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An objective method, employing HYSPLIT back-trajectories and Moderate Resolution Imaging Spectroradiometer
(MODIS) fire observations, is developed to estimate ozone enhancement in air transported from regions of active
forest fires at 18 ozone sounding sites located across North America. The Differential Back Trajectory (DBT)
method compares mean differences between ozone concentrations associated with fire-affected and fire-
unaffected parcels. It is applied to more than 1100 ozonesonde profiles collected from these sites during the
summer months June to August 2006, 2008, 2010 and 2011. Layers of high ozone associated with low humidity
were first removed from the ozonesonde profiles to minimize the potential effects of stratospheric intrusions on
the calculations. No significant influence on average ozone levels by North American fires was found for stations
located at Arctic latitudes. The ozone enhancement for stations nearer large fires, such as Trinidad Head and
Bratt’s Lake, was up to 4.8% of the TTOC (Total Tropospheric Ozone Column). Fire ozone accounted for up to
8.3% of TTOC at downwind sites such as Yarmouth, Sable Island, Narragansett, and Walsingham. The results are
consistent with other studies that have reported an increase in ozone production with the age of the smoke
plume.

1. Introduction studies suggest that fires can contribute to exceedance of the ozone air

quality threshold concentrations via production and long-range trans-

Tropospheric ozone (O3) is an important regulated air pollutant.
Exposure to elevated concentrations of ozone has been linked to respi-
ratory illnesses such as asthma and is known to irritate lungs and
aggravate bronchitis (Lippmann, 1991; McConnell et al., 2002; Bell
et al., 2014; Szyszkowicz and Rowe, 2016). Ozone in the troposphere is
formed by the interaction of nitrogen oxides (NOx = NO + NOy), carbon
monoxide (CO) and non-methane hydrocarbons (NMHCs) in the pres-
ence of sunlight, and is also transported from the stratosphere. Wildfires
generate large amounts of such ozone precursors and a number of
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port of ozone and its photochemical precursors (Jaffe et al., 2004;
Palmer et al., 2013; Parrington et al., 2013). In addition, the frequency
and intensity of forest fires is likely to increase over Canada and the US
as a result of climate change (Spracklen et al., 2009). Wotton et al.
(2010) estimate an increase of 30% in boreal forest fire occurrence by
2030.

Ozone production from tropical biomass burning has been well
established (Andreae and Merlet, 2001; Andreae et al., 1994; Jacob
et al., 1996; Thompson et al., 1996; Thompson and Witte, 2001; Weller
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et al., 1996). Both fuel consumption and the intensity of boreal fires are
typically an order of magnitude larger than for savannah fires (Stocks
et al.,, 1998). The higher intensity implies more vigorous transport of
emissions, higher into the troposphere and even into the stratosphere
(Fromm and Servranckx, 2003) which may lead to very long range
transport. Data collected by aircraft, ground-based instruments and
satellites during dozens of field investigations in recent decades over the
Arctic and sub-Arctic have been used to study ozone production from
boreal fires.

Different approaches and datasets used to address the ozone source
issue appear to give conflicting results (Jaffe and Wigder, 2012). For
instance, Olsen et al. (2012), using data collected by the DC-8 aircraft
from summertime Arctic (ARCTAS-B) flights in central and eastern
Arctic Canada (designated as > 50°N latitude) to constrain a photo-
chemical box model, found 1-2 ppbv/day net ozone photochemical
formation in the boundary-layer (BL) and upper troposphere (UT),
although with significant uncertainty due to uncertainties in measured
NO and HOx. Alvarado et al. (2010) also used aircraft data obtained
during the ARCTAS-B campaign to determine the enhancement ratio of
reactive nitrogen (NOy) species from fresh plumes to examine the
impact of these emissions on tropospheric ozone in the Arctic. The
GEOS-Chem model showed very little ozone formation, mainly due to
rapid conversion of NOx produced from fresh Arctic biomass burning to
PAN and inorganic nitrates. In contrast, biomass burning from central
Canada was found as a modest but significant source of ozone by Par-
rington et al. (2012). Like Alvarado et al. (2010), they used FLAMBE
emissions for 2010 in GEOS-Chem, but the difference, as suggested by
Parrington et al. (2013), seems to be that while fresh plumes (<2 days
old) show little increase in ozone, in aged (>4 days) plumes PAN
decomposition will release its constituent NOy and peroxy radicals
which can then photolyze or react with NO to produce ozone. Further-
more, Finch et al. (2014) showed that the aerosol loading resulted from
fire activity slows down the plume photochemistry. Busilacchio et al.
(2016) used aircraft data collected during the Quantifying the impact of
BOReal forest fires on Tropospheric oxidants using Aircraft and Satel-
lites (BORTAS-B) campaign in 2011 to compare ozone and total peroxy
nitrates (XPNs, XROONO2) production in fire plumes and background
air masses. Using different approaches, (1) direct calculation and (2) 0-D
photochemical model, the ozone and £PN formation in plumes impacted
by fire emissions were compared with that in background air. They
found that, on average, PN production is more strongly enhanced than
ozone production: 5-12 times versus 2-7 times. They observed minimal
enhancement of ozone and NO; concentrations and slight enhancement
of ozone production in boreal biomass burning plumes while the con-
centration and production of ZPNs are significantly enhanced, noting
that the latter can act as a source and enhance ozone production
downwind of the plume. Consistent with these results, Thompson et al.
(2011) using the laminar identification (LID) method (Thompson et al.,
2007a, 2007b) and ARC-IONS (ARCtic Intensive Ozonesonde Network
Study) data showed that the fire contribution could be up to about 5% of
tropospheric ozone at the Goose Bay site, far downwind of fire activity in
central Canada.

In this study ozonesonde profiles collected in June, July and August
of 2006, 2008, 2010 and 2011 from 18 sites across North America north
of 40° N latitude are used to determine ozone enhancement empirically.
The method developed here is independent of chemical modelling and
can be applied to all ozonesonde data collected from regular and
campaign sites as long as fire data are available. This method is appli-
cable to evaluating the contribution of biomass burning to the ozone
budget as the observations are from a network across northern North
America and (unlike typical aircraft observations) are not selected for
proximity to fires or fire plumes.
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2. Data and methods
2.1. Ogonesonde data

Fig. 1 shows the locations of ozonesonde launch sites across Canada
and the US that participated in the IONS (INTEX Ozonesonde Network
Study) and BORTAS campaigns (Palmer et al., 2013; Parrington et al.,
2012; Tarasick et al., 2010; Thompson et al., 2007a). Table 1 and Table 2
describe the geolocation of these stations (latitude, longitude, and
elevation), and the numbers of profiles available from each study. A total
of 1110 profiles from sites north of 40° latitude have been used here
(Fig. 1 and Table 2). Two types of ECC ozonesondes, the EnSci Corp. 2Z
model and the Science Pump 6A, with minor differences in construction
and preparation, were used at different sites. The maximum likely
variation in tropospheric response resulting from these differences is of
the order of 2% (Smit et al., 2007), and for these purposes is a negligible
source of error. Measurement precision is +3-5% and the overall un-
certainty in ozone concentration is less than 10% in the troposphere
(Smit et al., 2007; Tarasick et al., 2016, 2019b,c).

The ozonesonde sensor response time (e™1) is about 25 s. For a
typical balloon with ascent rate of 4 m s linthe troposphere this implies
a vertical resolution of about 100 m. Pressure and temperature data
measured by the coupled radiosonde were used to calculate altitude
using the hydrostatic relation. Tropopause height is determined using
the World Meteorological Organization thermal lapse rate criterion: the
lowest height at which the temperature lapse rate falls to 2 °C/km or
less, provided that the average lapse rate for 2 km above this height is
also not more than 2 °C/km (WMO, 1957). All ozonesonde profiles have
been processed to 100 m altitude resolution up to tropopause height or
15 km, whichever is reached first. Ozone partial pressures are averaged
for 100 m thick layers from sea level up to the top of the profile. Dividing
by the average pressure in each layer, the average ozone mixing ratio is
obtained.

2.2. Fire data

MODIS (MODerate Image Spectroradiometer) fire data Collection 5
(Giglio et al., 2003) are used to determine the locations of fire hotspots.
Fig. 2 shows the location and intensity of boreal fires between June and
August of 2006, 2008, 2010, and 2011. The total area burned was above
the long-term average (2.1 million ha) for 2006, 2010, and 2011 (Fig. 3).
Among those years, 2006 had the largest number of fires with more than
9800 fires (Fig. 3), while for the others it was below the long-term
average of 8000 fires (Canada’s National Forestry Database, 2019).
Fig. 4 shows examples of ozone peaks in sonde profiles, as well as the
corresponding back-trajectories which appear to indicate the influence
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Fig. 1. Location of stations assigned for ARC-IONS and BORTAS campaigns and
used for this work.
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Table 1
Locations of the sites participating in the IONS-06, ARC-IONS and BORTAS
campaigns.

Site Name D Lat Lon Alt
Alert 18 82 —62 47
Eureka 315 79.99 —85.94 10
Resolute 24 74.71 —94.97 46
Summit 491 72.57 —38.48 3238
Whitehorse - 60.7 —135.07 704
Yellowknife - 62.5 —114.48 210
Churchill 77 58.74 —94.07 30
Trinidad Head 445 40.8 -124.16 20
Kelowna 457 49.92 -119.4 456
Stony Plain 21 53.55 -114.11 766
Bratt’s Lake 338 50.2 —104.7 1550
Walsingham 482 42.64 —80.57 182
Egbert 456 44.23 —79.78 251
CSA-Montreal 496 45.51 —73.39 35
Narragansett 487 41.4 -71.5 23
Yarmouth 458 43.87 —66.1 9
Goose Bay 76 53.32 —60.3 44
Sable Island 480 44.95 —59.92 4

of large fire activity.

2.3. Trajectory model calculation

The HYSPLIT (Hybrid Single-Particle Lagrangian Integrated Trajec-
tory) model (Draxler and Hess, 1998) developed by the National
Oceanic and Atmospheric Administration Air Resources Laboratory
(NOAA ARL), was used to calculate backward trajectories for each
ozonesonde profile at 100 m height intervals (50 m, 150 m, etc.). An air
parcel is assumed to be released at each 100 m altitude above the
location of the ozonesonde station (release time, latitude, and longitude
are taken from the ozonesonde launch). The meteorological input for the
trajectory model is the global NOAA-NCEP/NCAR (National Centers for
Environmental Prediction/National Centre for Atmospheric Research)
reanalysis data set (Kalnay et al., 1996). These data provide 4-time-
s-daily meteorological parameters at 17 pressure levels from 1000 to
10 hPa with 2.5 x 2.5° horizontal resolution. This relatively coarse
vertical resolution (corresponding to 2 km in the upper troposphere)
implies that trajectories are not entirely independent, a point that needs
to be kept in mind when estimating statistical significance. Nevertheless,
the vertically dense set of trajectories gives some information about
sensitivity to initial conditions; the fact that trajectories launched 100 or
200 m apart gave similar results despite their somewhat different paths
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allows some confidence that the results found below are robust. Six days
(144 h) of backward trajectories were computed for each air parcel.

Several studies have attempted to estimate the accuracy of trajec-
tories using different methods. Stohl (1998) found typical errors of 20%
of the trajectory distance, or about 100-200 km/day. More recently,
Harris et al. (2005) reported uncertainties of 30-40% of the horizontal
trajectory distance, or 600-1000 km after 4 days, while Engstrom and
Magnusson (2009), using an ensemble analysis method, estimated the
uncertainty of trajectories to be within 350-400 km after 3 days and
about 600 km after 4 days. These are consistent with the Stohl (1998)
estimate.

2.4. Example of elevated ozone layers

Fig. 4 illustrates elevated ozone layers detected in ozone profiles
collected at a site downwind of near large fire activity (Yarmouth). The
MODIS fire hotspots for six days preceding the ozonesonde measure-
ments show large fires in central Canada. Six-day back-trajectories
suggest that the layers of high ozone have crossed an area of large fire
activity before arriving at the sounding site location. The humidity
profile is also depicted. While the layers with high ozone at 6 km trace
back over the fires, they are also associated with low humidity, sug-
gesting the possibility of descent from the stratosphere (e.g. Bourqui
et al., 2012; Van Haver et al., 1996; Newell et al., 1999; Stohl et al.,
2000). Transport from the stratosphere is also a source of high ozone
layers in the troposphere. In the next section a method is developed to
remove suspected stratospheric layers from the calculation.

2.5. Stratospheric ozone intrusions

Intrusions of ozone-rich air from the stratosphere, stratosphere-
troposphere transport (STT), are phenomena that frequently perturb
the tropospheric ozone profile (Newell et al., 1999). Observations sug-
gest that tropospheric dry layers associated with high ozone are often
STT events (Colette and Ancellet, 2005; Hocking et al., 2007; Newell
et al., 1999; Stohl et al., 2000; Thompson et al., 2007a; Van Haver et al.,
1996; Véremes et al., 2017), and the relative humidity/ozone relation-
ship is frequently used as a simple indicator of probable stratospheric
origin (e.g. Bourqui et al., 2012; Cristofanelli et al., 2006; Tarasick et al.,
2019a).

To avoid a potential bias in the calculations presented here, sus-
pected stratospheric intrusions were removed from the ozone profiles.
The identification of STT was based on the relative humidity-ozone
relationship. The suspect layers were determined through the

Table 2
Number of profiles, by month and year, measured at different sites.
2006 2008 2010 2011

Site Name Jun Jul Aug Jun Jul Aug Jun Jul Aug Jun Jul Aug Total
Alert 4 3 5 4 4 5 4 2 2 3 3 4 43
Eureka 3 4 5 4 4 5 5 3 3 5 4 5 50
Resolute 3 1 0 3 5 3 4 2 3 2 2 1 29
Summit 5 4 2 15 26 4 3 2 4 5 4 5 79
Whitehorse 0 0 0 4 11 0 0 0 0 0 0 0 15
Yellowknife 0 0 0 7 11 0 0 0 0 0 0 0 18
Churchill 4 4 4 8 8 1 2 4 3 5 1 1 45
Trinidad Head 5 4 30 10 15 4 18 3 4 4 4 4 105
Kelowna 5 2 27 8 13 4 18 2 3 2 3 5 92
Stony Plain 4 1 4 8 14 3 5 4 3 5 4 5 60
Bratt’s Lake 4 2 29 6 11 4 4 17 4 4 21 5 111
Walsingham 0 0 22 0 0 0 0 12 0 0 0 0 34
Egbert 3 4 15 1 12 3 4 20 5 5 17 4 93
CSA-Montreal 0 0 0 0 0 0 0 14 0 0 0 0 14
Narragansett 4 4 24 4 3 5 2 2 2 0 0 0 50
Yarmouth 3 3 11 8 14 1 5 20 8 5 20 7 105
Goose Bay 3 2 5 4 11 0 4 18 8 4 22 7 88
Sable Island 0 0 28 4 11 0 0 16 0 0 19 1 79
Total 50 38 211 98 173 42 78 141 52 49 124 54 1110
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Fig. 4. (Lower panel) Ozone and humidity profiles for July 18, 2011 at Yar-

1. A mean, or baseline, profile was obtained by boxcar-smoothing the mouth. (Upper panel) Back-trajectories indicate that the ozone anomalies could

high-resolution profile to remove variations of vertical half-width be produced by fires. Note that in both profiles high ozone layers are associated
less than 2.5 km. The difference between the high-resolution with low humidity.
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profile and the mean profile, divided by the mean profile, was
calculated and defined as the normalized perturbation profile.

2. The same method was used to determine a normalized perturbation
profile of relative humidity (RH). Boxcar averaging was used to filter
out variations of vertical half-width less than 5 km from the RH
profile, to find mean RH profile.

3. Ozone laminae with average amplitudes greater than 10% of the
mean ozone mixing ratio were considered as being of stratospheric
origin and removed from the profile if associated with negative RH
laminae with average amplitudes greater than 20% of the mean
relative humidity.

These thresholds are similar to those used by Newell et al. (1999).
The number of STT layers identified in this way is not greatly sensitive to
the choice of these parameters (Tarasick et al., 2019a).

Fig. 5 shows an ozone profile with a large anomaly between 5 and 6
km. Back trajectories (shown in the top panel) and the tropopause height
map (shown in the second panel) indicate that for much of their paths
over northern Canada these air parcels were close to the tropopause,
suggesting a possible stratospheric origin for these parcels. Tropopause
height data were provided by the NOAA Physical Sciences Division
(http://www.esrl.noaa.gov/psd) from the same NCEP/NCAR reanalysis
database used as input to the HYSPLIT model (Kalnay et al., 1996). The
WMO (1957) thermal lapse rate criterion was used to compute tropo-
pause heights, with the additional criterion that tropopauses at pressure
levels smaller than 85 hPa or larger than 450 hPa were not allowed by
the NOAA calculations.

The third panel illustrates the identification of this layer as a sus-
pected stratospheric intrusion by the algorithm described above. The
portion of the profile shown in red is excluded from further calculations.
There are a number of observations that stratospheric intrusions are
sometimes associated with, and apparently can affect fires (Charney
et al., 2003; Langford et al., 2015; Zimet et al., 2007). Since it is not
entirely clear that these two potential sources of tropospheric ozone can
be separated, the DBT calculations were performed with STT layers
removed, as described above, and also without any STT removal. On
average about 30% of parcels were identified as originating from the
stratosphere using this method, with more in the upper troposphere than
the lower troposphere. However, suspected STT layers appeared in the
fire-affected profiles with about the same frequency and same amount of
ozone as in the background (fire-unaffected) profiles, so no significant
difference in the overall results was found, and the remainder of this
paper discusses only the results for which suspected STT layers, in all
profiles, were excluded from further calculations.

2.6. Differential back trajectory (DBT) method

The DBT method uses back-trajectories calculated at 100 m intervals
from the surface to the tropopause, for each sounding, up to 144 h long
(six days). A parcel is defined as “fire-affected” if the back-trajectory
corresponding to a parcel passes through a 1 x 1-degree grid box con-
taining one or more MODIS fire counts. The remaining parcels are
classified as background or “fire-unaffected”. For this study, only parcels
that are affected by fires in North America were considered as “fire-
affected”. Parcels affected by fires outside this zone (e.g. Asia, South
America, etc.) were removed from the analysis. At each 100 m level, for
each sonde site, the average difference in ozone concentration associ-
ated with “fire-affected” parcels in each year and “fire-unaffected”
parcels from all four years (2006, 2008, 2010, and 2011) is calculated.
To calculate the average fire contribution to ozone, the computed
average ozone difference is multiplied by the ratio of the number of
“fire-affected” parcels to the total number of parcels (sum of “fire-
affected” and “fire-unaffected”) for that specific year. Suspected
stratospheric intrusions, STT (identified as layers of high ozone coinci-
dent with low RH), are first removed from all profiles as described
above, to avoid skewing the averages. The ensembles of average “fire-
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affected” and “fire-unaffected” parcels for Yarmouth station for the 2010
season are depicted in Fig. 6.

The DBT method offers a statistical estimate of the amount of addi-
tional ozone generated by fires. It neglects any contribution from fires
more than 144 h previous to the sounding. This is likely a small error,
since back-trajectories from any of the sonde sites will generally cross
the continent in less than 6 days. A more important source of error is the
mis-assignment of air parcels due to trajectory errors: any systematic
difference in average ozone concentration between “fire-affected” and
“fire-unaffected” air parcels will be diluted by such mis-assignment.
Since trajectory errors over several days can be quite large (Downey
et al., 1990; Engstrom and Magnusson, 2009; Harris et al., 2005; Stohl,
1998), this probably causes the DBT method to produce a serious un-
derestimate of the amount of ozone generated by fires; that is, the DBT
estimates of fire ozone are conservative.

3. Results and discussion
3.1. Ogzone enhancements

The intensity and location of fires is quite variable. As shown in
Fig. 2, large fire activity in 2006 was concentrated in Central Canada,
the Western U.S. and Southern U.S. The average total tropospheric
ozone calculated from fire-unaffected parcels is depicted in Fig. 7, in
Dobson Units (DU), and the average enhancement in total tropospheric
ozone column (TTOC) due to fire activity over four years (2006, 2008,
2010 and 2011) is shown for 18 sites in Fig. 8. The analysis shows that
none of the high latitude sites has been affected significantly. This may
be due in part to the fact that fires in Asia and Europe are not considered
(Section 2.6). Overall, Narragansett and Yarmouth had the largest ozone
enhancements. Kelowna and Stony Plain were not affected significantly
although they were occasionally close to large fire activity.

Average ozone enhancements calculated by the DBT method for each
site in 2006, 2008, 2010, and 2011 (June-August) are shown in Fig. 9 in
(DU), and compiled in percentage in Table 3. The fire contribution in
0-5 km column ozone was statistically significant at 8 sites out of 14 in
2006, ranging between 0.4 £ 0.2and 2.0 £ 1.2DU (1.2 + 0.6 and 4.3 +
0.4%) with a minimum in Stony Plain and a maximum at Bratt’s Lake. In
terms of TTOC, 4 sites were significantly affected. The fire ozone
contribution to TTOCs at Trinidad Head and Bratt’s Lake, which were
close to large fires (Fig. 2), was 1.3 + 0.3 DU (4.1 + 0.6%) and 0.7 £+ 0.5
DU (2.0 + 1.2%), respectively. The ozone enhancements for Yarmouth,
and Sable Island (downwind sites) were 2.2 + 0.5 DU (4.7 £+ 1.1%) and
1.3 £ 0.5 DU (2.8 &+ 1.0%), respectively.

Two large fire events occurred during the summer of 2008 (Fig. 2).
One was caused by large fires in Saskatchewan in central Canada and the
other was in the western and midwestern U.S. Ozone profiles from 16
sites were used to calculate average fire ozone amounts during June to
August 2008. The DBT method finds that fire ozone significantly
contributed to the TTOC of 6 sites during 2008.

Trinidad Head was the closest to the U.S. fires in 2008. Fire ozone
accounted for 1.5 + 0.4 DU (4.2 4 0.8%) of TTOC at this station. Bratt’s
Lake was also nearby large fires in Canada. The ozone enhancement for
Bratt’s Lake was 0.8 + 0.5 DU (2.2 + 1.3%). Narragansett, Yarmouth,
Goose Bay, and Sable Island were also significantly affected by fires. Fire
ozone contribution in the TTOC was computed, respectively, as 2.0 +
0.8 DU (4.4 + 1.8%), 2.0 + 0.5 DU (4.3 + 1.0%), 1.9 £ 0.4 DU (5.2 +
1.0%) and 4.0 + 0.6 DU (8.3 £ 1.3%) for these sites. Large Canadian
fires in 2008 took place near to five Canadian sites: Yellowknife,
Whitehorse, Churchill, Kelowna and Stony Plain. Although these sites
show some enhancement in the 0-5 km (above ground) ozone columns,
TTOCs were not significantly enhanced.

2010 was an exceptional year in terms of total area burned by Ca-
nadian boreal fires (Fig. 3). Large fire events were recorded in North
Central and Western Canada (Fig. 2). Ozonesonde data are available at
13 regular sites, plus Walsingham, Montreal and Narragansett. Of the
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Fig. 5. (Top) back-trajectories for the layers between 5 and 6 km indicate the
possibility of stratospheric intrusions. (middle) Tropopause height retrieved
from NCEP/NCAR reanalysis data (Kalnay et al., 1996). (bottom) Identification
of a suspected stratospheric intrusion by algorithm described in text. Ozone and
relative humidity profiles of July 26, 2010 at Sable Island. The portion of the
profile shown in red in the left-hand plot is excluded from further calculations.
Other ozone peaks, indicated by red dots in the right-hand plot, are either not
large enough, or not associated with large negative changes in relative hu-
midity, and so are not excluded. (For interpretation of the references to color in
Ehis figure legend, the reader is referred to the Web version of this article.)

sites close to the fires, Bratt’s Lake was significantly affected with ozone
enhancement of 1.8 £+ 0.5 DU (4.8 + 1.3%). Fire ozone accounted for
1.4+£0.4DU (3.1 £0.9%), 3.6 = 0.9DU (8.1 + 2.1%), 2.1 + 0.4 DU (4.4
+ 1.0%), 0.6 + 0.4 DU (1.6 + 1.0%) and 0.8 + 0.4 DU (1.6 + 0.9%) of
the TTOC at the downwind sites: Egbert, Narragansett, Yarmouth, Goose
Bay, and Sable Island, respectively.

The number of fires in 2011 was about 4200 which is about half of
the long-term average of 8000 fires in Canada (Fig. 3). The ozone pro-
files collected by 11 Canadian sites, plus Summit and Trinidad Head
were used to calculate the influence of fires on tropospheric ozone at
downwind sites. Only two sites were significantly affected by fires,
Egbert where 2.0 + 0.4 DU (4.4 + 0.9%) ozone enhancement was
detected, and Yarmouth with 1.8 + 0.4 DU (3.8 & 0.8%) fire ozone
contribution in the TTOC. Ozone in the 0-5 km column was also
enhanced at the Churchill and Stony Plain sites. Surprisingly, the anal-
ysis shows that Sable Island was negatively affected by fires in 2011.
Although apparent ozone destruction in boreal fire plumes has been
reported previously (Real et al., 2007; Verma et al., 2009), this is likely
an indication of the magnitude of possible error in this statistical
method. Generally, the DBT method finds that downwind sites were
more affected by fires than the sites nearer to the large fires indicating
the transport of ozone and/or its precursors from fire locations to
downwind locations.

3.2. Validation and sensitivity tests of the DBT method

Several variations or refinements of the DBT method are possible,
and these can be used to test the sensitivity of the method to variations of
the parameters used to classify trajectories.

3.2.1. Fire plume injection height

The foregoing analysis treats all trajectories that pass over a grid box
containing one or more MODIS fire counts as “fire-affected”. This is
clearly a weak assumption, as fire plume height and the altitude range
influenced are highly variable, depending on fire size and intensity and
also on atmospheric conditions (Freitas et al., 2007; Kahn et al., 2008;
Labonne, 2007). Different approaches have been used to develop algo-
rithms and models to determine the appropriate injection heights for
biomass burning emissions (Freitas et al., 2007; Kaiser et al., 2012;
Paugam et al., 2016; Sofiev et al., 2012), but no general formula has
emerged. Studies show that fire plumes are likely able to reach 10 km
altitude or even into the lower stratosphere depending on fire radiative
power (FRP) and fire size (Freitas et al., 2007). For this modified
calculation, it is assumed that larger fires provide higher injection
heights. The size of fires is determined by counting the fire hotspots in
each 1 x 1° grid box over 24 h. Table 4 shows the assumed smoke plume
height for a given MODIS fire count. In this calculation, both altitude
and fire count are considered to identify the fire-affected parcels. For
example, if the back-trajectory corresponding to a parcel passes through
al x 1-degree grid box containing 1-10 fire counts that parcel only is
identified as fire-affected if its altitude is 0-2 km; otherwise it is
excluded from the analysis. As before, the remaining parcels are clas-
sified as background or fire-unaffected. After applying assumed fire
plume injection heights into the DBT method, the contribution of fire
ozone to TTOC is calculated. Fig. S1 shows the results for Yarmouth
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Yarmouth, STN 458, Lat 43.87, Lon -66.1, Jun-Aug 2010, Fire Count 1
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Fig. 6. Example of results from the Differential back trajectory (DBT) method, for Yarmouth, NS. (a, b): average ozone and humidity for fire-affected (Fire, red) and
non-affected (Base, blue) parcels. The error bars equal 2 standard errors (SE). (c): average difference between fire-affected and non-affected parcels. Total Tropo-
spheric Ozone Column (TTOC) calculated from non-affected parcels (Base) is also depicted in DU along with the percentage difference (Diff). (d): number of fire
affected (red) parcels during summer 2010 and number of non-affected (blue) parcels over four years (2006, 2008, 2010, and 2011). (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 7. Average total tropospheric ozone over 2006, 2008, 2010 and 2011
expressed in DU calculated from fire-unaffected parcels. Error bars indicate 2
SE. Arctic and northern latitude sites (first 7 sites starting by Alert) are ordered
by latitude. The rest (starting by Trinidad) are ordered by longitude from West
(nearby sites) to East (downwind sites).

station for 2010 season the same as Fig. 6 but taking into account the fire
plume heights inferred from Table 4.

The average ozone enhancements in TTOC over four years are dis-
played in Fig. 10. The imposition of an injection height criterion reduces

Total Ozone Column [DU]
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Fig. 8. Average enhancement in total tropospheric ozone column due to fire
activity at different sites over 2006, 2008, 2010, and 2011. Error bars indicate 2
SE. Sites ordered as in Fig. 7.

the number of fire-affected parcels by about 2/3, so the error bars are
much larger, but the results are more uniformly positive compared to
those in Fig. 8. The calculated contributions of fire ozone to TTOC are
still positive and significant for most of the sites. On average, the lowest
significant enhancement in TTOC was at Sable Island with 0.5 + 0.5 DU
(1.1%) and the largest occurred over Yarmouth with 1.2 + 0.4 DU
(2.6%) followed by Narragansett and Montreal with 1.0 & 0.8 DU. Seven
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in DU. Error bars indicate 2 SE. Sites ordered as in Fig. 7.

sites — Trinidad Head, Walsingham, Egbert, Montreal, Narragansett,
Yarmouth, and Sable Island — were significantly affected by fires. The
enhancements over the sites nearer the largest fire activity, such as
Bratt’s Lake, Stony Plain, and Kelowna are positive but not statistically
significant at the 2c level. As in the previous analysis, none of the Arctic
sites was affected significantly, but here the effects are more uniformly
positive. Fig. 11 shows the ozone enhancements in TTOC and 0-5 km
over each site in 2006, 2008, 2010, and 2011. Comparing to Fig. 9, the
imposition of an assumed smoke plume height influenced Sable Island
the most by reducing the fire ozone contribution in 2008 from 4.0 + 0.6
DU (8.3%) to 1.5 £ 0.5 DU (3.1%), but also reducing to non-significance
the negative fire contribution in 2011. The injection height criterion
lowers the positive ozone enhancements by 0.2-2.6 DU over other sites,

while mostly removing the negative values in Fig. 9.

3.2.2. Possible regional bias in the origin of air parcels

The initial O3 concentration of air masses could be a source of error
in the DBT method. For instance, if many of the fire-affected parcels
come from areas with higher background ozone levels (e.g. the southern
US), while more fire-unaffected parcels originate from areas with low
levels of background ozone, the results could show a difference that is
not necessarily related to fire activity. To investigate the contribution of
different areas to fire ozone enhancements six geographical regions were
defined to tag the parcels based on their origins: Arctic (ARC); North-
west America (NW); Central Canada (CCA); East Canada (ECA); East US
(EUS); Southeast US (SEUS); West US (WUS); Southwest America (SW)
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Table 3
Ozone enhancement at 0-5 km and total tropospheric ozone column (TTOC) in % at individual site. Uncertainties are 2 standard error.
STN/Year 2006 2008 2010 2011
0-5 km TTOC 0-5 km TTOC 0-5 km TTOC 0-5 km TTOC
Alert 0.3+0.6 0.7 + 1.2 —-0.1 + 0.6 -0.1+1.1 0.0 + 0.6 —-0.2+1.2 0.1 + 0.6 0.3+1.2
Eureka —-0.2 + 0.5 -1.2+1.2 0.0 +£ 0.6 -09+1.1 0.0 + 0.5 —-0.2+1.2 0.0 + 0.5 0.3+1.2
Resolute - - —-0.8 +£ 0.9 -16+14 —-0.1+1.2 -14+1.5 0.0+1.2 —0.6 £1.6
Summit —-0.4+0.5 -1.6+15 0.0 £ 0.5 0.0+1.2 —-0.1 £ 0.6 0.0+1.3 0.0 £ 0.5 01+1.2
Yellowknife - - 1.4+ 0.6 0.5+ 0.8 - - -
Whitehorse - - -0.1+1.0 -0.3+15 - - - -
Churchill 1.3+ 0.5 -19+11 1.4+ 0.6 11+1.1 0.2+ 0.6 —-0.6 +1.3 1.7 £ 1.0 -09+17
Trinidad Head 3.3+ 0.5 4.1+ 0.6 3.2+0.7 4.2+ 0.8 0.1 +0.6 09+1.0 0.6 + 0.7 0.8+1.1
Kelowna 1.5+ 0.3 —-0.6 +£1.1 0.7 £0.3 0.0+1.3 0.2+ 0.2 05+14 —-0.7 £ 0.4 -1.6 £1.5
Stony Plain 1.2+ 0.6 0.2+1.7 0.4+04 0.1 +£1.0 —-0.7 £ 0.7 -2.7+1.8 1.5+ 0.6 11+1.4
Bratt’s Lake 4.3+04 20+1.2 0.4 +0.5 22+13 1.5+ 0.4 48 +1.3 0.0 £ 0.6 -1.6 £1.0
Walsingham 2.2+0.8 0.3+1.2 - - 3.9+0.8 1.1+28 - -
Egbert —-0.1 £0.6 —-0.3+1.0 —-0.2+ 0.6 0.0 £ 1.0 20+ 0.5 3.1+0.9 2.7 +0.6 44+09
CSA-Montreal - - - - 1.2 +0.7 1.3+1.2 - -
Narragansett 1.3+0.7 1.3+1.3 3.4+13 4.4+1.8 27+1.1 81+21 - -
Yarmouth 3.3+0.7 47 +1.1 6.2+ 0.6 43+1.0 3.0+04 44+1.0 2.7 +0.5 3.8+0.8
Goose Bay -0.2+0.5 -0.3+1.1 3.6 £ 0.6 52+1.0 0.9 +0.3 1.6 +1.0 —-0.2+0.2 —-1.5+0.6
Sable Island 24 +£0.5 28 +1.0 5.3+0.8 83+13 1.3+ 0.5 1.6 £ 0.9 -1.2+0.7 —4.7 +1.2
Table 4 2011. The top of the panel illustrates the number of the fire-affected
able

MODIS fire count and corresponding smoke plume height.
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Fig. 10. Average enhancement in total tropospheric ozone column at different
sites over 2006, 2008, 2010, and 2011 taking into account the fire plume in-
jection height inferred from Table 4. Error bars indicate 2 SE.

(Fig. S2). The regions were selected based on similarities in ozone
climatology and also the record of forest fires. Fig. S3 shows the average
total tropospheric column ozone for summer time 2000 to 2009
retrieved from the TOST (Trajectory-mapped Ozonesonde dataset for
the Stratosphere and Troposphere) dataset (G. Liu et al., 2013; J. Liu
et al., 2013). Regional averages are also shown in the lower left of the
figure. As can be seen, there are higher ozone levels over the southern US
and Mexico compared to other areas of North America. This is a po-
tential source of error: if a relatively larger number of fire-affected
parcels originate in these areas while more background parcels come
from lower-ozone areas, a misleading positive signal may be seen at
some sites.

Fig. S4 shows the origin of fire-affected parcels for Yarmouth in

parcels for each year. The number of unaffected parcels is also shown
in the last column of the top panel (baseline). The rest of the six pie chart
rows show the percentage contribution of each region in total number of
parcels for six 24-h periods prior to the ozonesonde lunch time (From 24
h at the top to 144 h at the bottom before the launch time). In the first 24
h, as is expected, the majority of the parcels are in the region of the site
location (EUS) and nearby area (ECA). From the second time interval,
the contribution of the Central Canada pixels (denoted by an orange
color) starts to show an increase for the both fire-affected and unaffected
parcels. Evidently, nearly half of the fire-affected and unaffected parcels
originated from Central and Eastern Canada 96 h (4 days) before the
measurements.

As a sensitivity test, only the parcels originating from Central Canada
were considered to calculate the ozone enhancements at downwind
sites. Fig. S5 shows the contribution of each region in the number of fire-
affected and unaffected parcels after setting this criterion. It can be seen
that only parcels that have been in the CCA region (orange color) 72 h
before the launch time are used for calculations. Although this criterion
excludes about half of the parcels, the results still show significant
positive signals for downwind sites and also for the sites closer to large
fire activity. Fig. S6 depicts the ozone enhancements in TTOC and the
0-5 km column at different sites in 2006, 2008, 2010, and 2011,
considering only air parcels from the CCA region.

In an additional sensitivity test, all trajectories that pass 40°N lati-
tude were removed from the calculations to eliminate the influence of
high ozone amounts from the southern US and Mexico. This condition
also reduced the number of parcels but minimally affected the outcomes.

A third sensitivity test was conducted using the HYSPLIT clustering
tool (See Text S1). Like the previous tests, this showed some variation
due the removal of a large portion of the air parcels, and the consequent
increase in statistical uncertainty with the smaller sample size. However,
the overall results (Fig. 12) are again similar to those in Section 3.1.

In summary, while the possibility of bias in the initial ozone con-
centration of air masses is a concern for the DBT method, it has no
measureable effect on the results we present here. This is because most
trajectories over the area of study originate in Canada, with similar
background ozone concentrations, and the subset that originate in areas
with higher background ozone levels are apparently not over-
represented in the fire-affected category.

4. Summary and conclusions

Using more than 1100 ozone profiles collected at 18 ozone sounding
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Fig. 11. As Fig. 9 but taking into account the fire plume heights inferred from Table 4. Error bars indicate 2 SE.

sites located across Canada and the U.S., in regular sampling and
through a number of campaigns in June to August 2006, 2008, 2010 and
2011, this study examines the fire-generated ozone budget in total
tropospheric ozone column using HYSPLIT back trajectories. The DBT
method is suitable for evaluating the contribution of fire ozone to the
tropospheric ozone budget as it uses a network of observing sites at fixed
locations across northern North America and so the data (unlike typical
aircraft observations) are not selectively sampled for proximity to fires
or fire plumes. No significant influence on average ozone levels by North
American fires was found for stations located at Arctic latitudes. This
may be in large part because we considered only fire sources in North
America (Section 2.6). Sources in Eurasia are likely to have an important
impact on Arctic sites and should be considered in a more comprehen-
sive study. Sites nearer to the larger fires show less fire ozone, in general,
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than sites further away (and downwind). The ozone enhancement for
stations near large fires, such as Trinidad Head, Bratt’s Lake, Kelowna
and Stony Plain was up to 4.8% of the TTOC, while fire ozone accounted
for up 8.3% of TTOC at downwind sites such as Sable Island, Yarmouth,
Narragansett and Walsingham. Our results are therefore consistent with
analyses that report an increase in ozone production with the age of the
plume (e.g. Baylon et al., 2015; Busilacchio et al., 2016; Jaffe and
Wigder, 2012; Parrington et al., 2013; Real et al., 2007; Teakles et al.,
2016; Val Martin et al., 2006; Wigder et al., 2013; Wotawa and Trainer,
2000). These report peak enhancements from 4 to 44 ppbv, with a
typical range of 10-20 ppbv, in a variety of plumes aged 5-10 days (with
some as old as 15 days). A few studies estimate average enhancements,
of up to 13 ppb over the month of August at a mountaintop site (Mac-
Donald et al., 2011), and 7-9% of TTOC (~3 DU) in July 2004 (Pfister
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Fig. 12. As Fig. 11 (i.e. fire plume heights have been considered) after removing the profile clusters originating from the southern US.

et al., 2006). The latter studies are easily compared with our results (e.g.
Fig. 6¢; Fig. 9). We find that over the four-year average, nine sites —
Trinidad Head, Bratt’s Lake, Walsingham, Egbert, Montreal, Narragan-
sett, Yarmouth, Goose Bay and Sable Island — were significantly influ-
enced by fire ozone. However, we note that the DBT method likely
produces an underestimate of ozone production by fires, due to trajec-
tory errors.

Several additional calculations were made to examine the sensitivity
of the results to potential biases in input parameters. These included
assuming a fire plume height based on fire intensity, and examining
differences in background ozone owing to possible biases in the
geographic origin of trajectories. The latter calculations included (1)
eliminating trajectories that cross certain latitudes (e.g. 40°N or 50°N),
(2) a HYSPLIT cluster analysis that eliminated clusters of trajectories
that originate in the higher ozone regions of the US, and (3) considering
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only parcels that originate in central Canada, a defined region of rela-
tively uniform background ozone. These sensitivity tests indicate that
our results are robust with respect to these input criteria, producing
similar results, within statistical uncertainty, in each case. However, the
criteria chosen for these tests significantly reduced the number of tra-
jectories available for analysis, increasing the statistical uncertainty. We
therefore consider the results of the unrestricted DBT method, in Section
3.1, to be the most reliable.

While the uncertainties related to trajectory errors affect the deter-
mination of absolute amounts of fire-generated ozone, producing, as we
have noted, a likely underestimate of ozone production by fires, this will
be much less of a problem for determining relative amounts, and trends
with time. The DBT method could be extended to the entire Canadian
fire and ozone profile record using more than 50 years of ozonesonde
and fire data collected from sites across Canada to better quantify the



O. Moeini et al.

impact of wildfires on tropospheric ozone, including a half-century of
changes with time.

Data availability

Ozonesonde data including the IONS and BORTAS campaign data are
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