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Abstract. The horizontal transport of O,, SO,, and non-sea-salt particulate SO, over
the ocean near Nova Scotia, Canada, is determined from in situ measurements made
during the 1993 North Atantic Regional Experiment (NARE) summer intensive. The
average mass of O, transported through an area 1 m in horizontal extent and 5 km in the
vertical is 2.8 g ¢!, moving from west to east. Anthropogenic O, accounts for SO% of
the transport below 1 km, 35-50% from 1 to 3 ki, 25-50% from 3 to 4 km. and 10%
from 4 to 5 km. The average mass of SO,and SO, transported through the same area is
50 mg S s, moving from west to east. Eighty percent of the SO, and 55% of the SO,
are transported above | km, with litile transport of these species seen above 3 kin. The
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anthropogenic input of O, and 8 to the North Atlantic atmosphere from the North

American continent is estimated.

1. Introduction

Anthropogenic ozone, its precursors, sulfate aerosol, and
850, are transported eastward from North America over the
North Atlantic Qcean. Aircraft measurements made in 1986
along the east coast of North America indicated that transport
was occurting aloft [Galloway and Whelpdale, 1987]. Sumn
mertime measurements of O, made near the eastern coast of
Canada with ozonesondes in 1991 [Fehsenfeld et ol., this issue
(a)] and by aircraft in 1892 [Berkowirz ef al., 1995] have shown
plumes of high O, transported aloft. The transport can have a
significant impact on the oxidant levels and aerosol composition
aver the North Atlantic Ocean, and there is evidence that this
impact may extend as far east as Bwrope [Tarrason and
lversen, 1992}, The North Atlantic Regional Experiment
(NARE} was undertaken to improve our understanding of this
transport [Fehsenfeld er al., this issue (a), (b)].

As part of the summer 1093 NARE intensive the National
Research Council of Canada DHC-6 Twin Otter atreraft was
flown in the vicimty of Yarmouth, Nova Scotia (Figure 1). On
21 days between Angust 12 and September &, Q., S0,
particulate 80,7, and aerosol particle number concentrations
were measured at altitudes from approximately 0.03 to 3 or
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3 km within a fow kilometers of the coastal site at Chebogue
Pomnt (10 km south of Yarmouth), or over the ocean wo the
south within 50 ki ol the coast. In this paper, data from these
profiies are used to quantify the horizontal transport of ozone
and the major § species {30, and non-sea-salt SO,7). The
pollutant plumes observed in the vicinity of Chebogue Point
maintatned their identity over distances of hundreds of
kilometers [Daum et al., this issue].

2. Method

2.1. Instrumentation

All measurements were made from the National Research
Counctl of Canada Twin Otter aircraft. Typical flight speeds
and climb rates were 60 and 3 m s, respectively. One second
resolution is used for all continuous measurerents.

Continuous measurements of O, and 80, mixing ratios were
obtained with TECO-49 UV absorption and TECO0-438
analyzers, respectively. The analyzers were calibrated daily
(through the aircraft inlet line) using a transfer standard
rraceable to the National Institute of Standards and Technology
(NIST) for O, {range O to 150 ppbv), and a penmeation tube
dilution system for SO, (range 0.3 o 10 ppbv). Baseline
checks for hoth species were made in level flight at a number
of different altiudes by sampling ambient air fhrough a
charcoal filter for 5 to 10 min at a frequency of 2 to 3 times per
hour. The detection level for SO, is 0.2 ppby and the uncer-
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Figure 1. Sectors showing very low {maritime), low (north), and potentially high (source) regions of anthropogenic pollution. The
5-day back trajectories ending at Yarmouth are shown (24-hour markers) for 1800 UT on September 7, 1993.

tainties in the measurements are cstimated at +/- (5 ppbv +
10%) for Oyand +/- (0.1 ppbv + 30%) for SO,. The inlet was
& 0.8-cm {inner diameter) forward-facing Teflon line permiiting
fast transfer to the instrument. Response times were 20 § for
O, and about 100 s for SO,. Owing to the long response time,
the SO, observations are smoother than the other measure-
ments. The SO, data shown here have been shifted by 100 s.
This shift has a minimal effect on the calculated transport,
altering the integrated transport from 0 to 5 km by legs than
1%, and the transport helow 1 km hy 4%.

Measurements of CO were made with a modified TECO 48
analyzer as described by Kleimman et al. [this issue (a}]. The
CO avecrages given below are accurate to +/- (30 ppbv
+15%).

Dried-aerosol number concentrations in 15 size bins cover-
ing the range 0.12 to 3.0 pm were measured continuously using
a Pariicle Measuring Systems passive cavity aerosol spectrome-
ter probe (PCASP-100X). Concentrations of particulate SO,
were determined from analysis of aerosol collected on Teflon
filters, each exposed in level flight in cloud-free air at a single
altiude between 0.3 and 3 kmn for approximately 45 min. In
general, one filter was exposed per flight. The filter inlet was
stainless steel, forward-facing, smooth and with a diffuser
nozzle permitting nearly isokinetic flow. Further details of the
filter sampling times and altitudes, and analysis are given by Li
et al. [thas issue]. The contribution of sea-salt SO,” was less
than 1% of the total particulate 50,7,

Wind speed and direction were determined using a
noseboom-mounted Rosemount 858 5-hole probe and a Litton
90-100 Inertial Reference System. Any bias in mean winds is

lcss than 0.1 m s, and the random error ts less than | m s
[Angevine and MacPherson, 1995]. Temperaturc and dew
point were determined from a Rosemount 162DJICG heated
fast-response probe, and an EG&G Model 137-S10 chilled
mirror sensor, respectively.

2.2, Estimation of Sulfate Mass

Direct measurements of sulfate mass aloft are relatively
sparse due 1o the long integration times needed to collect a
sample. In contrast, aerosol pariicle concentration measure-
ments are available at 1-s time resolution. Various relation-
ships between the aerosol particle mimber concentration
averaged over the times of filter collection and the non-sea-salt
50,7 (hereafter SO,™) mass as measored on the filters during
NARE were investigated. The strongest relationship, shown in
Figure 2, is

SO, = 0.0907 (PCT) - 1.126

where 50,7 is in micrograms per cubic meter, and PC7 (ihe
PCASP number concentration measured in channel 7, corre-
sponding to particles 0.3 to 0.4 pm in diameter) is in number
per cubic centimeter. This relationship is strong enough (R?
= (0.97) to use PCASP data as a continuous surrogate for the
S0, mass. For PC7 <13 em®, where the relationship
would indicate a negative mass, sulfate mass is set to zero.
The linear fir shown in Figure 2 may not be the best fit for the
data at low SO, concentrations, but it is the best representa-
tion for the plumes.
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Figure 2. The relationship between the NARE 1993 Teflon filter
non-sea-salt p-SO,~ and the particle number concentration in channel
7 of the PCASP. All values are at 1 atm, 0°C.
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2.3. Selection of Profiles

The profiles used for the calculation of horizontal transport
are described in Table 1. All profiles were taken over the
ocean or near the coast at Chebogue Point and had O,, 50,
and PC7 data through a vertical depth exceeding 2.5 k. As
Table 1 indicates, there were 15 days with one profile and 6
days with two profiles that met the data acceptance criteria.
The results for horizontal transport presented here are calcu-
lated using a single profile per day (specified in Table 1 as set
1). As a sensitivity check, the analysis was repeated for all
days, with the second profile of the day, generally having less
data coverage and specified as set 2 in Table 1, substituted for
that day. The differences in the magnitude of the average
horizontal transport calculated for the altitude band of full data
overlap (0 to 3 km) were found to be 5%,2%. and <1% for
0, SO,, and SO,~, respectively. The direction of transport
was insensitive to the choice of profiles.

During this intensive the Twin Otter made 48 flights, only
28 of which are included in Table 1. The remaining flights
took place over land or through narrower aliitude ranges to
study specific features in more detail. The additional data
generated by these flights are not shown in this paper, but do
demonstrate a persistence in the features observed throughout
the day, even on occasion from day to day. The calculation of

Table 1. Profiles Used to Determine Horizontal Transport

Date Time, UT Altitude, km Flight Set Sector*
Aug. 12 17 5 06 1 M
Aug. 13 18 5 08 1
Aug. 16 i5 5 12 1 N
Aug. 17 15 3 14 1
19 3 15 2
Aug. 18 16 3 16 1 M
20 3 17 2 M
Aug. 19 18 0.15-3 18 1 M
Aug. 20 20 5 19 1 S
Aug. 21 01 4 20 A S
Aug. 23 18 5 2 1
Aug. 24 14 5 23 1 b
19 3 24 2 S
Aug. 25° 11,17 5 25,26 1 S
Aug. 26 19 3 27 i N
Aug. 27 19 5 28 1
Aug. 28 I3 3 29 1 S
Aug. 31 17 4 32 2 s
22 3 33 1 S
Sept. 01 20 3 35 1 s
Sept. 02 i4 3 36 1
Sept. 03 16 3 37 ! h
Sept. 04 19 3 40 i S
Sept. 06 18 3 44 1 S
Sept. 07 16 5 45 | S
19 5 46 2 S
Sept. 08 13 3.4 48 1 S

The approximate time and maximum altitude are given. The minimum altitude is

approximately 30 m unless otherwise shown.

#  Maritime (M), north (N}, source {(S) as defined in section 2.2.
Calculations include all set 1 profiles. The calculation of transport with set 2 profiles

substituted for set 1 are given in the text,

*  Partial data for two flights combined to complete a single profile.
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transport is made with measurements made in the afternoon,
The air masses sampled had transport times of up to 4 or 5
days from the source regions [Kleinman ef al., this issue (b}],
indicating that the air was subject 10 the {ull range of processes
which could oceur throughout the full 24-hour day.

The profiles of Table | were grouped by source region in
order 1o demonstrate the differences in air originating over the
source regions of pollutants in North America and air from the
less-impacted regions, Back trajectories were calculated using
the three-dimensional method of Olson er al. [1978] for every
0000, 0600, 1200, 1800 UT for the pericd August ! through
Sepiember 8, 1993, for air reaching Chebogue Point at 1000,
9235, 850, and 700 mbar. The trajectory for the time closest to
the time of the profile wag selected as representative of the
profile. Three sectors were defined as shown in Figure 1:
maritime, north, and source. These sectors are characterized
as very low, low, and potentially high anthropogenic pollution
source regions, respectively [Isuac ef al., 1990; Benkovitz et
al., 1994}, For each level, each back irajectory was catego-
rized by sector for three time periods: 0 to 24, 241048, 48 w0
72 hours. To be included in the source sector, air had to pass
through the sector at any time during the 24-hour period. If the
SOUrce seclor was nol encountered, the 24-, 48-, or 72-hour
marker was used 1o classify the sector as north or maritime.
Profiles were classified as maritime, north, or source il eight
out of a possibie nine sector indicators (24-, 48-, and 72-hour
for each of 700, 850, and 925 mbar) were of a single type.
Profiles with less than eight indicators from the same sector
have a complex vertical structure reflecting the different
sources of air and were not classified according o this scheme,
but are included in the calculation of horizontal transport.
Table 1 shows that 4, 2, and 15 profiles were ciassified as
maritime, north, and source sectors, respectively, with six
profiles unclassified. This represents 3, 2, 11, and 5 days of
sampling, respectively.

2.4, Calculation of the Horizontal Transport

The data for each profile in Table 1 were averaged in 3-m
intervals in the veriical to account for variable climb rates.
The O, and SO, mixing ratios, and PC7 were converted to
mass per unit volume for the in situ temperature and pressure
conditions. For 80, mixing ratios less than the detection limit
of (1.2 parts per billion per volume (ppbv), the SO, concentra-
tion was set o zero, The 5-m averages were used to calculate
the horizomtal transport for each profile. The horizontai
transport, a vector quamtity, has magnitude calculated as the
product of the wind speed and the mass per unit volume, and
direction given by the wind direction. The transport vector in
each 5-m interval is resolved into east-west and north-south
components, which are added over 100-m altide bands. The
average east-west and north-south components in each 100-m
altilude band are determined, and used to calculate multiprofile
averages. Owing 1o flight limitations, the average transport [or
the range 30 © 100 m is used w represent the full 0- t0 100-m
band. Transport through altitude ranges of 1 km or more is
determined from the sum of the 100-m components. The vector
components are recombined for the final wransport numbers,

The weather in southern Nova Scotia during the NARE
intensive was mainly clear and sumny, with many instances of
fog or low swatus over the water and convective cloud,
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Figure 3. An ascent profile taken over Chebogue Point on

Septernber 7, 1993 (Flight 46), Wind direction was near 320° at the
base of the profile, near 290° at 500 m, and 260° above 730 m. This
example is for the same case as illustrated in Figure 1. The cloud
droplet mumber concentration and acrosol number congentration are
given by a Particle Measuring Systemms forward scaitering
spectrometer probe (FSSP) and PCASP respectively.

sometimes accompanied by showers, over land. The profiles
of Table 1 were largely taken in clear air, but clouds a few
hundred meters thick were encountered on six  days
(September 2 through 8). The clouds sampled ranged from
surface fog, to stratus topped below 750 m, or layers topped at
1.5t0 3.0 kin. Anexample from September 7, a day with fog
and low stratus, is shown in Figure 3. Both G, and 80, are
only weakly soluble [Seinfeld, 1986)], but conversion of SO, to
50, in cloud water will deplete 50,. Activation of aerosol
particles in cloud reduces the aerosol particle number concen-
tration, making the use of PC7 unsuitable for estimating 50,7,
For in-cloud periods {defined as cloud droplet concentration
greater than 10 cm™) the horizontal transport of SO, was
calculated from the SO,~ determined in cloud water, using the
measured cloud lgquid water content to convert the aqueous
phase concenirations o equivalent gas phase values (i.e.,
micrograms sulfur per cubic meter). The horizontal flux for O,
and SO, is calculated in the same manner for in-cloud and clear
periods. This procedure accounts for total S, with the excep-
ton of interstitial aerosol. Details of the cloud sampling are
given by Leaitch et al. [this issue].

3. Results and Discussion
3.1. Factors Influencing Transpori

Table 2 shows the fraction of time air arriving in the stdy
area at pressures down to 700 mbar, traversed a given sector
1, 2, or 3 days prior. Values for all 0000, 0600, 1200, 1800
UT from August 1 through September 8, 1993, are given.
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Table 2, Percentage of Time Air Originated in a Given Sector

700 mbar 850 mbar 925 mbar 1000 mbar

North

24 hours 14 (14) 19 (1% 21 (14 i3 (14

48 hours 24 (19) 25 (14 29 (19) 11 €14y

72 hours 46 (32) 36 (33) 33 (29) 2124

Maritime

24 hours 18 (14) 24 24) 3124 61 (71)

48 hours 10 (10) 19 {19 21 {19) 54 (62)

72 hours 3 13 {14} 19 (24) 49 (48)
Source

24 hours 68 (71) 3T 6N 49 (62) 26 (14

48 hours 67 (71) 56 (67) 50 (62) 35 (24)

72 hours 52 (48) 51 (52) 47 (48) 30 29

25,005

The values for 0000, 0600, 1200, 1800 UT from August 1 through September 8, 1993,
are given, as well as only for the times of profiles used in the calculation of transport. The

latter numbers are shown in parentheses.

These data show the high frequency of flow at 925 mbar and
aloft from regions of potentially high anthropogenic imipact,
and the dominance of flow near the surface from the north and
maritime regions. Since air arriving at 1000 mbar can be
strongly decoupled from the air aloft, the 1000 mbar back
trajectories were not considered in the sector assignment for
profiles ag given in Table 1. Table 2 also shows the back
trajectory statistics for the times of the profiles used to calcu-
late transport (i.e., the set 1 profiles in Table 1). The days
sampled during the study closely represent the characteristics
of the entire period.

Altitude

0
300 310 320 330 340 350
6, [ K]

One example of the effect of different origin for air at
different altitudes is given in Figure 3. Fhe hack trajectories
for this profile are given in Figure 1. The source sector air at
925, 850, and 700 mbar (approximately 0.75, 1.5, and 3 km)
has much higher O, and 80, mixing ratios and aerosol particle
concentrations than the maritime air near the surface. This
strong decoupling will be evident in the following analysis,

In order to understand the transport occurring in this region,
individual vertical profiles of wind speed and direction, and the
thermodynamic tracer 6, ({adiabatic equivalent potential
temperature: conservative for adiabatic expansion of moist air,

Altitude
(km)
5 —

bl

300 310 320 330 340 350
B, [K]

Figure 4. Potential temperatuse 8, for the profiles shown in Table 1 for (left) maritime (heavy lines) and north (faint lines) sector
cases, and {right) source cases (faint lines) and the average of the source cases (heavy line).
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Figure 5. Wind direction relative to true north for the profiles shown in Table 1 for (left) maritime {heavy lines) and north {fain? lines)

secior cases, and (right) source cases (faint lines).

including condensation, evaporation and precipitation), as well
as the Oy and 80, mixing ratios and particle number concentra-
tions were examined for each emission secior. Individual
profiles indicate a high day-to-day variability, but similar
trends are shared for air with a common emission history.
The variation in 6, with altitude and sector is shown m
Figure 4. The average 6, for source sector profiles was
constant near 322 K above 1 km, decreasing below 1 km {0
315 K near 30 m, showing the inversion in the fowest 1 km.

Altitude
(km)
5

The north sector shows the surface inversion in the lowest
150 m. The maritime secior shows an inversion below 500 m.
The greatest stability within the lowest 1 km of the atmosphere
was seen for the average of the source sector profiles. This
feature helps to initiate and maintain pollutant layers aloft
[Angevine et al., this issuel.

The dependence of wind direction (relative to true north) on
altitude and sector is shown in Figure 5. The local wind
direction for air from the source sector varied considerably in

Altitude
(krm)
5 JU—

Wind Speed [m s

40
Wind Speed [m s™]

Figure 6. Wind speed for the profiles shiown in Table 1 for (left) maritime (heavy lines) and north {faint lines) sector cases, and (right)
source cases {faint lines) and the average of the source cases (heavy line).
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Figure 7. O, mixing ratios for the profiles shown in Table | for (left) maritime (heavy lines) and narth (faint lines) sector cases, and
(right} source cases (faint lines) and the average of the source cases (heavy line}.

individual profilcs below 1 km, but was most often near 250°
at altitudes from 1 km to 5§ km, Winds for north sector profiles
were from the maritime or north sectors below 600 m and
northerly aloft to 3 km. Maritime profiles showed winds from
the north or maritime sectors below 600 m, and near 160° up
to 3 km. Both north and maritime sectors showed westerly
winds aloft, predominantly from 200" to 300° at 3 10 5 k.
The variation in wind speed with height is shown in
Figure 6. On average the source sector wind speeds were

Altitude
(km)
8

50, [ ppbv )

7 m s near 30 m, about 9 m 5! from 300 m to 2 km, and then
increased steadily 10 15 m s! near 5 km. The north sector
wind speeds were similar to the source sector or lighter. In
contrast, the average maritime sector winds were 7 m s at
30 m and decreased rapidly within a few hundred meters
altitude, with winds lighter than 10 m &' aloft up to 5 km.
The O, mixing ratios for maritime, norih, and source sector
profiles are shown in Figure 7. The (3, in maritime and north
sector profiles was gencrally Iess than 50 ppby from the surface

Altitude
(kmj
5 —

1
‘-\-—_
T
0 ‘ i ‘ 1 l i I
6 8 10 12
SO, [ ppbv ]

Figure 8. SO, mixing ratios for the profiles shown in Table § for (iefi) maritime (heavy lines) and north {faint lines) sector cascs, and
(right) source cases (faint lines) and the average of the source cases (heavy line).
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Figure 9. Concentrations of PC7 (the S0, surrogate) for the profiles showr in Table 1 for (left) maritime (heavy lines) and north
(faint lines) sector cases, and (right) source cases {(fant hines) and the average of the source cases (heavy line),

to 3 km, whercas the source sector average profile shows O, in
excess of 50 ppbv from 600 m and vp. Plumes of O, from 80
to 140 ppbv were seen at altitudes between 200 and 1300 m.
Less O, is seen below 800 m, with the largest difference for the
source sector profiles, reflecting the fact that north and
maritime sector air could be seen near the surface when air
from the source sector was aloft. The Oy seen in the maritime
and norih sector profiles i3 used to estimate the
nonanthropogenic {background) O,.

The profiles of 80, mixing ratio are shown in Figure 8,
Throughout the altitude range for maritime air, and above 2 km
for north air, the SO, is near or below detection limit, Plumes
of SO, are seen at low altitude for the north profiles, and
throughout the altitude range for source sector air. The
background value for SO, is considered 1o be below detection
level.

The PC7, used as the surrogate for SO,”, are shown in
Figure 9. In the maritime seclor air concentrations as high as
45 cm® are seen at aldmdes up w 2 km, with values near
20 ¢cm?® more common, as well as concentrations of tess than
13 em? (the "detection level” for SO, from the relationship in
2.2 above) throughout the altitude range. North sector PC7 are
typically near or below 50 cm™ above 600 m, and decrease to
fess than 10 cm™ above 3.5 k. Near the surface the concen-
trations reach 90 cm?, reflecting the fact thai the north sector
air aloft is decoupled from the sector of origin for air near the
surface. Incontrast, the source ait can have particle concentra-
tions in excess of 150 cm® from the surface to 3 km, and the
average particle concentration exceeds 50 c¢m® from 0.6 to
2.5 km. The background value for SO, is taken as zero (i.e.,
PCT = 13 cm®).

3.2. Horizontal Transport

The east-west and north-south components of the horizontal
transport of Q, for the maritime, north, and source sectors are

shown in Figure 10. The average transport for ali set 1 profiles
is alsc shown. On the basis of the maritime and north protiles
given in Figure 7, reasonable estimates of background ozone
are 30, 40, and 50 ppbv, depending on altitude. To arrive at an
estimate of the anthropogenic input, the horizontal transport
was calculated after subtracting each of these values from the
actual mixing ratios observed for each profile, setting negative
O; mixing ratios to zero. The resulting average profiles are
also shown in Figure 10, It is clear that the most significant
transport of Oy occurs to the ¢ast, with a component o the
north at altitudes Tess than 2 km.  The transport to the east
increases with height, reflecting the general westerly winds
seen, and the higher wind speeds aloft,

The cast-west and north-south components of the flux of SO,
for the maritime, north, and source sectors are shown in
Figure 11, The average transport for all set 1 profiles is also
given. Similar to O,, there is considerable transport o the
east, with some transport to the north seen below 2 kin. The
presence of sources of SO, in the north sector are indicated by
the transport to the cast and south for the north sector profiles,
The contribution of maritime air to the transport of SO, is seen
to be negligible.

The components of flux of SO,” are shown in Figure 12,
together with the average transport.  Again, transport is mainly
to the east, with a component 0 the north; the contribution of
maritime air to the wansport of 30,7 1s negligible. There is a
difference in the transport seen for the two S species: rela-
tively more SO, is transported at higher altitudes than SO,.
The average transport profile for H,O (derived from the total
mixing ratio = vapour + cloud liguid water content) is also
shown in Figure 12, There is substantial eastward transport of
H,0 occurring at the same altitudes as SO,”, consistent with
the results of Kleinman and Daum (1991). The transport of
H;O from south to north is consistent with the ocean to the
south acting as a source of water vapour.
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Figure 10. The (top panel) east-west and (bottom panel) north-south componerts of the flux of Oy, shown for {left. top and bottom)
individual profiles for the marisime (heavy line) and north (faint line) sectors, {center. top and bottorn) individual profiles for the the
source sector, and {right, top and boitom) the average for all profiles of set 1. Transpori to the east and north are shown as positive.
Also given (right, top and bottom) are the average profiles with 30, 40, and 50 parts per billion by volume {ppbv) subtracted.

There are tewer days with data above 3 km than below for
all species, and even fewer curves are evident for albides
> 3 km for the S species. For many profiles the SO, and 50O,
transpott above 3 km is zero, and for these profiles the curves
lie along the axis. The loss of data coverage at 3 km causes a
discontinuity in the average transport, which can be seen in
Figures 10 through 12.

The mass of O, transported, both observed and after
subtraction of 30, 40, or 50 ppbv, is given at 1-km resolution

in Table 3. Application of the most reasonable background
profile (30 ppbv below 1 km, 30 to 40 ppbv between 1 and
4 km, and 50 ppbv from 4 to 5 km) shows that 50% of the
transport below 1 km, 35-30% of the transport from 1 10 3 ki,
25-50% of the transport from 3 to 4 km, and 10% of the ozone
transported from 4 to 5 km may be due to anthropogenic
influence. These numbers suggest that the contribution of
anthropogenic sources o transport above 3 km will be sinaller
than 10%. The direction of net transport, 240° for 0-1 km and




















