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Figure 13. Plots of 850-mbar back trajectories terminating at Yarmouth on days with moist continental
plumes. Each trajectory is 5 days long and consists of segments of 6 hours duration. There are trajectories for
12 flights that have a moist plume layer in an altitude range that includes 850 mbar (~1.5 km). On three
occasions, a pair of flights in a single day is represented by a single trajectory. Trajectory termination times are
either at 0000, 0600, 1200, or 1800 UT, whichever time is closest to the plume encounter.

point for an air mass 1 or 2 days before it arrives at Nova Scotia
is the “maritime” sector (see Figure 10), whereas at higher
altitude the most common origination point is the “source”
sector. In addition, wind measurements from the Twin Otter
indicate a southerly shift in direction on some, but not all, of
the days that have continental plumes aloft.

3.6. Dry, High-O, Layers

High O, concentrations, in addition to occurring in air that
is clearly of continental origin, are observed at higher altitude
in dry air masses. Pollutant levels, as indicated by CO, NO,,
and aerosol particles, are typically lower than in the continen-
tal plumes. There is a potential ambiguity in the origin of O, in
dry layers, as O has an upper atmospheric source as well as an
anthropogenic low-altitude source [Logan, 1985; Fishman and
Seiler, 1983].

As with the moist O, layers, we adopt a pragmatic point of
view in specifying criteria for the dry layers. Our selection rules
are O; > 60 ppb and dew point <-5°C. We leave out a few
flight segments that meet these criteria but have been put into
the moist layer category by virtue of their continuity with air
masses with dew point >0°C. Nine flights on 8 days meet the dry
layer conditions. The altitude bases for the dry layers are at
2000 m or higher except for one data point at 1500 m on flight 7.
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Figure 14. Graph of r? correlation for linear regression be-
tween surface layer O; concentration and O, concentration at
altitudes up to 3 km. Regression variables are 200 m average
values for O; near the surface (i.e., altitude between 0 and
200 m) and aloft. The term r* has been multiplied by the sign
of r, resulting in several slightly negative values above 2 km.
Flight segments are restricted to over Chebogue Point and
over adjacent ocean, i.e., inland segments, and flights to Saint
John are not included. The full data set gives essentially the
same results.
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Table 5. Percentage of Time Air Originated in a Given
Sector
Altitude,
mbar Maritime Source North
24-hour Back Trajectory
1000 68 19 13
925 26 62 13
850 22 69 9
48-hour Back Trajectory
1000 62 30 9
925 17 66 17
850 16 69 16

Sectors are shown in Figure 10. Back trajectories are categorized by
sector according to the method of Banic er al. [this issue]. Trajectories
are from the days and altitudes that had aircraft coverage. Termination
times are at either 0000, 0600, 1200, or 1800 UT, whichever is closest
to flight time.

Chemical concentrations and meteorological parameters for
the dry layers are summarized in Table 4. As compared with
the moist layers, the dry layers occur at higher altitude and
have significantly lower concentrations of NO,, CO, and aero-
sol particles. The distribution of NO, concentrations in the dry
layers does not overlap that in the moist layer; there is minimal
overlap for particle concentration and CO. Wind speeds are
slightly lower in the dry layers and wind direction more vari-
able. Compared with the “clean” air values above 2.4 km listed
in Table 3, the dry layers on average have lower dew points and
higher concentrations of O, NO,, CO, and aerosol particles.

A composite of the 700-mbar back trajectories on flights
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with dry high-O; layers near 3 km is shown in Figure 15.
Possible source regions include Boston and the Great Lakes
region. A comparison with the 850-mbar moist plume trajec-
tories shown in Figure 13 indicates that similar regions are
traversed as far west as Lake Michigan. Farther back in time,
there is a tendency for the moist trajectories to bend south and
the dry trajectories to bend north. Most of the dry high-O,
layers have transport times from large source regions greater
than 3 days.

3.7. Relations Between O;, NO,, Aerosol Particles,
and Dew Point

A wide range of O; concentrations are observed at different
altitudes and with different combinations of other trace sub-
stances. We examine the relation between Os, dew point, NO,,
and particles in order to gain insight into the origin of the O;.
Our objective in this section is to give an overview for the
entire experimental period. In part 2 of this study we will show
the relations between trace substances for selected flights and
groups of flights.

Figures 1618 are scatter diagrams showing the dependence
of O, on dew point, particles, and NO,. Data points from
moist and dry plumes are indicated in these figures. The graphs
of O versus dew point and O, versus particle concentration
also indicate points with NO, concentration lower than the
median value (1.23 ppb for the 200 m averaged data). A linear
least squares regression calculation was done for the low-NO,
points. The r? correlations are 0.48 for O; versus dew point
and 0.19 for O versus particle concentration. Regression lines
are included on the graphs.

A comparison of the moist and dry plume points in Figures

Figure 15. Plots of 700-mbar back trajectories terminating at Yarmouth on days with dry, high-O; plumes.
Plumes are at altitudes ranging from 2.5 to 5 km. Format is the same as Figure 13.
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Figure 16, Scatter diagram showing the relation between O,
and dew point. Regression line is for the low-NO, subset.
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17-18 confirms that the dry plume points have significantly
lower concentrations of NO, and aerosol particles; there is
minimal overlap between the two data subsets in the case of O
versus particles and no overlap in the case of O; versus NO,.
Plumes with low and high dew point evidently have qualita-
tively different compositions, and there are few intermediate
cases. This is most dramatically shown in the O; versus NO,
diagram which has two distinct branches ending in the dry and
moist plume points. There are two points with O; between 60
and 65 ppb that appear to bridge the branches; these points
have a unique chemical signature which will be discussed in
part 2.

The two branches in Figure 18, besides having dry and moist
plume points at their tops, also mainly contain data points from
dry and moist air masses at lower O, concentrations. Both
branches show correlations between O; and NO, which be-

y
come more evident when the data set is sorted by dew point
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Figure 17. Scatter diagram showing the relation between O,
and particle concentration measured with the PCASP. Regres-
sion line is for the low-NO, subset.
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Figure 18. Scatter diagram showing the relation between O,
and NO,.

and time period. The moist subset (not explicitly shown in
Figure 18) has an O;-NO, correlation characteristic of conti-
nental boundary layer air, with a slope, AOs/ANO,, of about
10, similar to that observed at various continental sites with the
same range of NO, concentrations [Trainer et al., 1993; Klein-
man et al., 1994; Olszyna et al., 1994]. The slope decreases at
high O; concentration as predicted from photochemical model
calculations and as has been observed at Egbert, Ontario
[Trainer et al., 1993] and by the G-1 during NARE [Daum et al.,
this issue]. Figure 18 also includes a subset (not explicitly
shown) of dry data points with a slope, AO;/ANO, ~ 30, that
is greater than the moist subset but still much less than ob-
served in upper atmospheric air or at remote locations [Hiibler
et al., 1992; Murphy et al., 1993; Ridley et al., 1994].

A low-NO, subset has been included in Figures 16 and 17
because it has some of the properties of “background” air and
can be compared with the plume data to assess the extent of
anthropogenic influence in the plumes. The background-like
characteristics of the low-NO, subset are an anticorrelation
between O, and water vapor, an anticorrelation (albeit statis-
tically less significant) between O, and aerosol particles, and
the defining relation that NO, is low. Moist plume points are
seen to be qualitatively different from the low-NO, points,
supporting the argument that these plumes are derived from
polluted continental boundary layer air. The distinction be-
tween low-NO, and dry plume points is less clear cut. There
are dry plume points which are also low-NO, points. A part of
the dry plume family has O, dew point, and particle values
placing it near the low-NO, regression lines. However, another
part has higher dew point and more particles, causing it to look
dissimilar to the low-NO, air masses.

While the correlations in moist air all tend to give a consis-
tent picture relating O, to anthropogenic activity, the picture
that we get from the dry air flight segments tends to vary,
perhaps indicating multiple origins for the O;. In some dry air
masses, O is strongly correlated with anthropogenic tracers
(i.e., NO, and particles) but with a different relation than in
moist air. In other cases, correlations between O and anthro-
pogenic tracers are weak or absent, consistent with either
highly processed boundary layer air or downward transport of
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O, from high altitude. On many flights, correlations are dom-
inated by vertical trends in which O increases with altitude
while dew point and particle concentration decrease. These
altitude trends tend to obscure the positive correlations which
are sometimes found within an atmospheric layer [Fishman
and Seiler, 1983].

Several mechanisms for the formation of dry, high-O; layers
in the free troposphere (2-6 km) have recently been discussed
in conjunction with observations made during the ABLE 3B
[Talbot et al., 1994], CITE 3 (Chemical Instrumentation Test
and Evaluation) [Anderson et al., 1993a, b], and NARE
[Berkowitz et al., 1995] field campaigns. The dry, high-O, layers
in those studies typically have dew points below —25°C and O,
concentrations of about 60-70 ppb, placing them at the dry
edge of the dry plume points shown in Figure 16. Talbot et al.
assign an upper altitude origin to the dry air masses they
observed in ABLE 3B based on back trajectories and potential
vorticity calculations. A scenario for the formation of dry
high-O; layers in the NARE region, involving the descent of
upper level air on the south side of the polar front, has been
outlined by Berkowitz et al. [1995]. Anderson et al. [1993b]
observed layers with dew points between —30° and —40°C in
the southern tropics, which was ascribed to subsidence of O5-
rich air from the upper troposphere or stratosphere. Several of
the layers sampled showed a positive correlation between O,
and CO which was attributed to mixing of upper level air with
biomass burning plumes. Some of the dry plumes that we
observed from the Twin Otter resembled the layers seen in
ABLE 3B and CITE 3, while others tended to be in moister air
and have higher concentrations of particles and NO,.. A com-
bination of upper altitude and boundary layer sources seems
likely; further discussion including hydrocarbon measurements
and estimates of photochemical age will be given in part 2.

4. Summary

The NRC Twin Otter was used to sample trace gases, aero-
sol particles, cloud properties, and meteorological parameters
during 48 flights conducted primarily in the vicinity of the
surface monitoring site near the southern tip of Nova Scotia. A
typical flight pattern included one or more vertical profiles to
an altitude of 3 or 5 km. Our focus in this article is on pre-
senting the O; measurements along with supporting chemical
and meteorological data.

Because of the location of Nova Scotia relative to emission
sources and because of meteorological variability, air masses
that were sampled had a wide range of chemical signatures. As
an aid to understanding the observed variability, we have con-
sidered four types of air masses: (1) clean background air, (2)
moist plumes with high concentrations of O; and other anthro-
pogenic pollutants, (3) near-surface air, and (4) dry layers at
high altitude with elevated O,. These situations are not mutu-
ally exclusive, and within each category there can still be a
great deal of variability.

Characteristics of background air were considered from twa
viewpoints: as the lowest 10 percentile of all concentration
measurements and as the concentrations observed during a
multiday period (August 16-18) with a particularly low and
constant O; concentration. Results were compared with mea-
surements made in eastern Canada during the ABLE 3B field
program. Concentrations of NO,, CO, and aerosol particles
during the clean period were somewhat higher than expected,
based on the 10 percentile observations, and also higher than
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the regional background values observed in ABLE 3B. A com-
parison with ABLE 3B biomass burning data indicates the
possibility that we are observing air masses with a dilute bio-
mass burning influence.

A prominent feature of our observations is the existence of
well-defined layers which contain high concentrations of an-
thropogenically generated pollutants. These layers were first
noticed in a series of flights conducted in the vicinity of the
Gulf of Maine in 1992. Within the pollutant layers, O;, NO,,
particles, and CO are correlated. Maximum concentrations of
these substances (O; = 96 ppb, NO, = 14.5 ppb, particles =
3200 cm 3, CO = 394 ppb; all averages over 200-m altitude
bins) are comparable to those observed in urban pollution.
Before averaging, the maximum O, concentration was 133 ppb.
These pollutant layers have high dew points and appear to be
sections of continental boundary layer air that have been ad-
vected out over the ocean, accompanied by modest lifting in
most instances. According to local wind direction and back
trajectories, these polluted air masses are coming from urban
or industrial areas located to the west or southwest. Other
directions face less populated portions of Canada or the At-
lantic Ocean, giving rise to much lower concentrations of an-
thropogenic pollutants.

The vertical location of the plumes is markedly influenced by
the temperature structure of the atmosphere. There is a per-
sistent strong temperature inversion over the cold waters of the
Atlantic and usually one or more inversions at higher altitude.
Anthropogenic plumes can either be trapped within the sur-
face inversion layer or more commonly be located above the
inversion. In the latter case, downward mixing to the surface is
strongly inhibited, and surface measurements are not repre-
sentative of concentrations occurring within even the lowest
half kilometer of the atmosphere.

At higher altitude we have observed dry layers with en-
hanced concentrations of O;. Concentrations of NO,, CO, and
aerosol particles in these layers are significantly lower than in
the moist continental plume layers but in most cases higher
than background values. A subset of the data collected in dry
air masses has a strong correlation between O; and NO,,
suggesting an anthropogenic origin for the O,. The slope of the
0O,;-NOQ, relation is ~30, about 3 times greater than observed in
moist air but much lower than observed in air from the upper
troposphere or lower stratosphere. In other cases, correlations
in dry air between O, and anthropogenic tracers are weak or
absent, suggesting a natural origin for the O,.
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