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Figure 6. Vertical profiles through haze layer on flight 22 for (a) 03, (b) NOy, (c) particle number 
concentration from PCASP, and (d) volume weighted mean particle diameter from PCASP. Flight track is 
over the open ocean and Chebogue Point. 
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haze layer. Back trajectories at 850 and 700 mbar (see Figure 
15 in part 1) traverse areas of Ontario that were responsible for 
forest fire plumes seen in ABLE 3B [Shipman et al., 1994]. 
Climate Perspectives of Environment Canada indicate signifi- 
cant forest fires in Northwest Territories in early August 1993. 

Figure 6 shows vertical profiles through the haze layer for 
0 3, NOy, and aerosol particles. Air with "background" levels 
of these substances is seen to occur at the same altitude as the 

most polluted air. Sizable variations in pollutant concentration 
occur over distances as small as 5 km. In contrast to flight 7, 
variations in chemical concentration are not accompanied by 
significant changes in dew point, making it less likely that 
inhomogeneities are caused by convective activity. Horizontal 
gradients do not appear to be a result of recent emissions (i.e., 
aircraft exhaust), as the photochemical age estimate is in the 
old category and 03 formation has occurred. Similar large 
horizontal gradients have been observed in aged biomass burn- 

ing plumes by Andreae et al. [1994], lending weight to the 
possibility that the structure seen on flight 22 is a remnant of 
the initial emission pattern. There are small changes in tem- 
perature, dew point, and winds in the region where concentra- 
tion is rapidly varying, and the possibility of a weak frontal 
surface should also be considered. 

Continental plume: Flight 29. The moist continental 
plume that was intercepted by the Twin Otter on August 28, 
flight 29, was part of an extended pollutant layer that was 
observed by the KA and G-1 as far east as Sable Island [An- 
gevine et al., this issue; Daum et al., this issue]. The surface site 
at Chebogue Point was also impacted. Within this episode, 
concentrations of 03 and other trace substances were among 
the highest seen in the field campaign; 03 concentrations close 
to 150 ppb were observed from the G-1. Parameter values near 
the point of maximum 03 on flight 29 are summarized in Table 
1. 
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Figure 7. Vertical profiles from flight 29. (a) Ozone, showing age of HC samples and C2H2 concentration. 
HC ages are denoted by solid downward pointing triangle (old), solid circle (mid-old), and open upward 
pointing triangle (new). (b) NO v. (c) Aerosol number density (PCASP). (d) Temperature. Flight track 
restricted to ocean locations 30-50 km south of Chebogue Point. 

Vertical profiles of 03, Nay, and aerosol particles are shown 
in Figure 7. Locations of four hydrocarbon samples and values 
for C2H 2 are also indicated. The spatial domain for this figure 
is restricted to an area more than 30 km south of Chebogue 
Point, as there were differences in composition between coastal 
and oceanic regions, particularly at low altitude. For example, 
near Chebogue Point, 0 3 concentration at an altitude of 30 to 
100 m was 50 ppb, whereas 40 km away at 60 m altitude the 
concentration was only 30 ppb. 

According to Figure 7, the highest concentration part of the 
plume is at an altitude of 300 m and is only about 300 m deep. 
Above this thin layer is a region extending from 450 to 1200 m 
with somewhat lower 03, Nay, and particles, but still having a 
composition characteristic of moderately polluted continental 
boundary layer air. The temperature profile in Figure 7d indi- 
cates that maximum concentrations occur toward the top of a 

surface-based inversion layer. It was an unusual occurrence to 
find the continental plume within the surface inversion layer; 
plumes typically occurred above the inversion at somewhat 
higher altitude. 

Within the inversion layer, there is a systematic shift in wind 
direction, changing from 2650-275 ø at 300 m to 230 ø at 60 m. 
Wind speed decreases from 15 m s -• at 300 m to 9 m s -• at 
30 m. Wind shift will cause different emission regions to be 
upwind of our sampling location as a function of altitude and 
could account for the observed concentration gradients in the 
lowest 300 m. According to this scenario, surface air is cleaner 
than air at 300 m because it came from a region with lower 
emissions. Back trajectories provide support for this argument. 
The trajectory at 1000 mbar, shown in Figure 8, has a long 
fetch over water and just barely touches land at the tip of the 
Delmarva peninsula. The trajectory at 925 mbar runs just north 
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Figure 8. Five-day back trajectories at 1000, 925, 850, and 700 mbar terminating at Yarmouth Nova Scotia 
on August 28, 1200 UT. Segments are 6 hours apart. Trajectories have been calculated by the three- 
dimensional method of Olsen et al. [1978]. 

of Boston. By continuity and in accord with wind measure- 
ments from the Twin Otter, we expect that trajectories at 
intermediate altitudes fan out over the northeast corridor. 

Because of the stability of the atmosphere within the inversion 
layer, air parcels at different altitudes don't mix and thereby 
maintain a record of their independent origins. Angevine et al. 
[this issue] reach similar conclusions in interpreting vertical 
profiles observed from the KA. 

The photochemical age estimate at 300 m is toward the 
young end of the new category. On the basis of this estimate 
and the travel speeds indicated by the Twin Otter wind mea- 
surements or by the trajectories in Figure 8, we believe that a 
source region at the northern end of the corridor accounts for 
the high pollutant concentrations at 300 m. From a preliminary 
analysis of NO measurements, we are able to determine that 
concentrations at 300 m were greater than 0.1 ppb. Coupled 
with high hydrocarbon concentrations as indicated by 1070 ppt 
C2H2 and 390 ppb CO, we expect that significant 03 produc- 
tion is occurring at our measurement location. 

Air at 60 m had a very different composition. An age esti- 
mate in the old category is consistent with a source region 
toward the south, several days travel time removed from Nova 
Scotia. Particle concentration (1230 cm-3), NOy (3.6 ppb), CO 
(167 ppb), and C2H2 (159 ppt) recorded during the HC sample 

at 60 m, while much lower than observed at 300 m, were higher 
than expected based on an 03 concentration of 37 ppb. In 
other cases (see discussion of Plate 5) we have argued that this 
disparity is indicative of emissions from local sources that have 
not had a chance to form 03. However, the sample from flight 
29 is from a location 40 km south of Nova Scotia with the wind 

blowing from the southwest. The reason for low 03 in this 
sample is not apparent. 

The layer between 450 and 1200 m has a composition typical 
of moist air masses with 03 levels of about 70 ppb. Above 
1200 m the air is significantly dryer and contains lower levels of 
03, NOy, and aerosol particles. At the point where the HC 
sample was obtained at 3000 m altitude, the composition of the 
air was typical of a dry (-6.7øC) high-O 3 (61 ppb) layer, being 
relatively depleted in NOy (2.2 ppb) and aerosol particles (216 
cm-3). There is mixed evidence for selective removal of solu- 
ble constituents, as CO was high (201 ppb) but CeHe was 
relatively low (107 ppt). Trajectories at 850 and 700 mbar 
indicate the possibility of impacts at these altitudes from 
sources near the Great Lakes region, Chicago, and the central 
United States. Age estimates are mid-old at 1200 and 3000 m. 

Continental plume: Flight 35. Moist air with a continental 
boundary layer-like mixture of pollutants was observed on 
September 1, flight 35, over an altitude range extending from 
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Figure 9. Vertical profiles from flight 35. (a) Ozone, showing age of HC samples and C2H 2 concentration. 
HC ages are denoted by solid downward pointing triangle (old), solid circle (mid-old), and open circle 
(mid-new). (b) NOy. (c) Aerosol number density (PCASP). (d) Temperature. Flight track is over Chebogue 
Point. 

1300 m to the top of the sampling domain at 3000 m. The 
photochemical age observed in the continental layer at 2450 m 
was close to the oldest encountered in moist polluted air. In 
preceding sections we contrasted the composition observed on 
flight 35 with that observed on flight 9 in dry old air, finding 
that the concentration of insoluble material is similar on these 

two flights but that the concentration of soluble material is 
much lower on flight 9. 

The chemical composition and temperature structure of the 
atmosphere above Chebogue Point is shown in Figure 9. As on 
several other flights the continental plume was defined from 
below by a temperature inversion which separated air masses 
having different source regions as judged by back trajectories 
or local wind measurements. Figure 7d indicates that there are 
two inversion layers: one at the surface and one at 1100-1300 
m. There is an abrupt shift in wind direction at the same 

altitude as the second inversion. Below the inversion, winds are 

from the north-northeast (30ø), whereas above, winds are from 
the west (270ø). Differences in wind direction are reflected in 
the chemical composition, as shown in Figures 9a-9c. The air 
above the second inversion is seen to have significantly higher 
concentrations of 03, NOy, and particles as compared with the 
air below. 

Locations of hydrocarbon samples and the corresponding 
C2H 2 measurements are included in Figure 9a. Hydrocarbon- 
based ages range from mid-new at 1400 m to old at 2452 m. 
The hydrocarbon sample at 1400 m was collected 40 km inland 
from Chebogue Point, at which point the temperature inver- 
sion was shifted to higher altitude, placing this sample at the 
base of the inversion. The hydrocarbon measurements there- 
fore identify the less polluted air below the inversion as being 
younger than the more polluted air above the inversion. Back 
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trajectories at 850 and 700 mbar indicate a possible upwind 
source region for the upper layer that includes most of the 
midwestern United States, with travel distances of order 3 days 
(see Figure 13 in part 1). We have ambiguous information on 
the origin of the air below the inversion. A back trajectory at 
925 mbar indicates westerly flow with a possible source region 
in the midwest or southern United States. A trajectory several 
hours later indicates a possible influence from Yarmouth, con- 
sistent with wind measurements from the Twin Otter. 

4. Summary and Conclusions 
Using the trace gas and aerosol particle data set obtained 

from 48 flights of the NRC Twin Otter, we discuss the chemical 
content of the atmosphere over southern Nova Scotia, with 
particular reference to photochemical age estimates and phys- 
ical changes that occur during transport. Four flights on which 
high 0 3 concentrations were observed are presented as case 
studies. 

Photochemical age estimates were determined based on the 
ratios n-butane/propane and /-butane/propane. Correlations 
between In (butane) and In (propane) indicated that dilution 
occurred almost as rapidly as the chemical removal of butane. 
A comparison between the two butane to propane ratios is 
consistent with OH being the primary oxidant. 

Hydrocarbon ratios were used to divide the data set into 
quartiles of different photochemical age. Vertical profiles and 
relations between parameters were then examined as a func- 
tion of age group. Hydrocarbon samples taken above 2.5 km 
were in the older half of the data set, as were all samples with 
dew points of <0øC. Air masses having the highest 03 concen- 
trations (i.e., greater than -85 ppb) occurred in moist air and 
had high levels of other anthropogenic pollutants. Thcir pho- 
tochemical age was in the "new" category, indicating transport 
of boundary layer air from nearby source regions in the coastal 
northeastern United States. Air masses with O3 concentration 
between 60 and 85 ppb had a wide range of photochemical 
ages, consistent with transport times of order 1-5 days. Tra- 
jectory results indicate possible source regions in the coastal 
United States and relatively faraway areas in the interior of the 
United States and Canada. 

Hydrocarbon sampling in dry high-O 3 air masses was sparse, 
but nevertheless offers some interesting comparisons with sam- 
ples taken in moist high-O3 air masses. Samples from flights 9 
and 35 were compared, as they have similar photochemical age 
(old category), 0 3 concentration (78 ppb), and altitude (2450 
m), but differ in dew point by 22øC (-14 ø and + 8øC, respec- 
tively). As found in part 1, the dry sample is relatively depleted 
in aerosol particles and NOy. C2H2, in contrast, had about the 
same concentration in both samples. Differences in soluble 
constituents coupled with similarities in insoluble constituents 
was interpreted as evidence for the selective removal of soluble 
compounds by precipitation. 

The low concentration of soluble substances, including aero- 
sol particles and NOy (which is largely HNO3) found in dry 
high-O 3 air masses in general and flight 9 in particular, were 
interpreted in terms of the physical processing that is implied 
by the low concentration of water vapor. Movement of soluble 
substances from the moist boundary layer to the dryer free 
troposphere is strictly limited by a decrease in atmospheric 
temperature with altitude and the requirement that the mois- 
ture content of the lifted air eventually fall below saturation. 
This requirement can be met by diluting boundary layer air 

with dryer free tropospheric air or by the removal of water 
vapor in the form of precipitation. In either case, or in inter- 
mediate cases, soluble boundary layer substances share the 
same fate as boundary layer water vapor: either decreasing in 
concentration because of dilution or because of removal in 

precipitation. Low concentrations of NOy and aerosol particles 
in dry high-O 3 layers are therefore a natural consequence of 
the vertical lifting of boundary layer air and do not necessarily 
imply an upper atmospheric origin for the 03. A comparison of 
observed aerosol particle and water vapor concentrations 
shows that the concentration of aerosol particles in dry high-O3 
layers is relatively high in relation to water vapor, although low 
in absolute terms. 

The four case studies illustrate the varying conditions under 
which high O3 concentrations are observed. We discussed the 
following: 

1. A persistent dry high-O 3 layer was observed on flights 
6-9. Although O3 was anticorrelated with dew point, an an- 
thropogenic origin is indicated by the correlations between 03, 
aerosol particles, and NOy and by the relatively high concen- 
tration of (insoluble) C2H2. This sample was compared with a 
sample from flight 35, which had a clear boundary layer origin; 
differences were attributed to wet removal of aerosol particles 
and NOy from the dry air mass. 

2. A dry layer was observed on flight 22 that had an anom- 
alous aerosol composition and particle size. A biomass burning 
origin is suspected, based on the low sulfur and high carbon 
content of the aerosol, as well as back trajectories. 

3. A moist high-O3 layer was observed at 300 m altitude on 
flight 29. This sample was located toward the top of a surface- 
based inversion. Its photochemical agc was in the ncw catc- 
gory, and it had very high concentrations of all of thc anthro- 
pogenic tracers that were measured. Air near thc surface had 
a photochemical age in the old category and significantly lower 
pollutant concentrations. Back trajectories and wind mcasure- 
ments indicate a source region for the O3 plume near Boston 
and a source region for surface air farther away, near the 
Delmarva peninsula. The stability of the atmosphere within the 
inversion layer prevented mixing. 

4. A moist high-O3 layer on flight 35 was observed between 
1300 and 3000 m altitude. The photochemical age of this air 
mass was in the old category, similar to flight 9 and consistent 
with back trajectories passing over the midwestern United 
States. The chemical composition and dew point indicate that 
this was a lifted section of continental boundary layer air. 
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