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LOSSES AND TRANSPORT OF ODD NITROGEN 

SPECIES (NOy) OVER THE WESTERN 
ATLANTIC OCEAN DURING GCE/CASE/WATOX 

John D. Ray, 1'2 Menachem Luria, 1'2'3 
Donald R. Hastie,4 Sue Malle, 4 
William C. Keene,5 and 
Herman S ievering •'2'6 

Abstract. Aircraft and shipboard mea- 
surements of mixing ratios for odd nitro- 
gen species (NOy) were made over the west- 
ern Atlantic Ocean during the summer of 
1988. NOy in boundary layer air ranged 
from 4.8 ppbv near the U.S. east coast to 
1.7 ppbv near a research ship 160 km from 
the coast. A vertical NOy gradient was 
observed near shore; mixing ratios de- 
creased with altitude from 3.0 ppbv at 150 
m to 1.3 ppbv at 2600 m. A smaller NOy 
gradient was observed near the ship, with 
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mixing ratios also decreasing with alti- 
tude. During the observation period of 
this experiment, a high-pressure system 
over the mid-Atlantic limited advection of 

polluted continental air to a band just 
along the coast, thus preserving less 
polluted conditions to the east of the 
band. Loss rates for NOy advected from 
the continent, based on 3 eastward flights 
from the U.S. east coast, were estimated 
to be 2.0 + 1.5% hour -•. Measurements 
near Bermuda were in marine air with aver- 

age mixing ratios near the surface of 0.8 
ppbv for NOy and 0.3 ppbv for total NO•-. 
No significant vertical gradient was ob- 
served for NOy near Bermuda, where the 
high-altitude NOy mixing ratio was 0.7 
ppbv. Overall, NOy mixing ratios near 
Bermuda were higher than would be expected 
on the basis of either measurements or 

computer modeling for remote marine air, 
suggesting possible influence from local 
anthropogenic sources. 

INTRODUCTION 

Eastward advection of anthropogenic 
pollutants (nitrogen and sulfur species) 
from North America is considered to be the 

main cause of air quality reduction over 
the western Atlantic Ocean [Galloway et 
al., 1984]. Because few monitoring sta- 
tions exist in the Atlantic Ocean region, 
accurate information on reactive nitrogen 
species concentrations and lifetimes is 
sparse. The effect of advected air from 
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North America on the troposphere and the 
oceans has been studied in a series of 

Western Atlantic Ocean Experiment (WATOX) 
programs in which nitrogen species were 
measured from surface sites on the U.S. 

east coast and on Bermuda [Wolff et al., 
1986a,b], from aircraft and surface sites 
during 1985 [Hastie et al., 1988], and 
from two aircraft during 1986 [Luke and 
Dickerson, 1987; Misanchuk et al., 1987]. 
The present study is a continuation of the 
WATOX programs during summertime. This 
program may help provide information for 
models of tropospheric chemistry that make 
predictions of changes in global tropo- 
spheric ozone and radiative balances. 

Previous literature has differing defi- 
nitions for the sum of odd nitrogen spe- 
cies, mainly because of the difference in 
instrument responses, which can make com- 
parisons difficult. Wolff et al. [1986b] 
converted NO to NO 2 for detection, but the 
luminol-chemiluminescence analyzer used to 
detect NO2 also responded to peroxyacetyl 
nitrate (PAN) and CH3ONO, which were thus 
included in the sum as NO x. Luke and 
Dickerson [1987] used a chemiluminescence 
analyzer with a hot-molybdenum converter 
and expected NOy to be NO + NO• + HNO3 + 
2N•O 5 + HONO + PAN + R-ONO x + fine p-NO•-. 
Both Luke and Dickerson and Misanchuk et 

al. [1987] defined NOx w as the sum of NO 
plus the species detected from an FeSO 4 
converter (that is, NO + NO• +-0.7 PAN). 
A consistent definition of total odd ni- 

trogen is important, since NOy mixing ra- 
tios are usually 2 to 3 times or more the 
NOx or NOx w mixing ratios. Most of the 
difference between NOy and NO x generally 
is HNO• and NO•-, but it can include sig- 
nificant amounts of organic nitrates as 
well [Hubler et al., 1989; Buhr et al., 
1989]. In this article we define NOy to 
be theRum of odd nitrogen species as 
determined with a hot-molybdenum converter 
[Fehsenfeld et al., 1987]. 

During prior WATOX experiments, winter- 
time NOy mixing ratios were measured along 
the U.S. east coast and at Bermuda [Wolff 
et al., 1986b] that were similar to rural 
continental mixing ratios [Altshuller, 
1986; Fahey et al., 1986; Logan, 1983]. 
NOy mixing ratios observed from aircraft 
flights parallel to and 50-300 km off the 
U.S. east coast varied highly with lati- 
tude (0.6-4.0 ppbv) in the boundary layer 
and were >1.0 ppbv in the free troposphere 
[Luke and Dickerson, 1987; Mtsanchuk et 
al., 1987]. Global modeling of NOy dis- 
tribution by Levy and Moxim [1989] sug- 

gests that NOy mixing ratios decrease rap- 
idly eastward from the continental United 
States. Average NOy mixing ratios for the 
western Atlantic Ocean were predicted to 
be from 0.1 to 1.0 ppbv as yearly averages 
in the surface layer (>990 mbar). 

Literature reports of NO mixing ratios 
measured over the Atlantic Ocean were 

usually <1.0 ppbv in the boundary layer. 
NO was reported to be approximately 0.2 
ppbv in the free troposphere near the U.S. 
east coast [Misanchuk et al., 1987] and to 
be <0.02 ppbv in the free troposphere 
farther from the east coast [Luke and 
Dickerson, 1987]. Other NO measurements 
in the western Atlantic region indicated 
mixing ratios of 0.03-0.20 ppbv for marine 
air near the surface at Wallops Island, 
Virginia [Torres, 1985; Carroll et al., 
1985], and 0.005-0.02 ppbv in the boundary 
layer near Bermuda [Drummond et al•., 
1988]. For comparison, reported NO mixing 
ratios over the Pacific Ocean tend to be 

quite low (<0.01 ppbv) [Ridley et al., 
•.g•? ]. 

Measurements of HNO• and NO3- over the 
Atlantic Ocean confirmed that these spe- 
cies are a major portion of NOy. Huebert 
and Lazrus [1980] reported HNO• mixing 
ratios of 0.01-0.27 ppbv with a mean of 
0.070 ppbv. Observations of surface HNO• 
in Bermuda [Wolff et al., 1986b] averaged 
0.04 ppbv or 0.13 ppbv, depending on air 
mass origin; Hastie et al. [1988] reported 
a mean value of 0.067 ppbv. Much higher 
mixing ratios of 0.38-0.71 ppbv were re- 
ported for surface NO•- [Wolff et al., 
1986a]. Aircraft measurements of HNO• 
near Bermuda, however, averaged 0.061 ppbv 
in the boundary layer and 0.041 ppbv in 
the free troposphere. Higher HNO3 mixing 
ratios of 0.28 ppbv in the boundary layer 
and 0.11 ppbv in the free troposphere were 
observed from aircraft along the U.S. east 
coast [Hastie et al., 1988]. Whelpdale et 
al. [1987] reported mean mixing ratios of 
0.15 ppbv for NO•- and 0.10 ppbv HNO• in 
the boundary layer off the U.S. east 
coast; the mixing ratios in the boundary 
layer were 1.5-4.5 times higher than in 
the free troposphere at the same location. 

The contribution of PAN to NOy in a 
remote marine environment may be of about 
the same magnitude as the contribution of 
HNO•. PAN mixing ratios of 0.01-0.10 ppbv 
were reported for the Pacific and Atlantic 
oceans [Singh and Salas, 1983; Singh et 
al., 1986; Rudolph et al., 1987]. Slight- 
ly higher PAN mixing ratios were observed 
near the U.S. east coast [Bottenheim and 
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Gallant, 1987]; the mean values were 0.184 
ppbv for the boundary layer and 0.094 ppbv 
for the free troposphere. 

Several estimates of NOx and NOy decay 
times and distances have been made at 

various locations: over the northeastern 

Atlantic Ocean [Helas and Warneck, 1981], 
off the U.S. east coast (over the western 
Atlantic Ocean) [Spicer, 1982], over the 
western Atlantic Ocean in the 1985 WATOX 

program [Hastie et al., 1988], and over 
the eastern Pacific Ocean [Ridley et al., 
1988]. NOx and NOy lifetimes of 1-5 days 
were most often assumed. That range is 
rather large, a result of different defi- 
nitions of the odd nitrogen group, uncer- 
tainty in the measurements, different 
methods of determination, and spacial and 
temporal variability in factors that in- 
fluence atmospheric lifetimes. 

In this report we examine the transport 
of odd nitrogen species from the conti- 
nental United States under summertime 

conditions dominated by a high-pressure 
system over the mid-Atlantic Ocean, esti- 
mate the loss rate of NOy over the ocean, 
and discuss the contribution of individual 

odd nitrogen species to NOy. This July 
1988 study was a part of the Global Change 
Expedition/Coordinated Air-Sea Experiment/ 
Western Atlantic Ocean Experiment (GCE/ 
CASE/WATOX). 

EXPERIMENTAL DETAILS 

Eight research flights were conducted 
by the National Oceanic and Atmospheric 
Administration (NOAA) King Air C-90 air- 
craft to the NOAA ship Mr. Mitchell. Four 
flights were made from Newport News, 
Virginia, to the ship while it was located 
offshore at approximately 35.5øN latitude, 
74.4øW longitude. Four additional flights 
were made later from Bermuda to the ship, 
then located upwind of the island at ap- 
proximately 32.0øN, 63.3øW. Each flight 
consisted of a high-altitude leg with the 
intent of making free troposphere measure- 
ments of about 90 min at 2600 m (740 
mbar). This was followed by a stepwise 
descent of 5-15 min at each of two or 

three intermediate altitudes, and a low- 
altitude leg in the marine boundary layer 
of about 90 min at 150 m (1010 mbar). 
Greater detail on the flight tracks, ship 
track, aircraft operation, and meteorology 
are given by Boatman et al. [1990] and 
Gunter and Boatman [1989] . 

Nitrogen species were measured by sev- 
eral different techniques. The NOAA King 

Air carried a modified Thermo Environmen- 

tal Instruments, Inc., model 14B/E chemi- 
luminescence analyzer for measuring NO and 
NOy [Dickerson et al., 1984]. This in- 
strument used a 375øC molybdenum catalyst 
to convert NOy to NO; the technique is 
consistent with other accepted methods for 
measuring NOy [Fehsenfeld et al., 1987]. 
NO 3- and HNO 3 were measured from the air- 
craft with a dichotomous filter pack sys- 
tem [Bardwell et al., 1990]. S02, 03, 
H20a, aerosol size distribution, meteoro- 
logical parameters, location, and position 
were also measured continuously on board 
the aircraft [Wellman et al., 1989]. 

The NO/NOy analyzer was calibrated at 
several concentrations between 0 and 10 

ppbv before the first flight using certi- 
fied 0.25-ppm NO in Na (Scott Specialty 
Gases) that was diluted with NO-free zero 
air. A span check was made before each 
flight and repeated during flight to nor- 
malize for any altitude dependence in 
response. Span gas was introduced at a 
Teflon tee just before the 5-•m Teflon 
filter and the molybdenum converter that 
were mounted approximately 50 cm from the 
sample-air intake. The instrument base- 
line varied with aircraft cabin tempera- 
ture and pressure, therefore, zero-mode 
readings (a dynamic zero using a 
prereactor prior to the detection chamber) 
were taken every 20 min. Cycle time for 
the NO and NOy modes was 4 min each. The 
minimum detection limit based on a signal- 
to-noise ratio of 2 for the NO analyzer 
was 0.070 ppbv; under field conditions the 
instrument resolution for either NO or NOy 
was 0.1 ppbv. The absolute accuracy under 
field conditions for this type of instru- 
ment was estimated to be plus or minus 30% 
[Fehsenfeld et al., 1987]. NOy mixing 
ratios were well above the detection limit 

for the analyzer; however, NO was general- 
ly <0.1 ppbv except at locations close to 
shore. 

The ship carried a similar filter pack 
sampler [Bardwell et al. , 1990] and an 
NOa- luminol-chemiluminescence analyzer 
[Hastie et al., 1990] to measure NOa, NOx, 
and NOy. NOy was measured by conversion 
to NO using CO reduction on a hot-gold 
catalyst and then oxidation by reaction 
with CrO 3 to NO2 for detection. NOx was 
measured similarly by conversion of NO to 
NOa and measuring the sum of the NOa con- 
centration. A timer switched on a regular 
cycle between the 3 species modes NOy, 
NOx, and NOa and the zero-air mode. Daily 
calibrations were made using an NO stan- 
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dard introduced at the sample inlet. The 
data were corrected for 03 interference 
and temperature dependence of the luminol 
detector. 

RESULTS 

Meteorology 

A general description of the meteoro- 
logy during the GCE/CASE/WATOX experiment 
is presented by Stunder et al. [1990] and 
Gunter and Boatman [1989]. Isobaric air 
mass back trajectories indicated that two 
different regimes were sampled. Flights 
out of Newport News encountered both con- 
tinental and marine air; flights out of 
Bermuda encountered only marine air. On 
July 17, continental air extended out to 
the ship at 74.4øW longitude. However, on 
July 18-19 a near-surface continental-to- 
marine transition zone was observed be- 

tween 75.0 ø and 75.4øW (based on measure- 
ments of oxidant trace gases and potential 
temperature; see Ray et al. [1990]). Air 
samples taken from the ship were thus of 
marine origin from July 18 to 29. By July 
21 the transition zone had moved westward 

and therefore only marine-origin air was 
observed during the low-altitude flight 
segments from the coast to the ship. Air 
mass back trajectories to the Bermuda area 
were of marine origin for at least 10 days 
at altitudes between the surface (1000 
mbar) and 700 mbar for July 26-28. 

Table 1 presents low-altitude average 
measurements by day for NOy mixing ratios, 
wind direction and speed, temperature, dew 
point, and water mixing ratio (WMR) as 
measured from the aircraft. The air 

masses sampled are divided into nearshore 
(76.0ø-75.1øW) continental-influenced air; 
nearshore marine air (75.1ø-74.4øW); and 
near-Bermuda marine air. Table 1 indi- 

cates both the daily differences and the 
changes between air masses. Winds, for 
example, were from the southwest during 
all of the low-altitude flight segments 
from the U.S. east coast. However, wind 

speed, temperature, and NOy were lower on 
the marine-air side of the transition zone 
near 75.1øW. Different wind direction was 

observed near Bermuda, mostly from the 
south and southeast; wind speed, tempera- 
ture, and water mixing ratio values were 
lower near Bermuda than along the U.S. 
east coast. High-altitude values (Table 
2) for NOy, wind speed, wind direction, 
and water mixing ratio were generally 
lower near Bermuda than near the U.S. east 
coast. 

Aircraft NOy Data 

Spacial differences in NOy mixing ra- 
tios were observed. At low altitude, the 
highest average NOy mixing ratios of 3.0 
ppbv were near shore, and the lowest aver- 
age NOy mixing ratio of 1.0 ppbv was near 
Bermuda (Table 1). Average NOy mixing 
ratios at high altitude were 1.0 ppbv near 
shore and 0.7 ppbv near Bermuda; in low- 
altitude marine air they were 1.9 and 1.0 
ppbv, respectively (Tables 1 and 2). A 
trend of decreasing NOy mixing ratio by 
day was observed at low altitude near the 
U.S. east coast. 

NOy mixing ratios in marine air near 
Bermuda (Figure 1) showed both day-to-day 
and longitudinal variations at low alti- 
tude of 0.5-1.6 ppbv and at high altitude 
of 0.1-2.2 ppbv. Longitudinal dependence 
for NOy was small at low altitude near 
Bermuda, but at high altitude, NOy had an 
increasing gradient from west to east on 
July 27 and a strong peak at 64.3øW on 
July 28. 

U.S. east coast NOy mixing ratios at 
high and low altitudes (Figure 2) were 
both higher and more variable than NOy 
mixing ratios near Bermuda. Each succes- 
sive day between July 17 and 21 showed 
decreased NOy at low altitude (Figure 2b), 
especially close to shore. Overall NOy 
mixing ratios along the U.S. east coast 
were approximately twice as high as the 
Bermuda mixing ratios where only marine 
air was sampled. At low altitude, east 
coast NOy mixing ratios decreased with 
distance from shore slightly on July 17 
and more significantly on July 18-19. 
During the latter 2 days, NOy mixing ra- 
tios were at marine levels eastward from 

the transition zone (at 75.1øW). A simi- 

lar decrease in NOy mixing ratio at high 
altitude was observed on July 18-19. The 
lowest NOy mixing ratios were observed on 
July 21 at both altitudes; the change with 
distance from shore was not significant on 
that date. At the upper altitude (Figure 
2a), a sharp peak in NOy at 74.5øW was 
observed on July 17; decreasing NOy gradi- 
ent from the coast out to 75.5øW was ob- 

served on July 18 and 19. 
Variation in NOy mixing ratios with 

altitude near the ship is presented for 
both the U.S. east coast and Bermuda in 

Figure 3. Vertical profiles near the 
coast showed that the mixing ratios were 
highest at low altitude and decreased with 
altitude up to 2600 m (740 mbar). Over- 
all, the NOy mixing ratio declined at each 
altitude between July 17 and 21. By con- 
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Fig. I. Averaged NOy mixing ratios by 
longitude, measured during flights from 
Bermuda in July 1988' (a) 740 mbar and (b) 
I000 mbar. 

trast, vertical profiles near Bermuda 
showed no obvious NOy gradient with alti- 
tude; daily variation was about the same 
at all altitudes. 

Shipboard NOy Data 

Shipboard averages of NOy and NO•. mix- 
ing ratios from the continuous analyzer 
and T-NO 3- (total nitrate, the sum of p- 
NO 3- and HNO3) from the filter pack sam- 
pler are shown in Table 3 by location for 
daytime measurements only. NOy averaged 
1.7 ppbv in marine air near the east coast 
but decreased to <1.0 ppbv as the ship 
neared Bermuda. The highest T-NO 3- mixing 
ratios (1.4 ppbv) were obtained near the 
U.S. east coast and decreased with dis- 

tance from the coast. Shipboard average 
values for HNO 3 (0.04 ppbv) and T-NO 3- 
(0.3 ppbv) measured in predominantly ma- 
rine air were about the same near the east 

coast and near Bermuda. Aircraft averages 

of T-NO 3- were generally lower than the 
shipboard averages, and the aircraft rela- 
tive distributions of HNO 3 and p-NO 3- were 
quite different from the shipboard distri- 
butions; a larger percentage of T-NO 3- was 
HNO 3 at higher altitude. The difference 
between measured NOy and NO x should be 
approximately equal to the T-NO3-. How- 
ever, this difference was considerably 
larger than T-NO 3- for the east coast sam- 
ples and nearly the same for the Bermuda 
area samples. The measured NO•. mixing 
ratios were more constant with longitude 
(0.4-1.0 ppbv), and there was no indica- 
tion of a daily cycle. 

The longitudinal distribution for NOy 
and NO x is presented in Figure 4 for ship- 
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Fig. 3. Vertical profiles for each flight in July 1988 of averaged NOy mixing 
ratios' (a) near the U.S. coast and (b) near Bermuda. 

board measurements between the east coast 

and Bermuda. Each point represents the 
average for O. 5 ø of longitude. NOy mixing 
ratios decreased from 1.8 ppbv near the 
east coast to approximately 0.8 ppbv near 
Bermuda. Between 69 ø and 70øW, the ship 
appears to have passed through plumes from 
heavy ship traffic [Keane et al., 1990]. 
NO x mixing ratios remained at 0.4 _+ 0.2 
ppbv, except for near 70øW, showing no 
systematic change with longitude. 

DISCUSSION 

All odd nitrogen species in the atmo- 
sphere ultimately originate from oxidation 
of N•. through high-temperature combustion, 
electrical discharges, or biogenic conver- 
sion. The principal removal mechanism for 
odd nitrogen is dry and wet deposition to 
the surface. Absorption and reaction of 
HNO 3 on sea-salt aerosols may also con- 
tribute [Sievering et al. , 1990]. Odd 
nitrogen species can be categorized ac- 
cording to atmospheric cycling times into 
chemically active species (NO, NO•., NO3, 

Nz05) , reservoir species (PAN, organic 
nitrates, HONO, HO•.NO•.), and sink species 
(HN03, particulate NO3-). Active species 
rapidly convert through 

NO + 0 3 - NO 2 + 0 2 (1) 

NO 2 + h•, •. NO + 0 (2) 

NO 3 + hv - NO 2 + 0 (3) 

or convert into reservoir species 

NO 2 + CH3C (0) 02 - PAN (4) 

HO + NO - HONO (5) 

or convert into sink species 

OH + NO 2 • HNO 3 (6) 

NO 3 + .NO z + HzO > • 2HN0 3 (7) 

Both reservoir and sink species can recon- 
vert to active species. However, the rate 
constants for back conversion are much 
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TABLE 3. Summary of Odd Nitrogen Sink Species Mixing Ratios by 
Location and Air Mass Type 

Continental Marine Marine 
Samp 1 ing Nearshore Nearshore Bermuda 
Platform Species (July 17) (July 18, 19, 21) (July 26, 27, 28) 

Average n Average Std. Dev. n Average Std. Dev. n 

Aircraft HNO 3 0.463 1 0.092 0.035 3 0. 049 0. 006 8 
Aircraft p-N03- 0. 105 1 0. 126 0.040 3 0. 026 0. 008 8 
Ship HNO• 0. 831 1 0. 036 0.011 3 0. 039 0. 020 6 
Ship p-NO•- 0.610 1 0.235 0.042 3 0.293 0.155 6 

Aircraft T-NO• 0.568 1 0.218 0.074 3 0.075 0.008 8 
Ship T-NO• 1.441 1 0. 271 0.046 3 0. 332 0. 168 6 

Ship NOy 1.56 48 1.71 0.19 111 0.90 0.18 156 
Ship NO x 1.06 a 48 0.73 0.10 111 0.66 0.22 156 
Ship NO•. 1.15 b 47 0.50 0.16 111 0.50 0.02 156 

HN03 and p-NO•- were determined by University of Virginia filter packs and NOy, NO x and 
NO•. were determined by York University instruments; p-NO 3- is particulate nitrate and T- 
NO•- is total nitrate, the sum of p-NO•- and HNO•. All mixing ratios are in ppbv. 
aNOx mixing ratios are upper limits; see text for discussion. 
bNOx and NO•. were determined individually by separate methods. 

higher for reservoir species. Sink spe- 
cies, on the other hand, are removed much 
faster by deposition processes, primarily 
because of their greater solubility. 
Conversion of reservoir species to sink 

species usually proceeds through the ac- 
tive species. 

The rapid decrease in NOy as it was 
transported in air from the U.S. east 
coast suggests rapid conversion of active 
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species and losses of sink species to the 
ocean during July 18-19. Eastward of 
75.1øW longitude, the NOy mixing ratios at 
low altitude were nearly constant at 2 
ppbv for July 18 and July 19 (Figure 2). 
The transition zone between continental 

and marine air had shifted west of the 

ship location on those days, and therefore 
surface mixing ratios no longer reflected 
advection from the U.S. east coast. West 

of 75.1øW longitude, a strong NOy gradient 
with longitude was still observed for 
those 2 days. By July 21 the transition 
zone had shifted west to the coastline, 

and aircraft measurements of NOy were 
about 2 ppbv from the coast to the ship. 

All the NOy vertical profiles near the 
U.S. east coast in the present study 
showed NOy decreasing with altitude (Fig- 
ure 3a). Since most NO x emissions are 
from near the surface, this profile is 
consistent with that of an anthropogenic 
continental plume. Kley et al. [1981] and 
Misanchuk et al. [1987] reported similar 
NO x profiles downwind from urban centers. 
The NOy profiles shifted to lower mixing 
ratios with each flight, the largest 
change occurring near the ocean surface. 
In a prior WATOX program [Luke and 
Dickerson, 1987], similar decreases in NOy 
were observed with altitude. NOy mixing 
ratios as high as those in this study were 
observed in plumes coming off the conti- 
nent between 44øN and 37øN latitude. The 

highest NOy mixing ratios were below 800 
mbar, decreasing above that altitude. One 
example showed 3 ppbv near the surface and 
approximately 0.6 ppbv at 750 mbar. We 
observed low-altitude NOy mixing ratios of 
1.9-3.5 ppbv and upper altitude mixing 
ratios of 0.6-1.5 ppbv. The range of 
mixing ratios for NOy and the profile 
trends were comparable with those of Luke 
and Dickerson, even though their data were 
for winter. 

The NOy vertical profiles near Bermuda 
(Figure 3b) did not have the vertical 
gradient observed along the U.S. east 
coast. There were significant variations 
in NOy between flight days; on July 27 
both the morning and later afternoon 
flights had similar profiles. The loca- 
tion of the profile could have a signifi- 
cant impact on its shape; for example, 
consider projections from Figure 1. Thus 
the NOy vertical profiles in Figure 3 im- 
ply good mixing up to 2600 m and a lack of 
surface sources, whereas Figure 1 suggests 
that horizontal distribution was uneven 

and contained plumes of polluted air. 

NOy Loss Rates 

Under clear skies in the marine envi- 

ronment, removal from the atmosphere of 
NOy is primarily by deposition of sink 
species (HNO s and p-NOs- ) to the ocean. 
Loss rates or lifetimes of odd nitrogen 
species over the ocean are not well known. 
NO x loss rates, presumably by conversion 
to reservoir and sink species, reported in 
the literature vary from 3% hour -1 to 35% 
hour 'l [Hastie et al., 1988; Helas and 
Warneck, 1981; Spicer, 1982]. Summers and 
Fricke [1989] estimated sink species' (T- 
NOs- ) decay times that corresponded to a 
loss rate of 6.3% hour -• in an urban plume 
over eastern Canada. The dry deposition 
rate for p-NO s - is thought to be an order 
of magnitude less than that of HNO s 
[Huebert and Robert, 1985], so the loss 
rate for HNO s should be greater than 6% 
hour -•. Dry deposition velocities for 
HNO s of 2-3 cm s -• to grassland were re- 
ported by Huebert and Robert [1985]; how- 
ever, the overall deposition rate of ni- 
trates over the ocean were estimated to be 
0.3-0.6 cm s -• [Logan, 1983; Levy and 
Moxim, 1989]. Translation of deposition 
velocities to loss rates depends on mixing 
height, wind velocities, aerosol size 
distribution, and even time of day. Pre- 
sumably, loss rates by dry deposition over 
the ocean will follow a similar trend and 
be 10-50% of the loss rate over land. 

Three methods were used in the present 
program to calculate the NOy loss rate 
k(NOy) from NOy measurements at low alti- 
tude near the U.S. coast (Table 4). For 
calculations of the NOy loss rate, an es- 
timate for transport time of the air mass 
from the continent to the observation 
point over the ocean was needed. The 
first method presumed that the U.S. coast- 
line was at a 30 ø angle from north, that 
NOy mixing ratios measured near the coast 
were representative of NOy mixing ratios 
in the air mass as it left the coast, and 
that the wind speed and direction measured 
on the aircraft could be used to calculate 
an air parcel trajectory. Great-circle 
distances from the U.S. coast were calcu- 
lated to the aircraft measurement sites, 
and the transport time was estimated using 
the measured wind speed. The end point 
for the transport was taken to be 75.2øW 
rather than the ship, which was in marine 
air after July 18. The natural logarithm 
of NOy mixing ratio was plotted against 
estimated air mass travel times in Figure 
5 to estimate NOy loss rate. The slope of 
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TABLE 4. Comparison of NOy Loss Rates Computed by Different Methods 

Loss Rate, Dates used, 
Data Set % hour -1 R •' Method a July 1988 

Aircraft 

Aircraft 

Ship 
Aircraft 

2.0_+1.5 0.66 extrapolated winds 17 - 19 
0.18 0.99 radon transport 17 - 21 
0.51 0.43 radon transport 16 - 18 

15.0+6.2 0.31 850-mb back trajectories 18, 19 

aSee text for explanations. 

the linear regression fit represents the 
NOy loss rate, presuming a first-order 
decay rate [Summers and Fricke, 1989] . 

Calculated NOy loss rates were 0.6•, 1.8%, and 3.5% hour -1 for July 17, 18 and 
19, corresponding to lifetimes of 1.2-7.0 
days. The averaged loss rates give a 
lifetime of 2.1 days. Two problems con- 
tributed to the uncertainty in the estima- 
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Fig. 5. NOy loss rates k(NOy) for (a) 
July 17, (b) July 18, and (c) July 19, 
calculated from the slope of ln(NOy) 
versus air mass transport time estimated 
from aircraft wind observations. 

tion method. Because of the extreme angle 
of the winds to the coast, the presumed 
coastal source was far from the shore 

position where measurements were actually 
made. Had the winds been more westerly, 
the assumptions in this method would have 
more obvious validity. Further, the va- 
lidity of the air mass back trajectory 
used in this method was questionable for 
transport periods of several days. 

The second method for calculating air 
mass transport time used the radon data 
collected on the ship. The decrease in 
222Rn, which has only continental sources, 
was due to radioactive decay and to dilu- 
tion from mixing with marine air. An 
estimate of NOy loss rate can be obtained 
from the slope of the ln-ln plot of NOy 
mixing ratio versus radon counts. The 
radon sel-ved as an indicator of transport 
time of that air mass from its last con- 

tact with land. The 4 days of aircraft 
flight data over the ship and the radon 
data from the ship were used to obtain a 
loss rate of 0.2% hour -1. Shipboard NO• 
data from July 16-18 (while the ship was 
in continental air) were also used with 

the radon data to obtain an estimated NOy 
loss rate of 0.5% hour -•. This was in 

good agreement with the loss rate calcu- 
lated for July 17 by the first method. 
The relative contribution of HNO 3 to NOy 
was much smaller in the marine air, so the 

NOy loss rate should be smaller. It is 
uncertain whether the assumptions required 
for this method strictly hold for the 
circumstances of this study. The longer 
back trajectories to a land mass during 
the first days and the complications re- 
sulting from the transition between conti- 
nental air and marine air introduce uncer- 

tainty into the estimated loss rates. 
The third method of estimating air mass 

transport times to calculate NOy loss rate 
was to use the air mass back trajectories 
[Stunder et al., 1990; Ray et al., 1990] 
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to the ship. However, the surface back 
trajectories to the ship on July 17 and 
July 21 were from the ocean. Since only 
the 850-mbar air mass back trajectories to 
the ship showed continental history, they 
were used to estimate air mass transport 
times. Transport times from the coast 
were estimated by linear interpolation and 
plotted against the natural logarithm of 
NOy mixing ratios to calculate NOy loss 
rates. No net loss was showed for July 
17, whereas July 18 and July 19 showed 
loss rates of 19% and 11% hour -1 , respec- 
tively. This corresponded to NOy life- 
times of only 5 and 9 hours, which seem 
far too short. The main problem here 
appears to be the air mass back trajecto- 
ries to the ship. The 850-mbar trajecto- 
ries that had overland components were not 
representative of airflow at 150 m. From 
previous discussions, we expected surface 
back trajectories out to 75.2øW longitude 
to have overland components, but trajecto- 
ries with a finer end point resolution 
were unavailable. 

Results of the above calculations yield 
very different estimates for NOy loss 
rates. Wind direction and speed measured 
by the aircraft were fairly steady from 
the U.S. east coast out to the ship during 
the 4 flight days. The estimated travel 
times from extrapolated winds were proba- 
bly reasonable in this study. Thus the 
loss rate average of 2.0 + 1.5% hour -1 
from the first method is favored, corre- 
sponding to an average lifetime of 2.1 
days. The wide variation in NOy loss 
rates suggests that a single value for 
loss rate may not define all conditions 
over the ocean. 

Luria et al. [1990] concluded from com- 
puter modeling of SO 2 loss rates that 
atmospheric mixing and chemical reactions 
were of less importance than dry deposi- 
tion to the ocean in predicting the de- 
crease in S02 concentration with distance 
from shore. That conclusion was dependent 
on the marine boundary layer height and 
was specific for the conditions observed 
in the GCE/CASE/WATOX experiment. Al- 
though the reaction sequence to produce 
HNO 3 from NO x is different from that of 
SO•, dry deposition rates for both HNO 3 
and SOa in the marine boundary layer are 
expected to be high. Ultimately, deposi- 
tion of HNO 3 and p-NO 3- to the ocean 
should be the primary loss mechanism for 
NO•. 

Partitioning of Species 

A comparison of NOy mixing ratios ob- 
served on the aircraft during low-altitude 
flights near the ship and on the ship at 
the same time shows general agreement 
[Boatman et al. , 1990] . However, on July 
17-18, NOy measured from the aircraft was 
a factor of 2 higher than NOy measured 
from the ship. Large differences were also 
observed in the HNO 3 mixing ratios mea- 
sured on the ship and aircraft for those 
dates [Keene et al., 1990]. During the 6 
following intercomparison periods, the 
agreement for NOy mixing ratios was better 
than +10%. The low NOy values observed on 
the ship for July 18 were, however, con- 
sistent with the drop in shipboard T-NO 3- 
from 1.4 ppbv on July 17 to 0.27 ppbv on 
July 18 (Table 3). A continental-to- 
marine air transition that occurred on 

that day near the surface [Ray e t al., 
1990] may explain the higher concen- 
trations of trace gases observed on the 
aircraft at 150-m altitude. 

The calculated NO mixing ratios from 
the shipboard analyzer (the difference 
between NOx and NO2) were always higher 
than the aircraft upper limit estimate of 
NO (<0.1 ppbv). The overestimation of 
shipboard NO mixing ratio may result from 
conversion of species other than NO to NO• 
by the CrO 3 converter [Wolff et al., 
1986b]. If we presume that nighttime NO 
mixing ratios should be nearly zero, then 
an NO offset of approximately 0.20 ppbv 
can be inferred from the data. The 

luminol detector has an NOa interference 
from PAN [Fehensfeld et al., 1990] and 
maybe some from 03 due to the different 
averaging times of the two instruments; 
therefore the NOx mixing ratios reported 
here (Table 3) should be considered as 
upper limits. 

Averages of the odd nitrogen species 
observed on the ship over three different 
periods are presented in Table 3. Both 
NOy and NOx mixing ratios decreased be- 
tween the U.S. east coast and Bermuda. 

During July 16-21 the NOx mixing ratio 
near the U.S. east coast was 35% of the 

NOy mixing ratio, and the remainder of the 
NOy species is presumed to be mostly HN03, 
NO3-, and PAN. The NOx active-species 
fraction of NOy increased to 70 _+ 2% near 
Bermuda. The high relative and absolute 
magnitude of active species near Bermuda 
was unexpected, since the air mass back 
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trajectories suggested a well-aged marine 
air mass. These observations suggested 
that there may be some sources of NOx near 
Bermuda. Possible NOx sources within the 
region include civil and military aviation 
activity, ship traffic, and fossil fuel 
combustion on Bermuda. Contributions from 

natural sources, such as lightning, cannot 
account for the observed levels, especial- 
ly when compared with the low NOy mixing 
ratios observed at other remote marine 

locations [Ridley et al., 1987]. 
A clear trend of decreasing HNO 3 and 

NO 3- is evident in going from the U.S. 
coast to Bermuda (Table 3). Total NO 3- 
concentration in the continental- 

influenced air near shore on July 17 was 
1.44 ppbv. Concentrations of T-NO 3- in 
marine air near shore on July 18-21 were 
lower by a factor of 4 (0.27 ppbv) and 
were similar to average T-NO 3- in marine 
air near Bermuda (0.33 ppbv). T-NO 3- was 
about 40% of the aircraft NOy mixing ra- 
tios in continental air near the U.S. east 

coast and in marine air near Bermuda. It 
was lower in marine air near the U.S. east 

coast. By comparison, these marine air 
values were similar to the mean values of 

0.07 ppbv HNO 3 and 0.23 ppbv NO 3- reported 
by Huebert and Lazrus [1980] for Pacific 
marine boundary layer air and are compara- 
ble with previous WATOX values discussed 
earlier. 

Comparison of Observations 
With Modeling Results 

Although the agreement for the NOy mix- 
ing ratios observed by two different meth- 
ods is good, the distribution of indivi- 
dual NOy species seems inconsistent with 
the expected photochemical equilibrium. 
The main question is why the relative 
contribution of NOx to NOy is so large. 
It is expected that a photochemically aged 
air mass would contain a higher T-NO 3- 
fraction of NOy. We modeled the parti- 
tioning of odd nitrogen species for dif- 
ferent NO input rates and transport times 
[Luria and Meagher, 1988]. The photochem- 
ical smog reaction scheme was taken from 
Atkinson and Lloyd [1984], and the meteo- 
rological parameters were chosen to match 
the Bermuda portion of the GCE/CASE/WATOX 
experiment. The first computer model run 
was used as a reference; it presumed a 
constant, low NO input (1.0 x 10 lø mole- 
cules cm -3 s -1) and allowed for photochem- 
ical aging and dry deposition processes. 

The boundary layer height was taken as 
2500 m, the photolysis constant (j(NO2)max) 
was set at 0.54 min -1 to fit the location 

and the date, cloud coverage was assumed 
to be 20%, and exchange between the bound- 
ary layer and the free troposphere was 
assumed to be 12% day -1. The model did 
not calculate HNO 3 and NO 3- separately; 
thus a combined deposition velocity of 1 
cm s -1 was used. The reference model run 

reproduced the main features of the sulfur 
cycle and the O 3 mixing ratios and slight- 
ly overestimated H202 [Luria and 
Sievering, 1990]. After a 10-day simula- 
tion the photochem-ical system reached 
equilibrium; NOy mixing ratios were about 
one-half of the experimentally observed 
mixing ratios. NOy consisted of T-NO3- 
(70%), NOx (20%), and PAN and organic ni- 
trates (10%). 

In the second model run, the constant 
NO input was doubled to reproduce the 
observed NOy mixing ratios, while all 
other parameters remained unchanged. The 
results showed that NOy was nearly 
doubled, T-NO 3- fraction increased slight- 
ly to 76%, and NOx and PAN decreased ac- 
cordingly. But the increase in NOy also 
enhanced the photochemical activity so 
that O 3 was 50% higher than in the previ- 
ous model run. Thus increasing NO, as 
though from a nearby source, leads to 
model predictions that nearly match the 
NOy mixing ratios observed, but greatly 
exceed the O 3 and NOx observed. 

The third model run started with high 
NO (10 ppbv) to simulate a polluted air 
mass that is transported to a clean envi- 
ronment. A constant low input of NO (1.0 
x 109 molecules cm -3 s -1) was assumed. 
After 12 hours of model simulation, NOx 
mixing ratios were similar to the experi- 
mental NO x observations; however, T-NO 3- 
was more than a factor of 10 higher. 
After 10 days of simulation, at photochem- 
ical equilibrium, predicted NO x was <15 
pptv and T-NO 3- was 40 pptv. O 3 and H20• 
increased initially and then decreased to 
equilibrium values of 12 ppbv and 1.0 
ppbv, respectively, which were within the 
range of the experimentally observed mix- 
ing ratios [Ray et al., 1990]. 

The model predictions were able to 
match only 1 of the 3 species NOx, NOy, or 
T-NO 3- at a time by adjustments in the 
initial NO or in the NO input rate. When 
the predicted NO x matched the observed NOx 
mixing ratios, the predicted oxidants and 
T-NO 3- mixing ratios were too high. When 



292 Ray et al.: Losses and Transport of Odd Nitrogen 

the predicted NOy matched, the predicted 
NO x was too low and the predicted O 3 was 
too high. When the predicted T-NO 3- 
matched, NOy and NOx were too low by an 
order of magnitude. The clue to the dis- 
crepancy between the model and the obser- 
vations is the difference between NO• and 
T-NO3-. This difference is too large to 
be accounted for by organic nitrate reser- 
voir species and active species. Since we 
have no direct measurements of the reser- 

voir species and there may have been a 
discrepancy between the NO measured on the 
ship and the aircraft, it is not possible 
to independently verify the concentrations 
of species that make up the difference 
between our observed NOy and T-NO3-. We 
believe that the difference consists larg- 
ely of reservoir species plus the accumu- 
lated uncertainty in the measurements of 
both NO• and T-NO3-. This assumption is 
based on the modeling results that neither 
a well-aged nor a recently polluted air 
mass can account for the observed odd 

nitrogen species without the other pollut- 
ant mixing ratios being outside the ob- 
served ranges. 

The net result is that we cannot easily 
explain, at least from computer modeling, 
the relatively high NO• mixing ratios and 
the partitioning of NOy species around 
Bermuda. Meteorology during the GCE/CASE/ 
WATOX study effectively prevented ad- 
vection of pollution from North America to 
Bermuda, and the air mass back trajecto- 
ries indicated only oceanic source regions 
for at least 10 days. Despite those indi- 
cators of remote marine air, low-altitude 

NO• mixing ratios varied by a factor of 2, 
and the high-altitude NO• mixing ratios 
varied by a factor of 10 over the observa- 
tion area. In the absence of nearby NO• 
sources or significant changes in air mass 
trajectories, such large variations are 
unlikely, and only low background- level 
mixing ratios would be expected. Although 
it would be easy to invoke NOy sources in 
the Bermuda area as an explanation, that 
would not also explain the steady decrease 
in NOy mixing ratio in marine air from 
74øW to Bermuda observed from the ship 
(Figure 4) and therefore seems unlikely. 
In the present study, transportation- 
related NO• sources, and perhaps high- 
altitude advection with downward mixing, 
provide the most likely explanations for 
the observed NO• mixing ratios. The lim- 
ited data set and the short observation 

periods of leg 1 of the GCE/CASE/WATOX 
cruise preclude making broad generaliza- 

tions. A future publication with a more 
extensive analysis of data by participants 
on the whole cruise throughout the Atlan- 
tic Ocean region may provide additional 
insight into the NO• distribution and par- 
titioning. 

CONCLUSIONS 

NO• mixing ratios of >3.0 ppbv were 
observed off the U.S. east coast during 
summertime measurements. The NOy mixing 
ratio decreased with distance from shore 

to about 1.7 ppbv at 160 km. This decrease 
is believed to be due to conversion of 

active nitrogen species to HNO 3 and p-NO 3- 
and subsequent deposition to the ocean. 
The NO• loss rate was estimated to be 2 ñ 
1.5% hour -1 , which is consistent with a 
T-NO 3- removal rate of approximately 3-6% 
hour -1 ' 

The NO• and T-NO 3- mixing ratios in 
marine air near Bermuda were comparable 
with those in marine air off the U.S. east 

coast (0.6-1.5 ppbv for NO• and 0.27-0.33 
ppbv for T-NO3- ) . These relatively high 
mixing ratios in the boundary layer near 
Bermuda, combined with the rapid NO• loss 
rates calculated for transport over the 
ocean, lead to the conclusion that sources 

of NOy species exist in this portion of 
the Atlantic Ocean. 

The difference between NO• and T-NO 3- 
was high near Bermuda, both in absolute 
amount (0.5 ppbv) and as a fraction of NOy 
(60%). On the basis of predictions from a 
photochemical model, we conclude that only 
a small fraction of the difference between 

NO• and T-NO 3- was reactive species (NO 
and NOa). The remaining difference is 
presumed to be reservoir species and cumu- 
lative uncertainty in both measurements. 
Although the data on both NO and NO 2 over 
the Atlantic Ocean are inconclusive, the 
present observed NO•, HNO3, and p-NO 3- mix- 
ing ratios are consistent with previously 
reported mixing ratios. 

Acknowledgments. We thank the many 
people who helped collect these data: 
Dennis Wellman for instrument and aircraft 

support, Laureen Gunter for inflight data 
collection, Joe Boatman for operation of 
the NOy analyzer in Newport News, Roger 
Morris and Tom Gates for piloting the NOAA 
King Air, and Stan Wilkison for computer 
programs to sort out the NO• data. 
Thanks also to the NOAA/NOS Atlantic Ma- 
rine Center and especially, Captain D. E. 
Nortrup and the crew of the NOAA ship Mt. 



Ray et al.' Losses and Transport of Odd Nitrogen 293 

Mitchell. This research was supported in 
part by the NOAA Radiatively Important 
Trace Species program and the NOAA Western 
Atlantic Ocean Experiment. 

REFERENCES 

Altshuller, A. P., The role of nitrogen 
oxides in nonurban ozone formation in 

the planetary boundary layer over N. 
America, W. Europe, and adjacent areas 
of ocean, Atmos. Environ., 20, 245-268, 
1986. 

Atkinson, R., and A. Lloyd, Evaluation of 
kinetic and mechanism data for modeling 
of photochemical smog, J. Phys. Chem. 
Ref. Data, 13, 315-444, 1984. 

Bardwell, C. A., J. R. Maben, J. A. Hurt, 
W. C. Keene, J. N. Galloway, J. F. 
Boatman, and D. Wellman, A technique 
utilizing high flow dichotomous filter 
packs for measuring major atmospheric 
chemical constituents, Global 
Biogeochem. Cycles, in press, 1990. 

Boatman, J. F., W. C. Keene, M. Luria, J. 
D. Ray, C. A. Bardwell, K. Gorzelska, M. 
Fennell, D. R. Hastie, A. A. Pszenny, 
and D. Whelpdale, An intercomparison of 
the chemical and meteorological data 
generated from aircraft and shipboard 
sampling during GCE/CASE/WATOX, NOAA 
Tech. Memo., Air Resour. Lab., Silver 
Spring, Md., in press, 1990. 

Bottenheim, J. W., and A. J. Gallant, The 
occurrence of peroxyacetyl nitrate over 
the Atlantic Ocean east of North America 

during WATOX-86, Global Biogeochem. 
Cycles, %, 369-380, 1987. 

Buhr, M.P., D. D. Parrish, F. C. 
Fehsenfeld, and R. Sievers, Measurements 
of atmospheric organic nitrates and 
their contribution to total reactive 

nitrogen (abstract), Eos Trans. AGU, 70, 
1019, 1989. 

Carroll, M. A., M. McFarland, B. A. 
Ridley, and D. L. Albritton, Ground- 
based nitric oxide measurements at 

Wallops Island, Virginia, J. Geophys. 
Res., 90, 12,853-12,860, 1985. 

Dickerson, R. R., Measurements of reactive 
nitrogen compounds in the free 
troposphere, Atmos. Environ., 18, 2585- 
2593, 1984. 

Dickerson, R. R., A. C. Delany, and A. F. 
Wartburg, Further modification of a 
commercial NO x detector for high 
sensitivity, Rev. Sci. Instrum., 55, 
1995-1998, 1984. 

Drummond, J. W., D. H. Ehhalt, and A. 
Volz, Measurements of nitric oxide 

between 0-12 km altitude and 67øN to 

60øS latitude obtained during STRATOZ 
III, J. Geophys. Res., 93, 15,831- 
15,849, 1988. 

Fahey, D. W., G. Hubler, D. D. Parrish, E. 
J. Williams, R. B. Norton, B. A. Ridley, 
H. B. Singh, S.C. Liu, and F. C. 
Fehsenfeld, Reactive nitrogen species in 
the troposphere' Measurements of NO, 
NO2, HNO3, particulate nitrate, 
peroxyacetyl nitrate (PAN), 03, and 
total reactive odd nitrogen (NOy) at 
Niwot Ridge, Colorado, J. Geophys. Res., 
91, 9781-9793, 1986. 

Fehsenfeld, F. C., et al., A ground-based 
intercomparison of NO, NOx, and NOy 
measurement techniques, J. Geophys. 
Res., 92, 14,710-14,722, 1987. 

Fehsenfeld, F. C., et al., Intercomparison 
of NO2 measurement techniques, J__. 
Geophys. Res., 95, 3579-3597, 1990. 

Galloway, J. N., D. M. Whelpdale, and G. 
To Wolff, The flux of S and N eastward 
from North America, Atmos. Environ., 18, 
2595-2607, 1984. 

Gunter, R. L., and J. F. Boatman, Aircraft 
measurements of pollution species near 
Bermuda and the east coast of the United 

States during CASE-WATOX, NOAA Tech. 
Memo. ERL ARL-176, Air Resour. Lab., 
Silver Spring, Md., 1989. 

Hastie, D. R., H. I. Schiff, D. M. 
Whelpdale, R. E. Peterson, W. H. Zoller, 
and D. L. Anderson, Nitrogen and sulfur 
over the western Atlantic Ocean, Atmos. 
Environ., 22, 2381-2391, 1988. 

Hastie, D. R., S. Malle, D. L. Toom, D. M. 
Whelpdale, W. C. Keene, J. N. Galloway, 
J. Maben, and A. A. P. Pszenny, 
Inorganic nitrogen over the western 
North Atlantic Ocean, Global Biogeochem. 
Cycles, in press, 1990. 

Helas, G., and P. Warneck, Background NO x 
mixing ratios in air masses over the 
North Atlantic Ocean, J. Geophys. Res., 
86, 7283-7290, 1981. 

Hubler, G., et al., Total reactive odd 

nitrogen (NOy) measurements and NOy 
budget in the remote troposphere, 
(abstract), Eos Trans. AGU, 70, 1014, 
1989. 

Huebert, B. J., and A. L. Lazrus, 
Tropospheric gas-phase and particulate 
nitrate measurements, J, GeoDhvs. Res., 

_ _ 

85, 7322-7328, 1980. 
Huebert, B. J., and C. H. Robert, The dry 

deposition of nitric acid to grass, J• 
Geophys. Res., 90, 2085-2090, 1985. 

Kley, D., J. W. Drummond, M. McFarland, 
and S.C. Liu, Tropospheric profiles of 



294 Ray et al.' Losses and Transport of Odd Nitrogen 

NOx, J. Geophys. Res., 86, 3153-3161, 
1981. 

Levy H., II, and W. J. Moxim, Simulated 
global distribution and deposition of 
reactive nitrogen emitted by fossil fuel 
combustion, Tellus, Ser. B, 41, 256-271, 
1989. 

Logan, J. A., Nitrogen oxides in the 
troposphere' Global and regional 
budgets, J. Geophys. Res., 88, 10,785- 
10,807, 1983. 

Luke, W. T., and R. R. Dickerson, The flux 
of reactive nitrogen compounds from 
eastern North America to the western 

Atlantic Ocean, Global Biogeochem. 
Cycles, •, 329-343, 1987. 

Luria, M., and J. F. Meagher, Computer 
simulation of the boundary layer 
oxidation and removal of atmospheric 
pollutants over the western Atlantic 
Ocean, Atmos. Environ., 22, 307-316, 
1988. 

Luria, M., and H. Sievering, Heterogeneous 
and homogeneous oxidation of SO 2 in the 
remote marine atmosphere, Atmos. 
Environ., in press, 1990. 

Luria, M., C. C. Van Valin, R. L. Gunter, 
D. L. Wellman, W. C. Keene, J. N. 
Galloway, H. Sievering, and J. F. 
Boatman, Sulfur dioxide over the western 
North Atlantic Ocean during 
GCE/CASE/WATOX, Global Biogeochem. 
Cycles, in press, 1990. 

Misanchuk, B. A., D. R. Hastie, and H. I. 
Schiff, The distribution of nitrogen 
oxides off the east coast of North 

America, Global Biogeochem. Cycles, •, 
345-355, 1987. 

Ray, J. D., C. C. Van Valin, M. Luria, and 
J. F. Boatman, Oxidants in the marine 
troposphere' H2Oa and O 3 over the 
western Atlantic Ocean, Global 
Biogeochem. Cycles, in press, 1990. 

Ridley, B. A., M. A. Carroll, and G. L. 
Gregory, Measurements of nitric oxide in 
the boundary layer and free troposphere 
over the Pacific Ocean, J. Geophys. 
Res., 92, 2045-2047, 1987. 

Ridley, B. A., M. A. Carroll, G. L. 
Gregory, and G. W. Sachse, NO and NOa in 
the troposphere' Technique and 
measurements in regions of a folded 
tropopause, J. Geophys. Res., 93, 
15,813-15,830, 1988. 

Rudolph, J., B. Vterkorn-Rudolph, and F. 
X. Metxner, Large-scale distribution of 
peroxyacetylnitrate results from the 
STRATOZ III flights, J. Geophys. Res., 
92, 6653-6661, 1987. 

SieverinK, H., J. Boatman, J. Galloway, W. 

Keene, Y. Kim, M. Luria, and J. D. Ray, 
Heterogeneous sulfur conversion in sea- 
salt aerosol particles: The role of 
aerosol water content and size 

distribution, Atmos. Environ., in press, 
1990. 

Singh, H. B., and L. J. Salas, 
Peroxyacetyl nitrate in the free 
troposphere, Nature, 302, 326-328, 1983. 

Singh, H. B., L. J. Salas, and W. Viezee, 
Global distribution of peroxyacetyl 
nitrate, Nature, 321, 588-591, 1986. 

Spicer, C. W., Nitrogen oxide reactions in 
the urban plume of Boston, Science, 215, 
1092-1095, 1982. 

Stunder, B. J. B., R. S. Artz, G. D. 
Rolph, J. M. Harris, and J. T. Merrill, 
Summary of meteorological conditions 
over the North Atlantic Ocean during 
GCE/CASE/WATOX, Global Biogeochem. 
Cycles, in press, 1990. 

Summers, P. W., and W. Fricke, Atmospheric 
decay distances and times for sulfur and 
nitrogen oxides estimated from air and 
precipitation monitoring in eastern 
Canada, Tellus, Ser. B, 41, 286-295, 
1989. 

Torres, A. L., Nitric oxide measurements 
at a nonurban eastern United States 

site: Wallops instrument results from 
July 1983 GTE/CITE mission, J. Geophys. 
Res., 90, 12,875-12,880, 1985. 

Wellman, D. L., M. Luria, C. C. Van Valin, 
and J. F. Boatman, The use of an 
airborne sampling platform for regional 
air quality studies, NOAA Tech. Rep. ERL 
437-ARL 10, 15 pp., Air Resour. Lab., 
Silver Spring, Md., 1989. 

Whelpdale, D. M., W. C. Keene, A.D. A. 
Hansen, and J. Boatman, Aircraft 
measurements of sulfur, nitrogen, and 
carbon species during WATOX-86, Global 
Biogeochem. Cycles, •, 357-368, 1987. 

Wolff, G. T., N. A. Kelly, M. A. Ferman, 
M. S. Ruthkosky, D. P. Stroup, and P. E. 
Korsog, Measurements of sulfur oxides, 
nitrogen oxides, haze and fine particles 
at a rural site on the Atlantic Coast, 
J. Air Pollut. Control Assoc,, 36, 585- 
591, 1986a. 

Wolff, G. T., M. S. Ruthkosky, D. P. 
Stroup, P. E. Korsog, M. A. Ferman, G. 
J. Wendel, and D. H. Stedman, 
Measurements of SOx, NOx, and aerosol 
species on Bermuda, Atmos. Environ., 20, 
1229-1239, 1986b. 

D. R. Hastie and S. Malle, Centre for 
Atmospheric Chemistry, York University, 



Ray et al.: Losses and Transport of Odd Nitrogen 295 

4700 Keele Street, North York, Ontario, 
Canada M3J 1P3. 

W. C. Keene, Department of Environmental 
Sciences, University of Virginia, Clark 
Hall, Charlottesville, VA 22903. 

M. Luria, J. D. Ray, and H. Sievering, 
Cooperative Institute for Research in 

Environmental Sciences, University of 
Colorado, Boulder, CO 80309. 

(Received May 30, 1990; 
revised October 25, 1990; 
accepted November 2, 1990.) 


