mostly heterogeneous removal pro-
cesses.

NO; lifetime in the troposphere ranges from less
than a day in summer at mid- latitudes to several
days in the absence of active photochemistry
{Logan, 1983; Liu et al, 1987). NO. is converted
into other organic and inorganic nitrogen species
such as nitric acid (HNO;), peroxyacetyl nitrate
(PAN), other organic nitrates, nitrate radical{ NO,),
and particulate nitrate {NO;™) via photochemistry
in the atmosphere. These odd- nitrogen species
have relatively longer lifetimes than NO, and some
may eventually regenerate NO, in the troposphere
by thermal decomposition or photolytic reaction.
Inter- conversion of NO. into other odd- nitrogen
species, therefore, can be an effective mechanism
for the long range transport of reactive oxidized ni-
trogen to remote regions (Crutzen, 1979; Singh
and Hanst, 1981).

Most of the tropospheric nitrogen species are as-
sumed to be present as NO, NO,, HNO,, PAN, and
NO;™( Atlas et al, 1992; Ridley, 1991 ; Fahey et
al, 1986 ). Measurements of these species in rural
and remote environments have, however, indicated
the presence of an odd- nitrogen deficit. That is,
the sum of the concentrations of the individually
measured species do not add up to the concentra-
tion of NO, ( =NO,+HNO;+PAN+ HNO,+ NO,-
+-organic nitrates) measured by total NO, instru-
ments. It has been suggested that unidentified odd-
nitrogen species, organic nitrates, for instance, may

be present in significant enough quantities to ac-
count for the odd- nitrogen deficit. For example,
Fahey et al. (1986) measured individual NO, spe-
cies and total reactive nitrogen, NO, at a high ele-
vation remote site. The sum of the five individual
species (NO, NO;, HNO,, PAN, NO;-) accounted
for only 55% of the total NO, during the summer
months. The odd- nitrogen shortfall alsoc showed
seasonal variations displaying a minimum during
the fall months and a maximum during the summer
months. NO, measurements during the Mauna Loa
Observatory Photochemistry Experiment showed
the mass contribution of the individual NO, species
measured accounted for ~75% of the total NO,
( Atlas et al, 1992), and contribution of the indivi-
dual species to total NO, at other rural/remote
sites have ranged from 58% to 93% (Fahey et al,
1986; Hiibler et al, 1987; Ridley at al, 1990 ;
Buhr et al, 1990 ; Hiibler et al.,, 1992).

In this paper, the partitioning of the major nitro-
gen species to total NO, and the balance between
the primary nitrogen species, NO,, and total reac-
tive nitrogen were investigated at a rural site near
Candor, NC which is located in the central Pied-
mont of North Carolina. These observational
results are important because the regional distribu-
tion of NO, within the rural South is almost com-
pletely unknown (SOS Report, 1990). The tempo-
ral variation in the composition of NO, is also ex-
amined and compared to that reported for other
measurement sites. Additionally, an observational
based analysis is performed to explore the relation-
ship between the composition of NO, with both pho-
tochemistry and meteorology. Because the site is in-
dicative of a typical rural setting throughout much
of the Southeast United States ( being colocated to
a National Dry Deposition Network (NDDN) site
designated as rural), it is hoped that the analysis
and discussion of the NO, measurements made at
the site may shed light on the regional characteris-
tics of reactive nitrogen species in the Southeast
United States.

2. EXPERIMENTAL

Air Quality group of North Carolina State Uni-
versity operates an enhanced chemistry site in the
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central Piedmont region of North Carolina (35.26°
N, 79.84° W, ~170m MSL). Number of species, i.
e. NO, total NO,, SO, CO, O, particulates, and
meteorological data are measured year round
From June 6, 1992 to July 7, 1992 an intensive
measurement period was operated where NO,
PAN, H.0., HNO., and speciated non- mathane
hydrocarbons ( NMHCs) were also monitored. Fig-
ure 1 shows a map of the site area and the sur-
rounding region. The sampling site is in an open
field (area~1200m ) which was previously used to
grow soybeans ( ~10 years ago) and is surrounded
by mixed deciduous and coniferous forest. The site
is located on the eastern border of the Uwharrie
National Forest. Four large urban areas of North
Carolina are within a 160 km radius of the sam-
pling site. These sources of anthropogenic pollution,
Raleigh- Durham, Greensboro, and Winston- Salem
as well and the junction between two busy inter-
state highways, I-40 and I-85, are situated to the
north and northeast of the site (Figure 1) and
were upwind approximately 35% of the sampling
period. Charlotte is nearly due west of the site and
is relatively close but was upwind only approxi-
mately 10% of the sampling period. When the pre-
vailing wind direction is from the west, north, or
northeast the site can be impacted by the more pol-
luted air masses emanating from or crossing over
these urban areas.
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Fig 1. Map of sampling site near Candor, North
Carolina.

3. METHODS

Sampling Tower
To limit sample residence time, ambient air was

drawn from a height of 10m through a 0.76 cm LD.
glass sampling tower by an 31150 Ipm blower. The
residence time to the base of the tower was calcu-
lated to be ~0.25 seconds. A 16 port glass mani-
fold was installed at the base of the glass sampling
tower above the blower to permit sampling access.
All species, with the exception of total NO,, HNO;,
and particulate NO,~, were sampled from the mani-
fold via 5m lengths of 0.64cm O.D. Teflon tubing.
To maximize the efficiency of NO, conversion for
the total NO, measurement a heated molybdenum
converter was mounted at the top of the 10m
tower. The NO, sample, now converted to NO and
less susceptible to loss in the sampling line, was
transferred to the high sensitivity NO monitor by a
10m long, 0.65cm O.D. Teflon tube.

NO and NO,

Ambient NO and NO, were measured with a sin-
gle instrument, the TECO 42S (Thermo Environ-
mental Instruments Inc.) chemiluminescent high
sensitivity analyzer. The analyzer has an internal,
gold coated, heated (~325 “C) molybdenum con-
verter which will convert most NO, species to NO.
For this experiment, a second heated molybdenum
converter was mounted at the top of the 10 m
tower and all calibrations were made using both
converters. Conversion efficiency tests were con-
ducted using certified master gas of 0.116 ppm NG,
in N, (Scott Specialty Gases). The measured con-
version efficiency during these tests ranged from
85 t0 95%. For the laboratory operating conditions
the instrument detection limit is 50 pptv for both
NO and NO,('Thermo Environmental Instruments,
Inc,, 1992). Six times multipoints calibrations were
completed using TECO 146 multi- gas calibrator
during measurement period. NO and NO, calibra-
tion sources were certified master gases of 0.109
ppm of NO and 0.114 ppm of NO,, respectively
(Scott Specialty Gases). During the measurement
period, system and performance audits were per-
formed twice; one was an external audit per-
formed by North Carolina Department of
Environtal Health and Natural Resources( NC
DEHNR) and the other was an internal audit per-
formed by the Fleming Group in New York. Data
accuracy determined from multipoints calibrations
line for NO and NO, was 10% and 20%., res
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pectively.

HNO; and NO,~

HNO; and particulate nitrate ( NO,™ ) were mea-
sured using the filter pack method(Golden et al.,
1983 ; Parrish, 1986, 1992) in which nitrate partic-
ulates and nitric acid are sequentially collected
from air drawn through a series of two filters. The
first filter(1um Zefluor Teflon, Gelman Sciences)
collects aerosols, while the second filter( 1xm Nylon,
Gelman Sciences) collects HNO; gas. Sampling air
flow rate was maintained at 24 lpm and was
checked each time new filters were installed in the
filter pack. The collected filters were later desorbed
into a buffer solution and the solution was ana-
lyzed with an ion chromotograph to determine the
nitrate content. The detection limits for both HNO,
and NO;™ are ~30 pptv.

NO,

Ambient NO, was measured directly with the
Scintrex LMA-3 Luminol based NO, analyzer. Cali-
brations were conducted at every week during the
study period using certified master gas of O.
116ppm NO; in N, ( Scott Specialty Gases) and cali-
brated mass flow controller, and daily zero-span
checks were employed. Ozone scrubber which was
supplied by Scintrex has been installed to remove
ozone interference. The scrubber is tested to re-
move 99.5% of O; at 50 ppbv. There was about 20
% PAN interference in LMA-3. The uncertainty
of NO, measurement when we assure 20% PAN in-
terference (average PAN concentration~0.4
ppbv) was less than 10% of NO, measured. We
were not able to perform a field intercomparison on
the LMA-3.

PAN

PAN was monitored with a custom made 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 60cm long by 0.32cm O.D. nickel tub-
ing packed with 10% Carbowax 600 supported by
60/80 mesh acid- washed substrate. Retention time
for the PAN peak was 2minutes and 40 seconds or
45% of the retention time of the water vapor peak.
The GC used a UHP P-5 mix(5% Methane/95%
Argon) as a carrier gas. A 5 cc volume of ambient
air was injected onto the column every 15minutes

giving four data points per hour.

Calibration of the PAN GC was carried out prior
to and after the field season. High concentration
PAN(~15ppmv) was synthesized by irradiating a
Tedlar bag containing acetaldehyde, chlorine, and
nitric oxide with ultraviolet radiation{Gay et al,
1976), and quantified by infrared spectrophoto-
metry( Stephens, 1969). The standard preparation
and quantification was performed at the EPA Envi-
ronmental Research Laboratory. A multipoint cali-
bration was then performed on the GC system by
syringe injection of aliquots of the high concentra-
tion PAN mixture into bags containing metered
volumes of zero grade air.

CO and SO;

SO, was measured with a TECO 43S high sensi-
tivity analyzer. The detection limit for the 43S is ~
100 pptv. A TECO 48 was used to monitor CO and
its detection limit is 100 ppbv. All of the instru-
ments were calibrated according to Southern Oxi-
dants Study QA/QC protocol.

4. RESULTS AND DISCUSSION

Figure 2 illustrates the composite diurnal profiles
of nitrogen species and O: for the entire measure-
ment period. Total NO, and NO: show consistent
maxima in the early morning hours between 06: 00
and 09:00 EST with the average time of morning
maximum being 07: 00 EST. The mechanism most
likely to be responsible for the morning peaks of
the pollutants is regional transport of polluted air
masses which often reached the site overnight. At
sunrise, when increased solar insolation triggers

the breakup of the low nocturnal boundary layer
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Fig 2. Composite diurnal profiles of nitrogen spe-
cies and ozone



OXIDES OF NITROGEN SPECIES MEASUREMENTS AND ANALYSIS 315

(NBL) a period of downward mixing bring the rel-
atively undepleted polluted air mass aloft to the
surface.

The diurnal profile of NO, reached a minimum
during the early afternoon when solar insolation
was at its peak. Daytime NO, is thought to be de-
pleted mainly for HNO, formation; PAN and other
higher order nitrates ( R6 and R7 in Table 1). In-
crease of daytime mixing height also causes a de-
crease in NO. concentration. The NO, mixing ratio
then gradually increases throughout the night until
the rapid early morning rise to the daily maximum
‘This slow nighttime buildup occurs regularly in our
data set and is not typically accompanied by an in-
crease of SO or CO and is thus not thought to be
related to transport. 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 is investigated. A dynamic chamber
experiment to measure nitrogen flux from soil was
conducted on several different days during the
measurement period (Kim et al.,, 1994 ). The results

Table 1. Chemical reactions of major reactive ni-
trogen species in the atmosphere.

Photostationary state { NO,NO; and O;)

NO»+hi{ A<420nm)— NO+O(*P) (R1)
o+00°P) M. o, (R2)
NO+0,—NO:+ 0, (R3)

Peroxy radical disruption of photostationary state:

NO+HO,—~NO,+0OH (R4)
NO+RO,—NO,+RO (R5)
Formation of HNO,

NO,+OH-M. HNO, (R6)
Formation and thermal decomposition of PAN,
and loss of PAN with NO

CH;CO;+ NO: - CH;CO:NO; (R7)
CH,CO;+NO—CH;+CO,+ NO, (R8)

of the experiment, however, show that while there
was no appreciable nighttime flux of NO, from soil

which could explain the buildup of NO: at night;
that frequently there was a significant level of NO
flux from soil at night, typically about 2.4 ngN m™2
s of NO flux. No evidence of a buildup of NO dur-
ing the night was found in the data set, however. It
seems, then, that a chemical mechanism may be
converting the NO emitted from soil during night
into NO, ie. oxidation of NO by ozone. Levels of O,
overnight are typically near 30 ppbv and are suffi-
cient to immediately titrate any NO from the soil to
NO; (R3 in Table 1). Rough calculation of a rate
of increases in NO, from the soil emission using a
typical NO emission rate of site was about 0.1 ppbv
/hr when the height of NBL was assumed 100m.
The rate of increase in NG, is quite consistente to
the observed increase rate of NO, during nighttime
period. This would suggest that the soil emission
and the persistance of O, overnight at the site may
facilitate the conversion of NO to NO, and effec-
tively increase the background concentration of NO;
at the site.

In Figure 2, NO shows a morning maximum be-
tween 07:00 and 09:00 EST. The time of the NO
peak is sometimes the same as the NO,, NO, and
SO peak but typically follows the NO; peak by one
to two hours. For this reason, the existence of a
morning maximum of NO mixing ratio is consi-
dered to be the combination of three different
mechanisms. The first is the same mechanism that
brings NO, to the site; medium range transport
from one of the regional urban areas followed by
downward mixing during the breakup of the noc-
turnal boundary layer. A second possible mecha-
nism 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,, Os, and NO was made. After assuming that
PSS applies early in the morning, the average 08:
00 EST concentration of O:( ~30 ppbv) and NO,
(~2 ppbv) as well as the rate constant of the reac-
tion of NO with Oy, k(=1.8 X10""cm® molecule™ s
~'), and J{=4x%10"° s7!'), the photolysis rate of
NGO, are used to calculate the expected concentra-
tion of NO. The resulting mixing ratio of NO is ~0,
5 ppbv, a mixing ratio that is very comparable to
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that observed in the morning NO profile( Figure 2 ).
A third possible contributing factor to the moming
NO peak is found in the data from the flux experi-
ment ( Kim et al,, 1994). A morning increase in NO
flux rates is found approximately 309% of the time
in the experiment results. This natural injection of
NO into the site environment could be responsible
for a portion of the morning NO peak. Thus the di-
urnal behavior of NO is thought to be a combina-
tion of direct transport of NO, from regional pollu-
tion sources, the regeneration of NO by the early
moring near- PSS conditions, and possibly natural
emission of NO from the soil.

Gaseous HNO; mixing ratios were measured dur-
ing the davtime between 08:00 and 18:00 EST.
HNO; shows a typical diurnal profile with a steady
increase in concentration from its morning mini-
mum to a maximum occuring at ~15:00 EST fol-
lowed by a steady decrease to nighttime lows. The
diumal profile of HNO; is explained by the mecha-
nism of the daytime formation of nitric acid. HNOG;
is primarily produced through the reaction of NO,
with OH during the daytime ( R6 in Table 1). In
fact, HNO; typically starts to increase at the same
time NO, mixing ratios begin to decline and the
HNO; maximum corresponds with the NO, mini-
mum in the middle afternoon ( Figure 2). Statisti-
cally, there was found to be a negative correlation
({HNGO:;] =—0.14[ NO,] +0.86, r*=04) between di-
urnal profiles of NO; and HNO; in our data.

PAN exhibits a typical diurnal profile very simi-
lar in shape and magnitude to profiles observed by
Singh and Salas (1989) for northeastern U. S. ci-
ties. The minimum concentration occurs between
03:00 and 06:00 EST and a broad maximum is
found between 12: 00 and 15:00 EST shortly after
the solar radiation maximum. The relationship be-
tween PAN and solar radiation maxima suggests
that local photochemical production of PAN may
be important at the site. Additionally, since the
thermal lifetime of PAN is relatively short (~2.3
hrs) during a warmer temperatures ( 25°C with an
NO/NO, ratio of 0.3) such as those typical of the
North Carolina summer, the effectiveness of even
medium range transport of PAN is not likely to be
great (Shepson, et al,, 1992). It is entirely possible,
however, that medium range transport is

responsible for the presence of PAN precursors at
the site.

The nighttime minimum of PAN is attributed to
the presence of a nocturnal boundary layer which
is characterized by statically stable air with weak-
er, sporadic turbulence and is isolated to the lowest
100 to 200 m of the troposphere. Increased surface
deposition as well as themal decomposition(R7 in
Table 1) followed by reaction of the peroxyacetyl
radical with NO(R8 in Table 1), perhaps that emit-
ted from the local soil, leads to the rapid loss of
PAN in the night PAN concentrations never
dropped below the detection limit of the instrument
(50 pptv), however, and often remain as high as
300 pptv throughout the night.

Relationships Between NO, and Its Constituent
Species

Table 2 presents statistical summaries of the
average, daytime, and nighttime concentrations of
individual odd- nitrogen compounds and total NQO,
measured at the site. Daytime is defined as 07: 00-
17:00 EST and nighttime as 20:00-04:00 EST.
All concentrations reported in this table are based
on hourly averages integrated over the measure-
ment period except for nitric acid which is a two

Table 2. Statistical summaries of the average, day-
time and nighttime concentrations of indi-
vidual nitrogen species and total NO,
measured at Candor site.

data

Species st n Max. Mean Med. St.Dev.

NO day 357 146 022 014 023
night 299 541 0.09 004 033
all 78 541 015 007 029
NO, day 336 506 119 091 096
night 302 784 138 125 091
all 769 7.84 131 106 099
PAN day 267 117 048 046 0.27
night 216 086 033 032 017
all 578 117 040 036 024
HNO: day 250 176 067 066 033
NO, day 333 931 297 278 149
night 291 1447 277 268 159
all 743 1447 288 270 158
2NO,; day 148 555 238 225 1.04
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hour average and was measured only during day-
time. The partitioning of NO, among individual odd
- nitrogen compounds for all data are given in
Table 3. The fractional contribution of each odd- ni-
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trogen compound measured recently at several dif-
ferent sites in the U.S. are also presented in Table
3.

Table 3. Partitioning of NO, among individual nitrogen species at Candor site and recent results from other

rural sites in the U.S.

. . Niwot Mauna
Species n Max. Mean Med. St. Dev. Scotia Ridge Loa
NO/NO, 568 0.38 0.05 0.03 0.05 - — -
NO,/NOy 577 1.02 0.41 0.38 0.22 — — —
NO,/NO, 568 1.40 0.45 041 0.27 0.59 0.32 0.14

PAN/NO, 488 0.64 0.13 0.12 0.08 0.14 0.24 0.05

HNO,/NO, 180 0.64 0.21 0.19 0.11 0.16 0.13 0.43

3 NO,/NO, 180 — 0.80 0.72 — 093 0.73 0.75
Generally, concentrations of individual com rine site, Mauna Loa. In contrast, for the rural con-

pounds during daytime are higher than those in
nightime except for the NO. concentration. Lower
concentrations in nighttime can be attributed to the
presence of stable NBL which isolates the lowest ~
100 m of the atmosphere from daytime mixed layer
thus allowing the depletion of the species through
surface deposition. The reason for the exception of
NO. is a combination of the times chosen as the
definition for day and night, photochemical deple-
tion of NO; during the day, and the buildup of NO;
overnight as described above. The bulk of the
transported NO, arrived typcally between 06:00
and 08: 00 EST and is often not included in the cal-
culation of either the daytime or nighttime average
mixing ratio. Therefore, the day and night concen-
trations are not influenced by the spikes of high
NO; brought to the site by transported air masses.
As pointed out above, NO, is typically depleted dur-
ing the middle of the day by its photolysis reaction
(R1 in Table 1) and/or terminating reaction with
OH(RS6 in Table 1), and is at a relatively low mix-
ing ratio. Additionally, NO, often builds up over
night and there are a number of instances of early
morning, i.e. 03: 00-04: 00 EST, transport episodes
at the site.

Comparison of the fractions of HNO; and NO,
for the remote marine site and continental sites in
Table 3 shows that the fraction contribution of
HNO: to NO,(0.43) is significantly higher than the
contribution of NO, to NO, (0.14) at a remote ma-

tinental sites( Niwot Ridge, Scotia and site Candor)
NO, is the primary contributor to total NO,{ NO,/
NO, ratio ranged in 0.32-0.59.).

In Table 4 the average daytime concentrations
and fractional contributions of each species to NO,
are reported by wind sector. The relatively large
contribution of NO, to NO, from the continental
wind directions again indicates that these air mass-
es are more heavily impacted by anthropogenic pol-
lution. For the easterly winds representing the
more oceanic air masses the fractional contribution
of HNO:; is at its highest and the contribution of
NO; is at its lowest. These results may support the
theory that the easterly winds are bringing oceanic
air masses to the site. It is also interesting to note
that the fractional contribution of NO; is decreased
in the easterly sector but the ratio of NO/NO, (0.
52) is also significantly higher than that of the con-
tinental air masses (0.19) in the other sectors. In
fact, with the exception of the westerly data, which
suffers from a small number of data point, the NO
mixing ratio appears to be nearly independent of
wind direction. This independence may support the
idea of a relatively important local source of NO at
the site, namely emission from soil.

Table 3 and 4 also indicate the site has an odd-
nitrogen deficit of ~0.20 which is comparable to
that found in recent field experiments conducted at
Niwot Ridge, Colorado; Scotia, Pennsylvania; and
Mauna Loa, Hawaii (Fahey et al, 1986; Buhr et
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al, 1990; Atlas et al, 1992). Daily deficits varied
from an actual excess of odd- nitrogen compounds,
that is the sum of the individual species exceeded
the total NO, measurement, to a deficit as large as
40%. There are a number of possible sources for
the odd- nitrogen deficit. The first to be considered
is the accuracy of the instrumentation used to mon-
itor these species and the accuracy of available cali-
bration techniques. Especially at the low mixing ra-
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tios encountered at a rural site such as site Candor,
there is a margin of error associated with each in-
strument used that could well explain a portion of
the deficit. While every effort is taken to minimize
the impact of instrument uncertainty and to cali-
brate the instruments as accurately as possible the
likelihood of some degree of inaccuracy in the re-
ported values must be considered.

Table 4. Average daytime concentrations and fractions of total NO, by wind sectors.

Species Conc. and partitions Northerly Southerly Easterly
NO avg, ppbv 0.25 0.27 0.29
% NO, 7% 8% 14%
NO, avg, ppbv 1.33 141 0.56
% NO, 37% 42% 30%
NOx avg, ppbv 1.58 1.68 0.85
% NO, 46% 52% 41%
PAN avg, ppbv 0.58 0.44 0.30
% NO, 15% 12% 13%
HNO,; avg, ppbv 0.70 0.63 0.62
% NO, 22% 21% 27%
NO, avg, ppbv 3.46 3.23 2.09
avg. 2 NO,/NO, 0.81 084 0.84
O avg, ppbv 39 45 54
avg, O/PAN 68 101 177
PAN/NOx avg. 0.38 0.26 0.35
NO/NO, avg. 0.19 0.19 0.52

‘The consistency of the deficit from experiment to
experiment and from day to day in our own meas-
urements does, however, suggest that there are
some species which are either being underestimated
due to measurement technique limitations or are
stmply not being detected at all. Contenders for un-
detected species are higher order peroxyacety! ni-
trates (ie, PPN, MPAN, PBZN) and alkyl ni-
trates (i.e.,, RONO;). These compounds were not de-
tected by the PAN GC at site Candor. PPN, in par-
ticular, is often reported as having mixing ratios
that are ~10% of the mixing ratio of PAN. To en-
sure that there was no problem with the PAN GC
that was preventing the detection of higher order
organic nitrates, PPN, PnBN, PBZN, MPAN, and
Methyl Nitrate were all synthesized and injected
onto the GC in the laboratory following the experi-
ment. All of the species were detected by the GC at

ppb level concentrations but might no have been
detected in the field if they were present at low
pptv levels.

There is evidence in support of the organic ni-
trate theory as well. In Table 4 it appears that the
nitrogen deficit is greater in the northerly wind di-
rection, the wind direction most heavily impacted
by urban air masses. If higher order organic ni-
trates were the culprit in the nitrogen deficit this
relationship with wind direction would be plausible.
The greater levels of NMHCs along with higher NO,
expected from urban air masses improve the possi-
bility of the formation of organic nitrate com-
pounds. These compounds, particularly the higher
order peroxyacyl nitrates, are known to be less sta-
ble than PAN and have been shown to deplete
more rapidly as the air mass moves away from its
source and would be expected to be more prevalent
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in more recently polluted air masses from the north
(Singh and Salas, 1989).

Additional evidence in support of the organic ni-
trate theory is shown in Figure 3(a). It is a plot of
the fraction of total NO, accounted for by the sum
of individual nitrogen species ( NO,i/NO,) plotted
against the NO/NO, ratio. Figure 3(a) clearly
shows that the nitrogen deficit is largest when the
relative contribution of NO, to NO, is smallest. This
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trend suggests that the deficit consists of NO, spe-
cies other than NO and NO.. Organic nitrates cer-
tainly fall in this category. HNO, also falls in this
category and an underestimation of HNO, could
also be part of the nitrogen deficit. The existence of
a nitrogen deficit at several sites is a vexing one
and more research needs to be conducted in this
area.
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Figures 3(a), 3(b), and 3{c). Variation of the fraction of 2 NO,;, HNO;, and PAN to total NO, versus NO,
/NO,. Each cell represents 20 data points and the cells are sorted in ascend-
ing order of NO/NO,.

NO, and the Ratio of NO,/NO,

NO, is the most abundant portion of NO, at Can-
dor site during the measurement period The
average fraction of NO,/NO, was 0.45. In the
absence of high depostion and dispersion the total
quantity of NQ, can be conserved while the lifetime
of NOx is limited to as little as 1 day or less in the
boundary layer (Spicer, 1977 ). The lifetime of NO
depends strongly on the physical (wet and dry
depostion) and chemical processes in the atmo-
sphere. The obvious importance of photochemistry
is in the rapid conversion of NO; into longer lived
reservoir species such as PAN and HNOs(R6, R7 in
Table 1). Thus the relative abundance of NO, in
the atmosphere can be used as an index of the
photochemial age of the air mass (Ridley, 1991).
The ratio of NO,/NO, reflects the degree of trans
formation of NO, species to reservoir species of NO,
but is not skewed by dilution effects or changes in
the total magnitude of the concentration of nitro-
gen species. The NO,/NO, ratio is expected to be
nearly one in a freshly polluted air mass while the

ratio should decrease as the air mass ages
photochemically and NO is converted to other NO,
species. Thus we expect a relatively high value of
NO./NO, in an air mass encountered a relatively
short time after its exposure to anthropogenic pol-
lution and a significantly lower value for the ratio
for an air mass encountered long after its exposure
to pollution. Recent measurements show that the
average NO,/NO, ratio in the planetary boundary
layer increases from 0.11 over the ocean (Mauna
Loa, Atlas, 1992) to as high as 0.59 over a conti-
nental rural site ( Scotia, PA, Ridley, 1991).

In Figure 3(b) and (c) the ratios of HNO,/NO,
and PAN/NO, are plotted against NO./NO,. The
ratio of PAN/NO, and HNO,/NO, decreases as the
ratio of NO,/NO, increases. The similar explana-
tion as that for Figure 4 is used for the relation-
ships shown in these plots. Plots of PAN and O,
concentrations against the NO,/NO, ratio are
shown in Figure 3(d) and (e). Again, PAN in-
creases in concentration strongly as the NO,/NO,
ratio decreases to an inflection point of 0.45. There
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Figure 3(d) and 3(e). Variation of PAN and O, with NO,/NO,. Each cellrepresents 20 data points and the
cells are ordered by ascending NO,/NO,.

after, PAN concentration decreases linearly with
decrease of NO,/NO, ratio. It is believed that ther-
mal decomposition (i.e. relatively short lifetime) in
older air masses ultimately depletes peroxyacetyl
radical thereby reducing the contribution of PAN
to total NO, in older air masses. In contrast, O; con-
centration increases linearly with decreasing NO/
NO, throughout the entire range of NO,/NO,. The
relationship of Os to NO,/NO, is quite similar to the
relationship between HNO:/NO, and NO,/NO, ( Fig-
ure 3(b)). As the ratio of NO./NO, decreases a
portion of that decrease can be attributed to the
formation of organic nitrate compounds, particular-
ly PAN. O; continues to increase with decreasing
NO./NO,, however, while PAN at some point will
begin to decrease with decreasing NO./NO, be-
cause O; has a significantly longer lifetime ( ~30
days) than PAN (~few hours). The relationship
of both PAN and O, to NO,/NO, may also ex-
plained by examination of the local photochemical
and transport process. The NO,/NO, ratio is typi-
cally at its maximum early in the morning when
NO, is mixed downward at the breakup of the
NBL. At this time PAN and O, concentrations are
typically near their minimum. In addition, peaks of
transported O; and PAN rarely arrive with the NO«
peaks in the morning and when transport does
occur simultaneously between NO,, PAN, and Gs
the magnitude of the transported PAN and O; is
significantly smaller than that of NO,. Thus it ap-
pears that PAN and O; form mostly as a result of
photochemical reactions involving transported and
perhaps locally generated precursor species.

Figure 4 shows the plots of HNOs/NO, vs NO, and
PAN/NO, vs. NO,, respectively. Using the absolute
level of NO. as a gauge of chemical age, Figure 4
illustrates the photochemical transformation of the
active nitrogen species into the reservoir species
HNO; and PAN. This transformation is an illustra-
tion of the air mass aging process and of local pho-
tochemical processes. There is strong correlation
between the variables in each of the plots where
both the HNO:y/NO, ratio and PAN/NO, ratio in-
crease strongly as NO, decreases. This relationship
is expected because NO, decreases and is converted
to reservoir NO, species as the air mass ages dur-
ing transport. Also, the average diurnal profiles of
NO,, PAN, and HNO:; clearly show that, on a local
photochemical basis, both PAN and HNO, reach
their maxima when NOx is near its minimum at the
site. These two factors of photochemical aging of a
transported air mass and the impact of local photo-
chemistry at the site combine to explain the trends
shown in Figure 4. Similar trends have been ob
served in the troposphere (Hubert, et al, 1990;
Ridley, 1991) even though the range of the ratios
and NO, levels are different because of the differ-
ent nature of the experimental environment.

As stated above, for a given air mass the NO,/
NO, ratio provides a relative measure of the extent
of photochemical interconversion between NO, and
the balance of the NO, reservoir. The ratio there-
fore is expected to have a diurnal profile that corre-
sponds with the driving force behind photochemical
activity, solar radiation. To remove any bias from
the magnitude of the concentrations of the nitrogen
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Fig 5. Composite diurnal profile of ( NO,- NO,)/
NO, for the entire measurement period

species the difference between NO, and NO, can be
normalized by NO,, i.e. {NO,~ NO,)/NO.. Figure 5
shows the diurnal variation in the ( NO,- NO,)/NO,
ratio at the site. The ratio reaches a maximum
value at midday when local photochemical activity
reaches its peak. The observed range of the ratio at
the site is 1 to 4, a range that compares favorably
with the results from Niwot Ridge in Colorado
(Fahey, et al, 1986). The average NO,/NO, ratio
for each hour in the diurnal cycle was typically ~
13% higher at Candor site than at Niwot Ridge.
‘The discrepency is probably due to the lesser im-
pact of anthropogenic sources on a regular basis
because of the high altitude nature of the Niwot
Ridge site. Niwot Ridge is frequently impacted by
free tropospheric air masses which are less effected
by anthropogenic sources of NO,. Figure 6 shows a
plot of Os against { NO,- NO,)/NO,. This plot shows
the relationship between O; and the degree of con-
version of NO, to reservoir species of NO,, i.e. (NO,
- NO.). The slope of the plot indicates the amount
of Os production for a given amount of NO, conver-
sion in the air mass. O, increases as photochemical
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Fig 6. Variation of O, versus the ratio( NO,- NO,)/
NO.,.

conversion rate of NO; increases. A linear regres-
sion of Oy and ( NO,- NO,)/NO, is [ 0,] =25.8*( NO,
-NO,)/NO,+27, *=0.58). Applying ~3 ppbv of
average NO, concentration at the site, the slope of
regression suggests that 8.6 molecules of O; are
formed for every molecule of NO, conversion to NO,
and intercept is interpreted as 27 ppbv of ozone
background. Similar statistical relationship between
ozone and photochemical productions of nitrogen
species have been reported, resulting from north-
eastern rural continental sites measurements
(‘Trainer et al, 1993). Ozone concentration is ex-
pected to be low in young air masses because in the
troposphere O; is mainly formed by the same photo-
chemical processes that lead to the conversion of
NOx into reservoir species such as PAN and HNO:.
Thus, as the ratio increases, indicating a more aged
air mass and more complete photochemical conver-
sion of NO to reservoir species of NO,, the concen-
tration of O; also increases. In fact, it expected that
the ratio of O, to reservoir NO, should increase as
air mass age increases because of the relatively
longer lifetime of O; than that of reservoir NO, spe-
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cies such as HNO; and PAN. In a very old air mass
with the value of the (NO,- NO.)/NO, ratio ap
proaching unity the O; should continue to increase
while the reservoir NO, species begin to decrease
due to their shorter lifetimes.

5. CONCLUSIONS

Each species showed diurnal variations ( Figure
2). NO,, NO and NO, maxima occurred in the
morning between 05: 00 and 09:00 EST. The NO,
and NO. maxima typically occurred around 07: 00
EST and was often accompanied by an SO peak. It
is likely that the NO, and SO, were mixed down to
the surface during the morning breakup of the
NBL. The NO peak at the site could also be sup-
plied by downward mixing of polluted air masses
but the short lifetime of NO and the lack of strong
correlation between the NGO, and NO peak suggests
other mechanisms may be at work. Possible other
mechanisms responsible for the NO peak at 09: 00
EST are conversion of NO:; to NO by photolysis and
peroxy radicals available at the time in the morn-
ing or natural NO flux from the soil. A flux experi-
ment conducted over the measurement period
showed elevated moming flux of NO in 30% of the
samples. PAN, HNO: and Os diurnal variation were
quite similar suggesting they might share a com-
mon source, probably mesoscale photochemical pro-
duction from transported and locally produced pre-
cursor species.

NO. was the most abundant of NO, species
accouting for ~38% of total NO, ( Table 3). These
results are significantly different than those ob-
tained from a remote marine site but were compa-
rable with recent results from two other rural con-
tinental sites ( Niwot Ridge, Colo., and Scotia, Pa.)
in the United States. The discrepency between the
NO, partitioning at Candor site and the marine site
are attributed to the influence of regional anthropo-
genic sources of NO, and the continental origin of
the majority of air masses encounter at the site.

The NO,/NO, ratio as well as the quantity ( NO,-
NO,)/NO, were used as’chemical clocks’ of an
airmass and the photochemical oxidants were corre-
lated with these measures of airmass age ( Figure 3
and 6). Linear regression of O; on ( NO,- NO,)/NO,

yielded the [ 0] =25.8( NO,— NO,)/NO,+27. Such
a statistical relationship may have temporal and
spacial variations due to the complexity of the for-
mation of ozone that involves volatile organic comr
pounds( VOC) and NO, precursors ( Trainer et al.,
1993). The similarity of the relationship in regional
homogeneity may permit reasoning without
resulting to specifying the complex chemistry in the
lower troposphere associated with the formation of
ozone in that specific environment. Using 3 ppbv of
average NO, concentration at the site, slope of the
regression suggests that 8.6 molecules of ozone are
produced for every one molecule of NO, conversion
to oxidized species. It was comparable to the results
of Trainer et al. in eastern rural continental sites.
This similarity suggests that at rural sites in the
eastern continental U.S. these statistical relation-
ships may be used to approximate the complex
ozone formation chemistry but without detail VOC
measurements. -

In conclusion, while this study has shed some
light on the behavior of reactive odd- nitrogen com-
pounds in the southeast U.S,, it is clear that more
comprehensive research into the role of naturally
produced nitrogen species and its characteristics
and the behavior of photochemical oxidants is need-
ed to enhance our understanding of the chemical
climatology of the southeast U.S.. Such knowledge
will be required if an accurate chemical model to
research atmospheric chemistry in this area or re-
gion is to be developed. The understanding gained
from field research and future chemical models de-
veloped based on data collected in field research
are of great importance to the formation of basic
pollution control policy in the southeast U.S..
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