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and the lowest maximum O3 level; this likely reflects the
effects of relatively rapid surface deposition of O3 to the
forested surroundings, coupled with the diurnal evolution of
the continental boundary layer, which is absent at the other
two surface sites.

Additional measurements of ozone and the ozone
precursors, volatile organic compounds, and nitrogen oxides,
were made at Acadia National Park, Cape Elizabeth, and other
coastal Maine locations during the NARE intensive [cf. Ray et
al., this issue]. At Arcadia, peak ozone concentrations reached
approximately 90 ppbv on August 24 and 110 ppbv on
August 27. During the study, ozone also was measured from a
commercial ferry, the Scotia Prince, in the Gulf of Maine
where ozone concentrations up to 129 ppbv were observed
during the late August pollution period described above.

3.3.2. Flux estimates. Observations of O3, CO, NO,, and
aerosols, taken 300 to 600 km southeast of Halifax, Nova
Scotia, by the DOE Grumman G-1 indicate long-range
transport of O3 photochemically generated within urban areas
of North America. Eastward moving cyclonic systems are
identified as the main synoptic scale transport mechanism into
this region with the consequence that transport events are
highly episodic. The potential for further well-defined long-
range transport was found to be slight as a result of subsequent
mixing by these cyclonic systems. The ozone flux into this
region is estimated to be of the order of 130 Gmol per summer
season. This corresponds to approximately 1.4 Gmoles per day,
which is in reasonable accord with the 1.6 Gmol per day
derived by Chin et al. [1994].

From an analysis of O3, SOz, and particulate sulfate
measurements made during NRCC Twin Otter flights, the
horizontal transport of O3, SOz, and non-sea-salt (nss)
particulate SO4= over the ocean near Nova Scotia was
determined [Banic et al., this issue]. The average mass of O3
transported through an area 1 m in horizontal extent and 5 km
in the vertical is 2.8 g/s, moving from west to east. In addition,
the data indicated that anthropogenic O3 accounted for 50%
of the transport below 1 km, 35-50% from 1 to 3 km, 25-50%
from 3 to 4 km, and 10% from 4 to 5 km.

Although the compounds over the NARE region were
heavily impacted by the flux of anthropogenic compounds
from North America, natural compounds from the ocean were
also emitted into the atmosphere. In a separate study made
from the G-1 that was done during August and September
1992, a tandem mass spectrometer was used to determine the
concentration of dimethyl sulfide (DMS) over the western
North Atlantic [Spicer et al., this issue]. DMS mixing ratios
between the detection limit of the instrument (1-2 pptv) and
332 pptv were observed. The concentrations were highly
varible both horizontally and vertically. The formation of the
stable layer above the ocean surface may serve to trap DMS and
its oxidation by-products facilitating the removal of the latter
by deposition. The DMS measured in the free troposphere was
lower than in the marine surface layer. However, there was
sufficient DMS to suggest significant transport from the
surface to the free troposphere.

3.3.3. Investigations of photochemical processing. At
Chebogue Point the levels of several photochemical products,
including O3 and the alkyl nitrates, correlate well with CO
throughout the study period [cf. Roberts et al., this issue].
These correlations are taken as evidence of the primarily
anthropogenic origin for the precursors of these
photochemical products. PAN and HNO3 present contrasting
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behavior; although their concentrations were often found to
correlate with CO and the other photochemical products,
frequently their concentrations dropped well below the levels
expected from these correlations. The evidence suggests that
PAN and HNO3 are strongly removed from an air mass by
passage of the air mass through fog banks, while O3, alkyl
nitrates, and CO are not similarly affected. No evidence of
such removal was found in the aircraft data, pointing to the
importance of low-level fog banks, as well as dry deposition to
the ocean surface, in the removal processes.

Quantifiable levels of a wide range of carbonyls including
formaldehyde, acetaldehyde, acetone, propionaldehyde,
methyl ethyl ketone, and benzaldehyde were consistently
found at the Chebogue Point site [cf. Tanner et al., this issue].
In addition, the soluble oxygenated organic compounds
including formaldehyde, glycolaldehyde, pyruvate,
propionate, formate, and glyoxalate were found to be present
on aerosols [Liu et al., this issue]. The largest formaldehyde
mixing ratios were found during periods when the site was
influenced mainly by local sources, or when air masses
transporting precursors from the northeastern United States
were sampled. A large fraction of contemporary carbon (of the
order of 80%) was found in formaldehyde sampled from all
transport regimes and for the full range of observed
formaldehyde mixing ratios, suggesting the dominance of
biogenic rather than anthropogenic, sources of hydrocarbon
precursors to formaldehyde [cf. Tanner et al., this issue].

Filter measurements of the chemical and physical properties
of aerosols were made at Chebogue Point [Liu et al., this issue].
The major organic and inorganic ions quantitated were SO4=,
nss SO4=, NHg4+, Na+, Cl-, NO3-, oxalate, methanesulfonate, and
acetate. Lesser amounts of the organic species formaldehyde,
glycolaldehyde, pyruvate, propionate, formate, and glyoxalate
were occasionally detected. The nss SO4= and NHs4t were
correlated in all size ranges. Na+, Cl-, and NO3- were typically
found on the larger particles. An analysis of the measurements
grouped the particles into three distinctive categories that were
associated with their chemical and physical properties. The
three categories grouped according to their diameter: 0.15-0.3
pm, 0.25-0.35 pm, and 0.25-0.5 pm. The two largest of these
categories were identified to be aerosols that had been
processed through clouds, while the smallest had been derived
through gas phase processes.

At Sable Island, measurements of NO, NO3, and total
reactive oxidized nitrogen (NO,) were added to ongoing
measurements of aerosols, CO, and O3 during the NARE 1993
summer intensive [cf. Wang et al., this issue]. At this site,
“background” air of marine origin was characterized by low
and constant levels of O3 and CO. However, a multiday
pollution episode occurred in late August (see Figure 7)
during which elevated NOyx and NO, were observed along with
enhanced levels of O3, CO, nonmethane hydrocarbons, and
condensation nuclei. The relation of O3 and NO, oxidation
products as determined from (NOjy - NOy) appears to indicate
that wet and/or dry deposition processes played a significant
role in the removal of NOy in air masses reaching Sable Island
during the period of study.

Measurements made from the NCAR King Air 250 focused
on a region over the Gulf of Maine [cf. Buhr et al., this issue).
These flights detected polluted air masses leaving the coastline
of northeastern North America with the most polluted air
generally confined to altitudes between the surface and 1500
m. However, principal component analysis [Buhr et al., this
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issue] of the relationships observed between ozone and its
precursors indicated that photochemical production of ozone
was an important factor shaping the ozone distribution in this
region throughout the range of altitudes investigated.

A wide variety of air masses were observed in measurements
made from the NRCC Twin Otter operating near the southern
tip of Nova Scotia [Kleinman et al., this issue (a)]. The
chemical composition reflected the location of upwind
emission sources. Plumes containing high concentrations of
O3 and other anthropogenic pollutants were generally found
either immediately above the ocean within the near-surface
inversion layer or, more commonly, in layers located somewhat
above the surface inversion. Additional ozone strata were
found at higher altitudes. For a subset of these layers in which
the O3 was high and the water vapor low, a strong correlation
between O3 and NOy was observed, as well as elevated levels of
CO and aerosols, suggesting an anthropogenic source for this
O3. However, for this subset, the slope of a linear fit to the
correlation between O3 and NO, was much higher than
observed for the boundary layer plumes. In addition, at higher
altitudes, O3 layers were observed that had little correlation
between O3 and anthropogenic tracers, suggesting a natural
origin for O3.

The measurements aboard the NRCC Twin Otter indicated
that the concentrations of the carbonyls decreased with
increasing altitude [Lee et al., this issue]. The photochemical
products and multioxygenated carbonyls of formaldehyde,
glycolaldehyde, glyoxal, and methylglyoxal were found to be
correlated. By contrast the acids glyoxylic acid and pyruvic
acid were correlated but exhibited a distinct diurnal pattern
decoupled from photochemical reactivities.

Measurement of the chemical composition of aerosols made
aboard the NRCC Twin Otter {Li et al., this issue] indicated the
presence of watersoluble inorganic and organic compounds.
Although SO4 = and NOs3 - were found in abundance on the
aerosols, formate, acetate, propionate, methanesulfonate,
glyoxylic acid, and formaldehyde accounted for a significant
portion of the total aerosol mass (20% on average). Trajectory
analysis showed that these compounds were associated with the
oxidation products of anthropogenic compounds transported
from major source regions on the continent.

Filter samples of air and cloud water samples from these
flights [cf. Chylek et al., this issue] indicated that the highest
black carbon concentrations over southern Nova Scotia were
located between 1 and 3 km. In these layers the average carbon
concentration was approximately 0.22 pg/m3 compared to the
average concentration of 0.06 pg/m3 below 1 km and 0.11
pg/m3 near the surface at Chebogue Point. The black carbon
concentration in continental air masses was 0.23 pg/m3 ,
compared to 0.03 ug/m3 for maritime air. Sulfate and nitrate
were the dominant anions measured in the cloud water samples
collected in marine stratus [Leaitch et al., this issue]. The
correlation of the cloud water concentrations of sulfate and
nitrate and the droplet density in these strataform clouds was
found to depend on the presence of weak turbulent mixing in
the cloud.

The DOE Grumman G-1 aircraft flying from Halifax
sampled plumes of photochemical pollutants over the North
Atlantic Ocean at distances up to 1000 km downwind of the
industrialized regions of the northeastern United States and
eastern Canada [Berkowitz et al., this issue; Daum et al., this
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issue]. These plumes were found in well-defined layers up to 1
km thick in the lowest 2 km of the atmosphere, and under some
conditions were sampled for distances in excess of several
hundred kilometers. Plume composition was consistent with
the occurrence of extensive photochemical processing during
transit from source regions as indicated by high O3
concentrations (O3 max~150 ppbv), high fractional
conversion of NOy to its oxidation products (> 85%), and
generally high peroxide concentrations (median 3.6 ppbv,
max 11 ppbv).

These plumes exhibited strong correlation between CO and
O3 concentrations, between CO and accumulation mode
particle number densities, and CO and NOy. O3 was found to
depend nonlinearly on the NO, oxidation product
concentration. At low concentrations of (NOy - NOy) the slope
(14) was within the range of values measured previously in
photochemically aged air masses; at higher concentrations the
slope was much lower (4.6). The low slope at high
concentrations is attributed to reduced loss of NO, oxidation
products by gas phase surface deposition during transport
because of strong atmospheric stability imposed by transport
over cold North Atlantic waters.

Measurements made in the marine free troposphere during
periods when backtrajectories indicated that the sampled air
masses were transported from the southwest and west (i.e., over
regions containing large continental sources) indicated
elevated mixing ratios of O3 and compounds usually
associated with human sources such as nss SO4= and HNO3.
For air masses with back trajectories indicating transport from
the north and east (i.e., over maritime regions or continental
without significant human sources), the O3 and the Oj3-
precursor mixing ratios were typically lower.

Peroxide concentrations measured on the Grumman G-1
were found to vary between the detection limit and ~11 ppbv
[cf. Weinstein-Lloyd et al., this issue]. The highest
concentrations occurred above the surface inversion in well-
defined layers of photochemical pollutants that had been
advected to the sampling region from the North American
continent. In clean free tropospheric air, a strong correlation
between H207 and the product H2O*0O3 was observed that
appeared to depend predominantly on variations in water
vapor concentration. In plumes of photochemical pollutants,
this correlation was lower and depended most strongly on the
variation in the O3 concentration. In plumes a strong linear
correlation was found between O3 and the concentration of
radical sink species as represented by the quantity ((NOy -
NOxy) + 2 H2037). This correlation indicates that O3 photolysis
is the principal source of radicals in the sampled air.

3.34. Analysis concerning photochemical age.
Measurements of C2-C7 hydrocarbons that were made at several
locations during the course of the study were used to determine
the systematics of the photochemical aging of air advected
from the North American continent [Jobson et al., 1994]. The

sampling locations include aerial surveys, ground-based

locations at Chebogue Point, Sable Island, Kejimkujik,
Acadia, and the Azores, and on the Malcolm Baldridge.
Because of the effects associated with atmospheric mixing and
diffusion the ratio of hydrocarbon concentrations derived
from these measurements cannot be reproduced using the
simple kinetic ratios that are inferred from HO reaction
kinetics. However, it is found that a simple analytic expression
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Table 5a. Results of Field Calibration Standard Intercomparsion

King Air, Ground site, Twin Otter, G-1,
Gas Portland Chebogue Yarmouth Halifax
NO, ppmv 3.96x.11 3.80 4.10 3.84
HNO3s, ng/min 34.3 (300°C) 27.2 (300°C) 57.3/40a 27.22
COb, ppmv 42,1425 42.3 42.61+4.8 41.4/45.3
SOz, ppmv NA 85.5 93.5 75.2

a signal stable for 45 min, then sudden drop to new level.
b Thanks to Al Fried (NCAR) for providing the standard.

can be derived assuming a Gaussian distribution of
photochemical ages that reproduces the results obtained at the
various sites.

Hydrocarbon measurements from the NRCC Twin Otter
were used to examine the data in the context of the
photochemical age [Kleinman et al., this issue (b)].
Hydrocarbon concentration ratios were interpreted with due
consideration given to the effects of dilution (above) on the
compounds in the transported air masses. Four age groups were
defined and the vertical profiles and relations between ozone
and other trace species were examined as a function of their
age. Hydrocarbon samples taken above 2.5 km were all in the
older half of the data, as were all samples with dew points <
0°C. Boundary layer plumes having high dew points and high
(>85 ppbv) concentrations of O3 and related species were
found to have the lowest photochemical ages. Air masses with
moderately elevated concentrations of O3 (60-85 ppbv) were
found to exhibit a wide range of photochemical ages
consistent with transport times of 1-4 days.

Appendix

The accurate measurement of ambient trace gas
concentrations relies most often on calibrations by standard
addition. Since the instruments need to be calibrated close to
ambient concentrations, standards with low concentrations are
involved. These standards are difficult to handle and in the
past have been shown to have different concentrations than
that certified by their commercial vendors. Therefore
calibration standards similar to those used by the different
groups were intercompared in the field with the
instrumentation that was deployed by the different groups
during the NARE intensive. In early August, Standard
Reference Materials (SRMs) of NO, CO, and SO; prepared by
the National Institute for Standards and Technology (NIST) in
small cylinders and a temperature stabilized HNO3 permeation
source were brought to a ground site and to the various bases of
aircraft operation (Chebogue Point, Yarmouth, Halifax, and
Portland).

Tables 5a and 5b summarizes the results of the
intercomparisons. While the agreement for NO and CO is

Table 5b. Results of Laboratory Calibration Standard
Intercomparison

Standard KFA, liilich NOAA Aeronomy Lab

NO, ppmv 9.16 £ 0.1 9.33 ppmv * 4%

good, there are discrepancies in the SOz and HNO3
determinations. It is well known that HNOj is very difficult to
handle at low concentrations. The differences in SO were not
expected.

The Jilich group, responsible for reactive odd nitrogen
measurements aboard the UKMO C-130, sent a NO standard
after the field measurement to the NOAA Aeronomy Lab where
it was compared with several standards from NIST.

Aircraft instrumentation can only be truly intercompared in
flight. The NRCC Twin Otter and the Grumman G-1 usually
conduct their research flights at significantly different speeds.
Since inlets and operating conditions of instruments are
tailored to normal aircraft research speeds, no side-by-side
intercomparison was attempted. Instead, the aircraft were
directed to fly consecutively through the same air mass. Dew
point and ozone measurements showed that significant
atmospheric variability was encountered by both aircraft. Yet
together they indicate good consistency of the measurements.
The differences in total peroxide were larger than expected. A
comparison of the NO and NO, instruments was not possible
due to instrument failure on this flight.

For the in-flight intercomparison the King Air and UKMO
Hercules C-130 flew wingtip to wingtip at four different
altitudes. They simultaneously encountered the same air
masses. Temperature and dew point data from both platforms
track each other very well. The NO data show good agreement.
The Hercules NO data show larger scatter, reflecting a higher
detection limit and lower sensitivity of the Hercules NO
instrument. The Hercules NO,, instrument consistently reported
significantly lower values. A two-sided linear regression of the
averaged NO, data shows a slope of less than 1 and a large
offset. The small slope can be rationalized as a result of tests
that found significant losses of HNO3 in the used Hercules
inlet. The offset could be due to a high “NOy artifact” (about
400 pptv) that was subtracted from the Hercules data. Both
aircraft experienced problems with air conditioning on this
flight leading to unusually high cabin temperatures and
failure of NMHC and CO instrumentation.

Additional comparison of measurement techniques was also
made in connection with Oxidizing Capacity of Tropospheric
Atmosphere. A formal intercomparison of the different peroxy
radical measurement methods was organized at the
Kernforschungsanlage’s field observatory at Schauinsland in
1994. Five chemical amplifiers (CAs) from the United States
and European countries and a MIESR participated in this
campaign. In general, for atmospheric measurements the
instruments agreed within a factor of 2. When comparing the
results of the CAs with those of MIESR, there were indications
for a reduced sensitivity of most CAs toward organic RO2,
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which is not fully explained by our current understanding of
the chemical processes involved.
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