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Figure 2. Scatter plots of ozone and CO on "pollution" days, as identified in Table 1. 
Figures on the right side are based on data taken within the mixed layer on days when a 
stable layer could be defined. Figures on the left side are for these same days only using data 
collected above the stable layer. 
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Figure 3. National Weather Service analysis of frontal positions on 6 days when r 2 between 
03 and CO was greater than 0.5 ("pollution events"). 
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Figure 4. Isobaric forward trajectories for (a) August 26, 
1992, and (b) September 10, 1992, •om the easternmost point 
of the sampling domain, showing subsequent eastward 
t•ransport of air after a "pollution event." The sampling 
domain is within the dashed lines shown at the start of the 

trajectory. Arrowheads are drawn at the release time and 
every subsequent 24 hours. Open circles are drawn every 
6 hours. 

polluted air were noted [R. G. Derwent, personal communi- 
cation, 1995]. 

Forward trajectories for all of the other "pollution" events 
detected in the sampling domain during 1992 and ! 993 
showed little movement, were directed northward, or 
encountered frontal activity shortly after the sampling period. 
This last category of forward trajectories would begin moving 
within strong westerly or southwesterly flow, but within 2 to 
3 days, the paths were characterized by a relatively tight 
cyclonic motion (Figure 5), indicating that the frontal region, 
with its associated region of strong wind shear, had overtaken 
the air being tracked. The resulting mixing of pollutants into 
the atmosphere does not mean these trace gases cannot 
undergo subsequent long-range transport or make a contri- 
bution to the air chemistry east of North America. Rather, it 

indicates that mixing will cause these air masses lose their 
identity as previously defined "pollution" events. We find 
that there is a high probability such mixing will occur, making 
it difficult or impossible to identify such plumes and conclude 
that the same mechanism responsible for the presence of high 
mixing ratios of excess ozone off the coast of North America is 
also responsible for extensive mixing shortly after such events, 
making the likelihood of detecting in Europe the excess ozone 
that originated in North America relatively remote. 

The relation between cyclonic synoptic patterns and the 
observations of 03, CO, aerosols, and NOy during the 
14 observations reported here suggest that the frequency of 
these "pollution" events within the boundary layer off the 
coast of Nova Scotia can be approximated by the frequency of 
southerly flow associated with precold front warm sector 
circulations moving into the area. We will make use of this 
observation to evaluate the seasonal flux of excess ozone into 

the sampling domain through cyclonic activity. 
There are two sources for excess ozone over the North 

Atlantic. The first source, which we will refer to as "primary," 
results •om the advection of preexisting, excess ozone from 
over North America. A "secondary" source is the generation 
of ozone over the western North Atlantic associated with the 

subsequent photochemical generation of ozone from associ- 
ated NOx and hydrocarbons. The number of molecules of 
excess ozone, N e, transferred into a region defined by a hori- 
zontal extent of Ay and vertical extent Az during time interval 
At is given by 

N e = NPrimary + Nsecøndary (2) 

= !Ildydzdt[O3]total•u(y,z,t) 
AyAzAt 

+ II I dydzdt[NOx]tøtal Eg(NOx'NMHC)u(Y'Z't) 
A y Az At 

(3) 
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Figure 5. As in Figure 4, for August 28, 1993, illustrating 
the cyclonic shear zone associated with an eastward moving 
front overtaking air that was initially in the sampling domain. 
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where u(y, z, t) is a spatially and time varying wind speed into 
the region of interest, /• is the fraction of the total ozone in 
excess of the natural, or background, amount, 

• ---- [03 ]excess 
[03]total 

(4) 
[03 ]total -- [03 ]natural 
[03 ]natural q- [03 ]excess 

and eg(NOx,NMHC) is the gross ozone production effi- 
ciency, defined as the number of ozone molecules produced per 
molecule of NO• consumed [Lin, 1988; Jacob et al., 1993]; it 
does not account for ozone chemical loss. 

Part of our motivation for limiting the analysis to the 
dashed domain shown in the right side of Figure 1 was to con- 
sider conditions that were more horizontally homogeneous 
than would be expected over a larger domain, and would 
therefore facilitate evaluation of the terms within (3). We will 
also limit our analysis to measurements within the mixed layer 
where photochemical plumes were identified. With these 
restrictions, we mathematically assume horizontal and vertical 
homogeneity. 

Under these conditions, we obtain the following expres- 
sion for the number of molecules of excess ozone advected into 

this smaller domain per kilometer, within a boundary layer of 
height Az: 

N e =AyAzAtux 

{[03]totalX•+[NOx]totalXeg(NOx,NmHC) } (5) 
We now use the values in Table 1 to evaluate the terms in (5) 
for the cyclonic events associated with episodes of high 
ozone. Typical ozone mixing ratios during these events were 
70 ppb. Although not included in the table, representative 
meteorological conditions include warm sector wind speeds of 
10 m s -1, temperatures 25øC, and a pressure of 1010 hPa. A 
characteristic vertical length scale is given by the height of 
the stable layer as defined earlier to partition the measurements 
into a subset taken in the free troposphere and another subset 
taken within the mixed layer; we use the mean observed value 
of 1.5 kin. The mean value of the ozone mixing ratio was 
40 ppb on days when r 2 was less than 0.5 with the result that 
/•- (70- 40)/70 = 43%. Using these values in the first term 
within the brackets on the right-hand side of (5) results in an 
estimate of 18.5 mol km -• s -• of excess primary ozone transferred 
into the boundary layer of this region during the synoptic 
events described above. 

The second term within brackets on the right-hand side of 
(5) is more difficult to evaluate, and must await additional 
observations. Jacob et al. [1993] noted that the value of eg 
depends on a number of variables, in particular the concen- 
tration of NOx. Our NOy instrument had two channels; one 
channel used to measure NOy, the other channel switched 
between NO and NO2 (NO was measured about one third of 
the time and NO2 about two thirds of the time). There were no 
simultaneous measurements of NO and NO2 (= NOx). How- 
ever, Daum et al. [this issue] presents median ratios of 
NO2/NOy and NO/NOy of 0.16 and 0.04 for the 1993 measure- 
ments, suggesting that a relatively small fraction (-•20%) was 
present as NOx, and takes this, in conjunction with other 
observations reported in that paper, as evidence of extensive 
photochemical processing of the sampled air masses having 

already occurred. Three NMHC samples were taken within th• 
sampling domain shown in Figure 1 with total NMHC values 
of 2.2 ppb, 1.8 ppb, and 1.2 ppb within the boundary layer on 
August 30 and 31 and September 5, 1992. Given that the NOy 
observations suggest extensive aging, and that the limited 
NMHC samples suggest relatively high variability from one 
mission to the next, we assume that the contribution of North 
American "primary" ozone is much greater than that of ozone 
formed from subsequent photochemical reactions of NOx and 
hydrocarbons and do not consider it in the following calcu- 
lations. A more quantitative evaluation must await future 
investigations. 

A characteristic time and length scale are necessary to 
compare our estimate of the transport of primary ozone per 
cyclonic event with similar estimates made by other investi- 
gators. We will follow the recommendation of Atkinson 
[1981] in characterizing fronts as meso-tx phenomenon with 
representative timescales of one day. We estimate the hori- 
zontal 'spatial scale by the width of the sampling domain, 
approximately 500 km. We thus estimate the transport of 
excess ozone into a 1.5-kin deep boundary layer region shown 
in the right side of Figure 1 during summer as 18.5 mol km -• s '• 
per cyclonic event x 500 km x 24 h -- 1 Gmol per 24-hour 
cyclonic event. 

This number is larger than two previous estimates of the 
daily mean export of excess ozone along the coastline of the 
eastern United States, a geographic region on the order of 
2000 kin. Parrish et al. [1993] estimated the seasonal export 
of primary ozone by assuming that all of the CO emitted from 
the states and provinces east of the Mississippi River, Eco, 
was exported to the troposphere over the North Atlantic. The 
observed slope of a line of best fit to the ratio of ozone and 
carbon monoxide, m = AO3/ACO, from three surface sites along 
the western North Atlantic coast (Seal Island, Sable Island, 
and Cape Race) was then used to evaluate the ozone flux via 
Fo3 = Eco x m. By using the observed 30% molar ratio of 
ozone to CO, they estimated the quantity of ozone photo- 
chemically produced and transported to the North Atlantic to 
be approximately 100 billion moles per summer (91 days). 
This corresponds to a mean daily flux of 1.1 Gmol of ozone for 
the coastline of North America, or 500 km/2000 km X 1.1 = 
0.3 Gmol, in contrast to our estimate of 1 Gmol within the 

boundary layer of the sampling domain shown in Figure 1. 
Certainly a large part of this difference is because our analysis 
focused on "pollution events" that were clearly identified by 
daily maxima in ozone. Jacob et al. [1993] estimate the flux of 
ozone from the United States between the surface and 2.6 km to 

be of order 4 Gmol d -•. Normalizing this to a boundary layer of 
1.5 km and a coastline of 500 km produces a daily flux of 
0.6 Gmol d -1, also smaller than the events associated with 
synoptic transport reported here. However, the estimates of 
Parrish et al. [1993] and of Jacob et al. [1993] were intended 
to characterize mean values and not the extreme cases associ- 

ated with frontal transport. 
Our aircraft observations of CO and 03 are similar to the 

earlier patterns reported by Parrish et al. [1993] to estimate 
the transport of excess ozone to the western North Atlantic. 
Lines of linear best fit were used to evaluate the ratio of 

AO3/ACO, shown in Table 1, for the sampling domain using 
only measurements within the mixed layer, as defined by Zstab•e. 
The slope of a line of best fit for "pollution" days was in good 
agreement with the surface observations of Parrish et al. 
[1993], who reported slopes of approximately 0.3, suggesting 
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that the two data sets are consistent. However, no sta- 

tistically significant correlations were observed using aircraft 
data taken above the mixed layer of this region during the 
sampling reported here. 

An estimate of the seasonal contribution by these cyclonic 
systems can be made by considering the frequency of occur- 
rence of these open waves over the western North Atlantic. 
Barchet and Davis [1984] present a statistical summary of 
nine weather patterns over the 48 conterminous United States. 
The daily synoptic weather pattern was classified into nine 
types for the 10-year period January 1, 1969, to December 31, 
1978. Weather pattern types were defined relative to the 
classical polar front model of a midlatitude cyclonic storm 
system and its associated air masses. Also, 3,652 daily surface 
weather maps were used to produce a time series of weather 
pattern types at grid points on a 3 ø latitude by 4 ø longitude 
array. 

During this 10-year period, cyclones of the type shown in 
Figure 3 were observed at 45øN latitude and 66øW longitude 
on an average of 6 days during the 92 days of summer. Thus an 
estimate of the summer flux of excess ozone into the sampling 
domain may be approximated as 6 days of cyclonic events at 
approximately 1 Gmol per 24-hour cyclonic event --6 Gmol of 
"primary" ozone as a result of transport associated with 
eastward moving cyclonic systems. 

These estimates of the exported ozone by cyclonic systems 
applies only to the boundary layer within the sampling 
domain shown on the right side of Figure 1. Extending this 
estimate to the coastline of North America is complicated by 
several factors. First, the frequency of eastward transport by 
synoptic storms is sensitive to latitude. Barchet and Davis 
[1984] give the summer frequency of warm sector passage at 
66øW and at 48øN, 45øN and 42øN as 4.6, 6.2 and 5.1; this 
frequency is zero north and south of this range for the summer 
months. Second, background ozone is a function of latitude, 
and an important factor in evaluating the influx of excess 
ozone. And finally, the mean outflow of NOx, NMHC and 
excess primary ozone would be expected to vary with latitude 
as a result of the geographical distribution of emissions over 
North America. For these reasons, extrapolating our results to 
a larger area by scaling these results from the spatial domain 
shown in Figure 1 to the coastline of North America is not 
valid. However, it does appear that fronts and the associated 
cyclones are a major outflow pathway for'pollutants coming 
from North America into the western North Atlantic. 

Summary and Conclusions 

Observations of 03, CO, NOy and aerosols, taken in the 
vicinity of Halifax, Nova Scotia in conjunction with NARE 
during the summers of 1992 and 1993 are presented as evi- 
dence for long-range transport of O3 photochemically 
generated downwind of urban areas of North America. Pollu- 
tion events were noted during 6 out of 14 aircraft sampling 
missions. 

The presence of excess ozone was determined by looking for 
the concurrent presence of elevated values of mission mean 
ozone and CO, and r 2 > 0.5 for the 10-s average values of 
ozone and CO during each flight. Ancillary support for excess 
ozone came from an examination of aerosol concentrations and 

NOy. Measurements taken in the free troposphere or in the 
absence of local cyclonic flow showed no evidence of urban- 
related ozone. 

Each of the pollution events was detected within the mixed 
layer in advance of eastward moving cyclonic systems. The 
potential for further transport during these events was evalu- 
ated with isobaric forward trajectories from the sampling 
domain. Two such "pollution events" out of the six appeared 
to be associated with subsequent long-range transport. A 
more typical scenario had the polluted air caught up in the 
circulation of the eastward moving cyclone, suggesting that 
subsequent identification of long-range transport would be 
difficult as a result of mixing with ambient air by the frontal 
system. 

Observations are used to estimate that approximately 
1 Gmol of ozone per 24-hour cyclonic event is transported 
into the boundary layer of the sampling domain south of 
Halifax (Figure 1) by individual storms. This estimate does 
not take into account the subsequent formation of ozone from 
additional photochemical reactions. Previous estimates of 
ozone transport, [Parrish et al., 1993; Jacob et al., 1993], 
when scaled to the spatial and temporal domain reported here, 
are less. However, these earlier estimates were intended to 
characterize mean values and not the pollution events asso- 
ciated with prefrontal transport. 
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