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Significant enhancements of nitrogen oxides, black
carbon, and ozone in the North Atlantic lower free
troposphere resulting from North American boreal
wildfires
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[1] Extensive wildfires burned in northern North America during summer 2004,
releasing large amounts of trace gases and aerosols into the atmosphere. Emissions
from these wildfires frequently impacted the PICO-NARE station, a mountaintop site
situated 6—15 days downwind from the fires in the Azores Islands. To assess the
impacts of the boreal wildfire emissions on the levels of aerosol black carbon (BC),
nitrogen oxides and Oz downwind from North America, we analyzed measurements of
CO, BC, total reactive nitrogen oxides (NO,), NO, (NO + NO,) and O3 made from
June to September 2004 in combination with MOZART chemical transport model
simulations. Long-range transport of boreal wildfire emissions resulted in large
enhancements of CO, BC, NO, and NO,, with levels up to 250 ppbv, 665 ng m3,
1100 pptv and 135 pptv, respectively. Enhancement ratios relative to CO were variable
in the plumes sampled, most likely because of variations in wildfire emissions and
removal processes during transport. Analyses of ABC/ACO, ANO,/ACO and ANO,/ACO
ratios indicate that NO,, and BC were on average efficiently exported in these plumes and
suggest that decomposition of PAN to NO, was a significant source of NO,. High levels of
NO, suggest continuing formation of O5 in these well-aged plumes. O5 levels were also
significantly enhanced in the plumes, reaching up to 75 ppbv. Analysis of AO3/ACO ratios
showed distinct behaviors of O3 in the plumes, which varied from significant to lower O;
production. We identify several potential reasons for the complex effects of boreal wildfire
emissions on Oz and conclude that this behavior needs to be explored further in the future.
These observations demonstrate that boreal wildfire emissions significantly contributed to
the NO, and O5 budgets in the central North Atlantic lower free troposphere during summer

2004 and imply large-scale impacts on direct radiative forcing of the atmosphere and on

tropospheric NO,. and Os.
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1. Introduction

[2] Boreal wildfires are large sources of reactive trace
gases and aerosols in the atmosphere [e.g., Goode et al.,
2000; Andreae and Merlet, 2001]. The large amounts of
trace gases and aerosols emitted by boreal forest fires are
subject to long-range transport, with the potential to affect air
quality on regional to global scales. Boreal wildfire plumes
have been detected over continental [Wotawa and Trainer,
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2000], intercontinental [Forster et al., 2001; Honrath et al.,
2004], and even hemispheric [Damoah et al., 2004] dis-
tances. It is recognized that boreal wildfires play an impor-
tant role in the magnitude and interannual variability of
tropospheric background CO in the Northern Hemisphere
[e.g., Novelli et al., 2003; Edwards et al., 2004; Kasischke
et al., 2005]. Recent studies have also shown increased
mean background summertime O3 over northwestern North
America [Jaffe et al., 2004], the central North Atlantic
[Lapina et al., 2006] and Europe [Simmonds et al., 2005]
associated with fire emissions transport. This indicates that
boreal wildfires may also impact background Os.

[3] Ozone plays an important role in the chemistry of the
atmosphere since it is estimated to be the third most
important greenhouse gas [Houghton et al., 2001], and is
the primary source of tropospheric hydroxyl radical. In
addition, O5 has negative impacts on ecosystems and human
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health. Typically, tropospheric O3 production in the Northern
Hemisphere is driven by anthropogenic emissions. However,
boreal wildfires are an important source of CO, NO, and
nonmethane hydrocarbons (NMHC), resulting in the poten-
tial for significant formation of O; during the boreal fire
season. Large-scale impacts of boreal fire emissions on
tropospheric O3 can occur as a result of dispersion of O3
formed in boreal wildfire plumes. Alternatively, impacts on
CO, NO, and NMHCs in the remote atmosphere could
also lead to impacts on the O3 budget over a large region.

[4] The magnitude of the resulting impact of boreal
wildfire emissions on tropospheric ozone is not yet well
quantified. Prior observations in boreal wildfire plumes
indicate O3 enhancements that range from very low in fresh
plumes [e.g., Goode et al., 2000; Tanimoto et al., 2000] to
low in moderately aged plumes [e.g., Wofsy et al., 1992;
Mauzerall et al., 1996] to high in well-aged plumes [e.g.,
Honrath et al., 2004; Bertschi and Jaffe, 2005]. Boreal
wildfire emissions have a large degree of variability, and are
a function of fuel type (e.g., peat fires versus crown fires)
and/or burning conditions (e.g., smoldering versus flaming)
[Goode et al., 2000; Kasischke et al., 2005]. This causes
uncertainty and variability in the emissions of NO,, a
critical compound that controls O; production rate.

[5] Measurements of a number of reactive nitrogen species
over the North American boreal region were made during the
ABLE3A and ABLE3B campaigns. These studies showed
that the reactive nitrogen distribution over this region was
significantly affected by boreal wildfire emissions [e.g.,
Sandholm et al., 1992; Singh et al., 1994]. However, the
photochemical O; production resulting from boreal wildfire
NO, emissions was concluded to be a negligible source of
O; over this region [Jacob et al., 1992; Mauzerall et al.,
1996], because of a combination of low NO, emissions and
low estimated total fire magnitude. However, these studies
suggested that dispersion of PAN produced in the fire
plumes may provide a major source of NO,, particularly
in warmer layers of the troposphere at low altitude [Jacob et
al., 1992; Singh et al., 1994], and hence could contribute to
O; production far downwind from the fires. Consistent with
this expectation, DeBell et al. [2004] reported significant
enhancements of NO,, and Oj at several surface sites over
the eastern United States resulting from a Quebec boreal
wildfire plume in July 2002. However, most of these
measurements were made in the boundary layer, and loss
of NO,, and O; by surface deposition may have obscured the
true magnitude of the fire plume aloft.

[6] In addition to trace gases, boreal wildfires emit large
amounts of aerosol black carbon (BC), on average about 10%
of the annual anthropogenic BC emissions in the Northern
Hemisphere [Bond et al., 2004]. Recently, it has been shown
that BC emissions from boreal wildfires and anthropogenic
sources can be efficiently transported to remote regions, such
as the Arctic [Stohl et al., 2006] and the northwestern Pacific
region [Park et al., 2005]. BC emissions are a significant
factor in climate change because of their absorption of light in
the atmosphere [Hansen et al., 2000; Bond and Sun, 2005].
Therefore the export of BC far downwind from the source
emissions may contribute to the radiative forcing of the
atmosphere, and thereby affect climate.

[7] During summer 2004, extensive wildfires burned in
Alaska (the largest area on record) and western Canada,
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releasing large amounts of trace gases and aerosols into the
atmosphere. For instance, CO emitted from mid-June to
August was on the order of the anthropogenic CO emissions
for the entire continental United States during that same
time period [Pfister et al., 2005; S. Turquety et al., Inven-
tory of boreal fire emissions for North America in 2004:
The importance of peat burning and pyroconvective injec-
tion, submitted to Journal of Geophysical Research, 2006,
hereinafter referred to as Turquety et al., submitted manu-
script, 2006]. Intense plumes of these boreal wildfires were
observed over large regions of North America and Europe
by research aircraft [Flocke et al., 2005; de Gouw et al.,
2006; E. Real et al., Processes influencing ozone levels in
Alaskan forest fires plumes during long-range transport over
the North Atlantic, submitted to Journal of Geophysical
Research, 2006, hereinafter referred to as Real et al.,
submitted manuscript, 2006] and at several sites over the
Arctic [Stohl et al., 2006] during the International Consor-
tium for Atmospheric Research on Transport and Transfor-
mation (ICARTT) study [Fehsenfeld et al., 2006].

[8] In this paper, we present measurements of the com-
position of highly aged plumes from these fires sampled in
the North Atlantic lower free troposphere (FT), using
measurements at the PICO-NARE station. Measurements
of CO, BC, NO,, NO, and O3 made from June to early
September 2004 are analyzed to assess the impact of boreal
wildfires on levels of acrosol BC and nitrogen oxides (NO,
and NO,) over the central North Atlantic lower FT, to
characterize the associated enhancements of O; in highly
aged plumes, and to determine the resulting implications of
the North American boreal wildfires for the regional and
hemispheric NO, and O; budgets.

2. Experimental Methods
2.1. PICO-NARE Station

[9] Observations of CO, BC, NO,, NO, and O3 were made
at the PICO-NARE observatory from June to September
2004. The PICO-NARE station is situated on the summit
caldera of the inactive volcano Pico (altitude 2.2 km) in
the Azores Islands, Portugal (38° N, 28°W). The Azores
are frequently impacted by airflow from high latitudes,
which can transport emissions from boreal wildfires in
Canada, Alaska and Siberia, and bring them to the Azores
6 to 15 days later. The station is located in the lower FT
since marine boundary layer heights in this region are
typically less than 1 km during the summer. Upslope flow
can transport air from lower altitudes to the mountaintop,
including occasionally from the boundary layer. However,
a detailed assessment of the impact of upslope flow to the
station found that upslope flow affects the PICO-NARE
station much less than it does many other mountain
observatories, and on many summer days tropospheric air
is sampled throughout the day [Kleiss! et al., 2006]. From
June to September 2004, less than 25% of the time
presented the meteorological conditions necessary for an
air mass from below the mountain to reach the summit,
i.e., weak synoptic winds and strong insolation for buoyant
driven lifting or strong synoptic winds for mechanically
driven lifting. Periods potentially affected by upslope flow
were identified as described by Kleiss! et al. [2006] and
removed from the analysis. None of the periods discussed
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in detail below contain data affected by upslope flow.
Further details on the PICO-NARE station and the occur-
rence of upslope flow to the station are presented else-
where [Honrath et al., 2004; Kleissl et al., 2006].

2.2. Measurements

2.2.1. Nitrogen Oxides

[10] NO, NO,, and NO,, were determined by an automated
NO,,, system developed at Michigan Technological Univer-
sity. This NO, , system is an improved version of the
instrument previously described by Peterson and Honrath
[1999]. NO, NO,, and NO, were determined using estab-
lished techniques: NO detection by O; chemiluminescence
[Ridley and Grahek, 1990], NO, by conversion to NO via
ultraviolet photodissociation [Kley and McFarland, 1980;
Parrish et al., 1990], and NO, by Au-catalyzed reduction to
NO in the presence of CO [Bollinger et al., 1983; Fahey et
al., 1985]. The NO,,, system was operated on an automated
cycle, which included twice daily NIST-traceable calibration
with NO and NO,, regular measurements of NO and NO,
(twice per week) and NO,, (once per week) artifacts in zero
air, and determination of the NO, conversion efficiency in
ambient air of two NO, compounds (i-propyl nitrate and
HNO3) and one non-NO,, compound (CH3;CN). Measure-
ments were recorded as 30-s averages (NO and NO,) and
20-s averages (NO,) every 10 min, and were further
averaged to obtain the 30-min averages used in this work.
Ambient NO, was determined by subtracting the signal due
to ambient NO from the NO, instrument signal, and further
multiplying this term by the NO, sensitivity [Gao et al.,
1994]. NO, was calculated as the sum of the 30-s average
measurements of NO and NO, during a single measurement
cycle.

[11] Total uncertainty of the NO, NO, and NO,, measure-
ments at low mixing ratios resulted from measurement
precision and uncertainty in the instrument artifact correc-
tion, while measurement accuracy was the primary source
of uncertainty at higher levels. The precision of individual
measurements was mainly attributable to counting noise,
which resulted from photon counting statistics. Excluding
periods with high ambient variability, the precision (2-0) of
the 30-min averages was less than 6 pptv (median 5 pptv)
for NO, less than 13 pptv (median 10 pptv) for NO,, less
than 14 pptv (median 10 pptv) for NO,, and less than 9 pptv
(median 6 pptv) for NO,. Potential bias resulting from
uncertainty in the artifact correction was estimated to be
less than 2 pptv for NO, 4 pptv for NO,, 4 pptv for NO, and
2 pptv for NO,. Measurement accuracy was estimated to be
4% on the basis of total uncertainty of the sample and
calibration mass flow controllers and the NO standard
calibration gas mixing ratio.

[12] Accuracy of the NO, measurements also depends on
the effective conversion of NO,, compounds and the lack of
significant conversion of non-NO, compounds [Fahey et
al., 1985; Kliner et al., 1997; Kondo et al., 1997], in
addition to the accurate determination of the resulting NO.
On the basis of results from standard addition tests and
regular calibrations, the observed NO,, included 92—100%
of the actual NO, level (typically 97—100%), with similar
values expected for PAN [Fahey et al., 1985], 70—100% of
the actual HNOj level, and 80—100% of the actual i-propyl
nitrate. Measurements of NO,, presented in this work were
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corrected for nonunity NO, conversion by using the NO,
conversion efficiencies measured at the system. A maxi-
mum correction of 8% was applied, and mainly affected the
NO,, observations made from mid-July to mid-August
when a degraded NO,, converter lowered the NO, conver-
sion efficiency to 92—-95%. A manual wet cleaning proce-
dure was implemented in mid-August, and the NO,
conversion efficiency was restored back to the expected
value of 97-100%. In addition to the incomplete conver-
sion of the NO, species, this type of NO,, converter may
overestimate true NO,, levels [Fahey et al., 1985; Kliner et
al., 1997]. However, that was not a problem during this
study. Interference from reduced nitrogen species (such as
NH,4, HCN, and CH5;CN) was found to be always less than
0.3% during regular (twice daily) testing using standard
addition of CH3CN, a potential NO,, interferant present in
biomass-burning plumes [de Gouw et al., 2003]. This level
of CH3CN conversion in our system did not significantly
contribute to the observations of NO, gathered during
boreal wildfire plumes: using the maximum enhancement
of CH3CN relative to CO (3.52 pptv CH;CN/ppbv CO) in
the boreal fire plumes intercepted by the NOAA WP-3
research aircraft during summer 2004 [de Gouw et al.,
2006], we estimate that the maximum impact of CH;CN
on the NO,/CO enhancement ratios presented below is
0.01 pptv/ppbv CO, less than 0.2% of the lowest NO,/CO
enhancement ratio reported below.

[13] Observations of nitrogen oxides made during periods
with near-calm winds and high ambient variability were also
excluded from the analysis. This was done for two reasons.
First, calm winds may lead to the removal of HNOs by
deposition on the mountain surface. Therefore observations
of NO, during these periods may not be representative of
the actual upwind NO,, levels. Second, unexpected spikes in
ambient NO, and NO, were sometimes observed during
low-wind periods (usually wind speeds less than 3 m/s),
suggesting that a local source may have perturbed the
measurements. On the basis of analysis of air sampled
directly at several volcano vents (with NO, reaching 1 to
8 ppbv), we deduce that volcanic emanations were the cause
of the observed spikes. Therefore, to ensure that all the NO,
and NO, observations were representative of free tropo-
spheric air, we excluded (1) measurements made during low
to calm winds (wind speed < 1 m/s), to avoid including NO,,
observations with potential HNO; removed on the mountain
surface, and (2) measurements with high ambient variability,
to avoid including nitrogen oxides resulting from volcanic
emissions. For this purpose, periods with high ambient
variability were defined as those when the 30-min NO,
standard error was above 10 pptv or the 30-min NO,
standard error exceeded 10 pptv + 0.25([NO,]—-90), where
the second term was included to allow increased variability
during periods of high NO,. The wind speed criterion
removed 7% of the measurements during the study
period, and the ambient variability screen removed an
additional 23%.

2.2.2. CO and O;

[14] CO was measured by a nondispersive infrared
(NDIR) photometer (Thermo Environmental, Inc. (TEI),
Model 48C-TL), modified as described by Parrish et al.
[1994] and calibrated daily with a CO calibration gas
referenced to the NOAA Global Monitoring Division
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standard. The instrument alternated between two minutes of
zero measurement and two minutes of ambient measure-
ment; the first minute of each mode was discarded to ensure
equilibration. O3 was measured with a commercial ultravi-
olet absorption instrument (Thermo Environmental, Inc.,
Model 49C). The stability of the zero reading and the
absence of O3 loss in the inlet and line were confirmed on
a daily basis. CO and O5 data were recorded as one minute
averages, and were further averaged to obtain the 30 minute
averages used in this work. CO measurement uncertainty
(2-0) was estimated to be 7% on the basis of total
uncertainty of the sample and calibration mass flow con-
trollers and the CO calibration standard mixing ratio. The
30-min averages used in this work averaged seven to eight
1-min average points, and had a precision (2-0) of 9 ppbv
from June to mid-July, and 4 ppbv after mid-July. O3
measurement precision (2-0) was usually less than 1 ppbyv,
on the basis of the standard deviation of the thirty 1-min
measurements included in each 30-min average. More
details on the CO and O; instruments are presented by
Owen et al. [2006] and Honrath et al. [2004].
2.2.3. Aerosol Black Carbon

[15] Measurements of aerosol light absorption at seven
wavelengths (0.37, 0.47, 0.52, 0.59, 0.66, 0.88 and 0.95 pum)
were conducted using an aethalometer (Magee Scientific,
Model AE31). Briefly, this instrument determines the atten-
uation of light at these wavelengths transmitted through
particles accumulated on a quartz filter, relative to a clean
spot on the same filter. The change in attenuation as a
function of time is used to determined the light absorption
coefficient (0 e0501)- The T 4er0s01 @S @ function of wavelength
is analyzed to identify the presence of non-BC absorbing
compounds [Fialho et al., 2005] (none were significant
during the period discussed here) and converted to equiva-
lent BC using the calibration constant recommended by the
manufacturer (14.6 m m?> g~ '). The equivalent BC values
are referred to here as BC. The detection limit of the
acthalometer depends mainly on the stability of the optics,
filter spot area errors, flow rate uncertainties and time error,
and was estimated to be 25 ng m > (2-0) for the integration
period of one hour. More details on the aethalometer used in
this study and the approach used to determine the BC
concentrations are presented elsewhere [Fialho et al., 2005].

2.3. Model Simulations and Transport Analysis

[16] To identify periods apparently impacted by upwind
boreal wildfire emissions, we examined CO mixing ratios
simulated at the PICO-NARE station by the Model for
OZone and Related Chemical Tracers (MOZART) global
chemical transport model [Horowitz et al., 2003]. MOZART
simulations were driven by 6-hourly meteorological fields
from the National Centers for Environmental Predictions
(NCEP) National Center for Atmospheric Research reanal-
ysis. The spatial resolution of the model is ~2.8° x 2.8°
with 28 levels between the surface to 2 hPa. The chemical
time step of the model is 20 minutes. Emissions of CO from
the 2004 North American boreal wildfires were optimized
to match MOPITT CO observations using an inverse
modeling technique [Pfister et al., 2005]. Boreal wildfire
CO emissions were injected uniformly from 0 to 9 km.
MOZART simulations used in this work are mixing ratios
averaged over 2-hour intervals and interpolated to the
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pressure and location of the PICO-NARE observatory
[Pfister et al., 2006]. To assess the magnitude of fire impact
at the PICO-NARE station, we used the MOZART-simulated
ratio of CO fire tracer (CO emitted from North American
boreal wildfires) to total CO mixing ratio (i.e., [CO]p./
[CO]Jsor) interpolated to the measurement times (hereinafter
termed the “MOZART fire-CO fraction”).

[17] A second MOZART tracer was used for U.S.
anthropogenic CO emissions to evaluate the contribution
of anthropogenic emissions during the fire-impacted obser-
vations. For this purpose, we used the MOZART-simulated
ratio of U.S. anthropogenic CO tracer to total CO mixing
ratio at the PICO-NARE station (i.e., [CO].0/[COlsorar)
interpolated to the 30-min average field observations
(hereinafter termed the “MOZART anthro-CO fraction”).

[18] To complement field observations and MOZART
simulations, we used backward trajectories analysis. We
calculated backward trajectories with the Hybrid Single-
Particle Lagrangian Integrated Trajectories (HYSPLIT-4)
model [Draxler and Rolph, 2003]. This model uses 6-hourly
data from the NCEP global FNL meteorological data set.
Ten-day backward trajectories were calculated every hour.
At each hourly arrival time, six backward trajectories
ending at six different locations near the PICO-NARE
station were calculated: one centered at the station, four
separated from the first by 1° latitude and longitude, and
one below the station, at 2000 m.

3. Results and Discussion

[19] Time series of CO, BC, NO,, NO, and O3 measure-
ments and MOZART fire-CO fraction at the PICO-NARE
station from July to 5 September 2004 are shown in Figure 1.
Frequent periods with elevated CO levels coinciding with
maxima of MOZART fire-CO fraction are evident.

3.1. Identification of Fire-Impacted Periods

[20] Periods when the hourly average of CO was above
110 ppbv and the MOZART fire-CO fraction was above 0.1
were identified as potentially impacted by upwind boreal
wildfire emissions. The CO value of 110 ppbv is well above
typical background CO levels at the station and is approx-
imately the maximum value observed in boreal region
outflow in the absence of fires, as discussed in section
3.3.1 below. (Although we use 30-min averages of CO
throughout the remainder of this work, for the purpose of
identifying fire-impacted periods we used hourly averages
of CO to smooth the CO measurements and compare them
with the CO cutoff value.) The MOZART fire-CO fraction
cutoff of 0.1 corresponds to approximately the 70th percen-
tile of all model simulated values at the PICO-NARE station
for summer 2004. Both of these cutoff values were designed
to be conservative and, as a result, may omit some addi-
tional periods influenced by boreal wildfire emissions. For
example, on 12 August 1200 UTC to 15 August 2300 UTC,
an enhancement of MOZART fire-CO fraction above 0.1
was correlated with an increase in CO, but CO did not
exceed the 110 ppbv cutoff value. Conversely, on 30 July
0700—-1100 UTC, the hourly average CO increased to
135 ppbv while backward trajectories indicated transport
from active fires, but the MOZART fire-CO fraction was
lower than 0.07, likely as a result of the model spatial

4 of 17



D23S60

VAL MARTIN ET AL.: WILDFIRE IMPACTS ON BC, NO,, NO, AND O,

D23S60

CO (ppbv)

1200
11000

¥ 800

—

=

%600
1400

NO, and NO, (ppt

1200

Jul 30
00:00

\8‘9\

Jul 25
00:00

Jul 20
00:00

CO (ppbv)

A0u :0%‘I AOLé)gO%S %%)90100 %%)90105 A&JL(I)?OZOO

11200

—
o
o
o

NO, and NO, (pptv)

80045
600 E

400 2
200
03

SIRCLl el =P
*,““'" Yol
S s g&%«ﬂwm 10
"y o

Sep 05

A0%)%102(')5 %L(IJQ:’O%O 00:00

@) CO [ NO O NO A 03

X

y

»~ BC MZRT fire-CO

Figure 1. Summer 2004 time series of CO, BC, NO,,

NO, and O3 measurements and MOZART fire-CO

fraction at the PICO-NARE station. CO is plotted with open blue circles, NO, is plotted with red squares,

NO, is plotted with open orange circles, BC is plotted

with open purple triangles, O; is plotted with green

triangles and MOZART fire-CO fraction is plotted with a dash-dotted line. Events identified as potentially
boreal fire-impacted periods are identified with hatched areas; events further discussed in the text are

numbered above the plot.

resolution. Although both of these cutoff values are
somewhat arbitrarily selected, we find that the use of
slightly larger or smaller cutoffs would not significantly
affect the results presented below.

[21] In addition to outflow directly from the boreal
regions, flow patterns that bring air to the Azores from
higher latitudes can travel over the eastern United States
[Owen et al., 2006]. Therefore transport of boreal wildfire
emissions over the Azores may be mixed with air poten-
tially containing North American anthropogenic emissions,
which can also be characterized by significant enhance-
ments of CO and Oj [Honrath et al., 2004]. To determine
the magnitude of the impact of anthropogenic emissions
during the boreal wildfire periods, we use the MOZART
anthro-CO fraction (not shown in Figure 1). According to

5 of

the MOZART simulations, anthropogenic emissions may
explain some of the enhancements of CO at the station
during summer 2004 either alone (e.g., 25 August, 0800—
1900 UTC) or in combination with boreal wildfire emis-
sions (e.g., 19 July, 0200—0900 UTC). To avoid inclusion
of observations significantly affected by upwind anthropo-
genic emissions, we exclude from further analysis all
observations with MOZART anthro-CO fraction values
above 0.1. This MOZART anthro-CO fraction cutoff corre-
sponded to approximately the 70th percentile of all model
values simulated at the site.

[22] To better understand transport patterns during the
periods identified as fire-impacted, we examined backward
trajectories arriving at the PICO-NARE station altitude.
Consistent with MOZART simulations, backward trajecto-
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ries indicate transport of air that originated from the
boreal regions in Alaska and/or Canada as shown in
Figures 2a and 2b. However, the backward trajectories
during a few periods indicated intermixing of subtropical
and/or tropical air (hereinafter termed tropical air) with the
boreal region outflow. Figure 2g shows an example of
tropical backward trajectories intermixed with boreal region
outflow. Observations made during these periods may be
affected by clean tropical air and, thus, may not be repre-
sentative of boreal region outflow. We identified periods
potentially affected by tropical air when one or more
backward trajectories originated over the Atlantic Ocean
south of Pico Island (<35°N) and spent more than 90% of
the time over the Atlantic Ocean before arriving at the site.
We therefore omit all observations associated with tropical
air intermixing from the analysis, with the following
exception: during 23 July 0200-1800 UTC, although
tropical air masses intermixed with boreal region outflow
upwind the station, very large mixing ratios of CO recorded
during most of the period ([CO] > 180 ppbv) indicate a lack
of significant tropical air impact.

[23] Periods identified as potentially affected by boreal
wildfire emissions on the basis of CO enhancements and
MOZART fire-CO fraction criteria are identified with
hatched areas in Figure 1; periods identified with the same
criteria, but excluding periods of anthropogenic or tropical
influence are also enumerated in Figure 1. Table 1 provides
the statistics of the observations of CO, BC, NO,, NO, and
O; for both criteria, i.e., all fire-impacted observations and
those excluding anthropogenic or tropical influence.

3.2. Overview of Summer 2004 Boreal Wildfire
Observations

[24] The impact of boreal wildfire emissions at the PICO-
NARE station was very frequent during summer 2004, as
shown in Figure 1. A total of 21 events with apparent fire
impact were identified during the period of study, accounting
for 16% of the measurement time from 1 July to 5 September.
Of these, 9 were unaffected by potential tropical or anthro-
pogenic impacts. We focus only on these fire-impacted
periods without anthropogenic or tropical influence, and
refer to these periods as boreal wildfire events in the
remainder of this paper. These 9 events are numbered in
Figure 1. During these events, BC, NO,, NO, and O; levels
were also elevated and significantly correlated with CO in
most of the cases. MOZART CO fire tracer ages calculated
during the ICARTT study (10 July to 8 August) indicated
the impact of North American fire emissions emitted 6 to
15 days earlier during the events identified during this
period (i.e., events 1-5).

[25] Figures 3a and 3b show the time series of 30-min
average observations of CO, NO,, NO, and Os;, and
1-hour average observations of BC during 22—24 July and
1-2 September. These events, labeled respectively event 1
and event 9 in Figure 1, represent two of the most intense
fire emission episodes observed during the study. Levels
of CO, BC, NO, and Oj during 22-24 July were
extremely enhanced for more than a day, peaking at
249 ppbv, 665 ngm >, 1100 pptv and 75 ppbv, respectively.
(NO, measurements were not available during this event.)
This period had the highest level of CO yet recorded at the
PICO-NARE station. Similarly, CO, BC, NO,, NO, and O;

VAL MARTIN ET AL.: WILDFIRE IMPACTS ON BC, NO,, NO, AND O,

D23S60

levels were also strongly elevated for more than a day durin}g
1-2 September, with peaks of 243 ppbv, 329 ng m ~,
685 pptv, 134 pptv and 62 ppbv, respectively. The
MOZART fire-CO fraction was also particularly high
during these two events, as shown in Figure 1.

[26] Analyses of backward trajectories during events 1
and 9 confirm that the enhancements of these species
occurred when airflow from Alaska and/or Canada arrived
at the station. Examples of backward trajectories associated
with the passage of the boreal fire plumes for these events
are shown in Figures 2a and 2b. For comparison, Figures 2g
and 2h show the airflow before the passage of each boreal
fire plume. An important feature of these events is that the
levels of these species remained constantly high for more
than 24 hours, suggesting the impact of two very large
highly aged plumes.

3.3. Impacts of Boreal Wildfire Emissions

[27] In this section, we assess the impacts of boreal
wildfire emissions by comparing enhancements of CO,
BC, NO,, NO, and Oj in fire-impacted boreal outflow to
levels under similar conditions but in the absence of fires.
First, however, we discuss the estimation of levels during
periods of boreal outflow in the absence of fire emissions.
3.3.1. Estimation of Levels in Absence of Fires

[28] To estimate the background concentration at the
PICO-NARE station in air from the fire source region, but
in the absence of fire emissions, we identified two periods
when boreal region outflow reached the station prior to the
occurrence of the large fires: 7 June 0500—0900 UTC and
19 June 0800—1900 UTC. Early June was a period with low
area burned over northern North America, and as a result,
with low boreal wildfire emissions (Turquety et al., submit-
ted manuscript, 2006). Therefore we expect that the contri-
bution of boreal wildfire emissions to our site was small
during these two periods. This is consistent with MOZART
simulations, which indicate a maximum fire-CO fraction of
0.05 during these periods.

[20] Figure 3c shows the time series of 30-min average
observations of CO and O3 and 1-hour average observations
of BC during the longer of these events, 19 June 0800—
1900 UTC. (NO, and NO,, measurements were not available
at this time.) Examples of the backward trajectories associ-
ated with the passage of the air masses during and before
this period are shown in Figures 2c and 2i, respectively.
Average levels of CO, BC and Oz during this period are
used as background levels of these species for comparison
with fire-impacted periods below. In addition, the maximum
level of CO during this event (111 ppbv) was the basis for
the 110 ppbv cutoff to select the boreal fire-impacted
periods, as discussed in section 3.1. (The CO and O
background values used in this work are somewhat larger
than the levels in nonfire air presented for the same data set
by Lapina et al. [2006], because that analysis included
periods with a mixture of boreal and nonboreal air).

[30] MOZART simulations during the other nonfire boreal
outflow period indicate that anthropogenic emissions may
have contributed to these observations (i.e., the MOZART
anthro-CO fraction was above 0.1). However, nitrogen
oxides measurements in non-fire-impacted boreal outflow
were available only during the 7 June event. (Few measure-
ments were available in June 2004 because of testing of the
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Figure 2. (a—c) Horizontal path of backward trajectories arriving at the measurement site during boreal
region outflow for boreal region with upwind fire emissions (Figures 2a and 2b) and boreal region
without upwind fire emissions (Figure 2c), along with (d—f) the altitude profile. (g—1i) Horizontal path of
backward trajectories before the passage of the boreal region air masses, along with (j—1) the altitude
profile. Solid lines show the paths of the six trajectories ending on a grid around and below the station;
trajectory arrival times are displayed above each pair of plots. Small dots indicate each 2 days travel time.

The location of the PICO-NARE station is marked with a large dot.
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Table 1. Comparison of CO, BC, NO,, NO, and O3 Levels During the Boreal Fire Events With Observations During Periods of Flow
From Boreal Region in Absence of Fires and With All Observations During Summer 2004*

Fire Observations®

Nonfire Observations®

Summer Observations®

Mean Minimum—Maximum N  Mean Minimum—Maximum N Mean Minimum—Maximum Bckgrd® N
CO, ppbv 139 107-249 379 100 92111 23 93 46-249 77 3254
w/o anthro, trop air 144 108-249 277
BC, ng m™? 133 <25-665 188 10 <25 11 38 <25-665 7 1705
w/o anthro, trop air 153 <25-665 133
NO,, pptv 389 71-1100 238 139 127-148 6 270 55-1380 143 1625
w/o anthro, trop air 406 71-1100 178
NO,, pptv 77 33-137 131 35 27-52 6 38 1-137 23 1525
w/o anthro, trop air 77 33-137 98
O3, ppbv 54 31-77 379 46 42-52 23 41 13-80 30 3428
w/o anthro, trop air 54 31-75 277

“Reported are the average, minimum, maximum and number (N) of 30-min averages for CO, NO,, NO, and Os, and 1-hour averages for BC.

PFire-impacted observations from July to 5 September. First row shows all fire-impacted observations; second row (w/o anthro, trop air) shows fire-
impacted observations without anthropogenic or tropical air impact (see text for explanation).

°CO, BC and Os observations are from 19 June; NO, and NO, observations are from 7 June (see text for explanation).

9All observations from 1 June to 5 September 2004

“Bcekgrd: Background calculated as the 30th percentile of all summer 2004 observations.

fec

<” indicates BC values below detection limit.

instruments prior the ICARTT campaign.) Average mixing
ratios of NO, and NO, during this period were used as upper
limit estimates of the background of these species in boreal
region outflow in the absence of fires.

[31] The background levels of CO, BC, NO,, NO, and O;
used for boreal region outflow in the study are compared to
background levels reported within the North American
boreal region in Table 2. A wide range of background levels
have been reported over the North American boreal region,
reflecting differences in the latitude and altitude regions
sampled, and the years of study. The values used here are
similar to the background levels reported over the North
American boreal region. The enhancement ratios calculated
below are dependent on the background values used. This is
discussed further in section 3.4.

3.3.2. Comparison of Levels in Boreal Region
Outflow With and Without Fire Emissions

[32] Levels of CO, BC, NO,, NO,. and O; during boreal
region outflow with fire emissions are summarized and
compared to levels observed during boreal region outflow
without fire emissions in Table 1. Statistics for all summer-
time observations are also shown. Average CO mixing
ratios during the boreal wildfire events (144 ppbv) were
above levels observed during flow from boreal region
without fire emissions (100 ppbv), and were nearly double
the summertime background (estimated as equal to the 30th
percentile of all summertime measurements, 77 ppbv). This
significant impact is consistent to what it has previously
been observed at the PICO-NARE station [Honrath et al.,
2004; Lapina et al., 2006], and for the entire Northern
Hemisphere in years of high fire activity [e.g., Novelli et al.,
2003; Edwards et al., 2004; Kasischke et al., 2005].

[33] Levels of BC, NO,, NO, and O were also increased
during the fire-impacted events, with levels of these species
above those observed in boreal outflow in the absence of
fires, and well above the typical summertime background at
the site. For example, average NO, mixing ratios during the
boreal wildfire events (77 pptv) were double those observed
in boreal outflow without fire emissions (35 pptv) and triple
the summertime background at the site (23 pptv).

[34] Figures 4a—4d show the relationships between CO
(used as a tracer of fire emissions) and BC, NO,, NO, and
O3. Solid color-coded symbols represent observations
obtained during each boreal wildfire event, with one excep-
tion: grey circles represent the early June observations made
in nonfire boreal outflow discussed in section 3.3.1. Most
of the fire-impacted observations were above the back-
ground from the boreal regions in the absence of fires,
consistent with the average difference noted above. In
almost all events, these species were well correlated with
CO, although distinct behaviors were observed depending
on the levels of CO, in particular for Os, as discussed
further below.

[35] Asdiscussed in section 3.1, a number of fire-impacted
observations were excluded from the boreal wildfire events
because of probable mixing of tropical air or MOZART-
simulated anthropogenic emission transport. These obser-
vations are also shown in Figure 4: observations omitted
because of tropical air mixing are represented with open
cyan circles and those omitted because of anthropogenic
emissions impact are represented with open black squares.
Observations omitted because of tropical air mixing fall into
two distinct groups of points, suggesting differing degrees
of mixing. Of the observations excluded because of anthro-
pogenic impact, some had exceptionally large NO,, NO,
and O; levels, suggesting significant anthropogenic impacts
on those species as well. This impact is expect to be small in
the events that were not excluded however. During those
boreal wildfire events, MOZART-simulated anthropogenic
CO was always below 7 ppbv, and usually (60% of the
observations) below 3 ppbv.

3.4. Analysis of Enhancement Ratios in the Boreal
Wildfire Plumes

[36] To characterize the amount of emitted BC and NO,
that still remains in the plumes and the net O3 production
occurring in these plumes during transport to the station, we
determined the enhancement ratio of BC, NO,, NO, and O3
with respect to CO during each boreal wildfire event [e.g.,
Wofsy et al., 1992; Stohl et al., 2002]. CO is commonly used
as a tracer because it is emitted from combustion processes
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Figure 3. Time series of 30-min average CO, NO,, NO, and Os, and 1-hour average BC observations
during two boreal wildfire events and one boreal outflow period without upwind fire emissions: (a) fire
event 1, 22 July 1800 UTC to 23 July 2100 UTC (NO, measurements are not available); (b) fire event 9,
1 September 1630 UTC to 2 September 1600 UTC; and (c) nonfire event, 19 June 0800—1900 UTC
(NO, and NO,, measurements are not available). CO is plotted with open blue circles, NO,, is plotted with
red squares, NO, is plotted with open orange circles, BC is plotted with open purple triangles and O; is
plotted with green triangles. Vertical solid lines indicate the start and end time of the event; remaining

data are plotted to make the events more apparent.

in large quantities and has relatively a long lifetime [Novelli
et al., 1992]. We consider CO as an inert tracer in this
approach. de Gouw et al. [2006], on the basis of analysis of
volatile organic compound (VOC) measurements, indicated
that OH concentrations in the boreal wildfire plumes inter-
cepted by the NOAA WP-3 were four times smaller than
typical values in the North Atlantic troposphere. Hence CO
reaction with OH is expected to be limited in the boreal fire

plumes during the 6—15 days travel time to the station. We
calculated mean values of ACO, ABC, ANO,, ANO, and
AOj; during each boreal wildfire event, and calculated
enhancement ratios relative to CO for each event using these
mean values. Here A indicates the difference between the
concentration of the indicated species and the background
concentration (e.g., ACO =[CO] — [CO]pkgq). Enhancement
ratios are critically dependent on the background levels used

9 of 17



D23S60 VAL MARTIN ET AL.: WILDFIRE IMPACTS ON BC, NO,, NO, AND 04 D23S60
Table 2. Estimated Background Levels Over the North American Boreal Region®

Study Period Location Altitude, km  CO, ppbv._ NO,, pptv. NO,, pptv.__ O3, ppbv__ BC, ng m >
PICO-NARE®  Jun 2004 Pico, Azores 22 100 139 35 46 10
ABLE3A° Jul-Aug 1988 Sub- and Arctic <l-52 91-100 380—-600 19-24 47-75¢ n.r.
ABLE3B® Jul—Aug 1990 eastern Canada <1-6.2 80-110 164-542 21-35 25-659 n.r.
Stohl06" Jun—Aug 2004-2005  Summit, Greenland 3 n.r. n.r. n.r. n.r. 20

“n.r., not reported.

®Mean values during boreal region outflow in June, used for background levels in enhancement ratio calculations (see text for explanation).
‘Minimum and maximum values reported by Sandholm et al. [1992] and Jacob et al. [1992].

ILarge range of Oj reported reflects mainly O5 dependence on altitude.

“Minimum and maximum values reported by Talbot et al. [1994], Fan et al. [1994], WofSy et al. [1994], and Mauzerall et al. [1996].

"Median in summer 2004—2005 reported by Stohl el al. [2006].

[Mauzerall et al., 1998]. Our background levels were
derived using observations during transport events in June,
as discussed in section 3.3.1. This results in background
levels higher than those that would be estimated using clean
marine levels or using the 30th percentile of all summertime
measurements. This leads to reduced calculated enhance-
ment ratios for all the species.

[37] Table 3 presents the resulting enhancement ratios. A
large variability of enhancement ratios was observed. There
are two causes that probably contributed to the varying
enhancement ratios: different emission rates, which vary as
a function of fuel type and burning conditions [Goode et al.,
2000; Reid et al., 2005], and varying degrees of removal
during transport. We examine both processes in the following
sections.

3.4.1. Aerosol Black Carbon

[38] The relationships between BC and CO in boreal fire
plumes and in background air from boreal regions are
shown in Figure 4a. Estimated ABC/ACO ratios for each
boreal fire event are shown in Table 3. Black carbon was
significantly enhanced in all events relative to background
from boreal outflow without upwind fire emissions, with the
exception of events 5 and 6 (green diamonds and black
squares in Figure 4a, respectively).

[39] A broad range of BC enhancement ratios (0.5—
8.4 ng m >/ppbv; Table 3) were observed in the boreal fire
plumes. Large variability in BC emissions from boreal wild-
fires has been reported previously. For example, BC concen-
trations during smoldering combustion are low, with BC mass
fractions typically 2—5% of all carbon particles emitted, while
BC mass fractions from flaming combustion are 4 to 28% of
all carbon particles emitted [Reid et al., 2005, and references
therein].

[490] However, washout processes during transport to the
station may also have contributed to this variability. To
evaluate this possibility, we examined precipitation during
transport and meteorological conditions at Pico during each
event. For this purpose, we extracted rainfall rates from the
HYSPLIT model output for the backward trajectories during
each event and analyzed relative humidity measurements and
archived photos of conditions at the station. Average rainfall
rates were low (less than 0.05 mm/h) in all backward
trajectories traveling from the boreal region to the station,
with the exception of events 5, 6 and 9, which showed
average rainfall rates of 0.09, 0.06 and 0.08 mm/h, respec-
tively. (These events are represented by green diamonds,
black squares and blue diamonds in Figure 4a, respectively.)
Conditions at the station were dry and sunny during all
events, with the exception of event 6, when heavy fog, and

most likely rain, was present. Therefore the lower ABC/ACO
ratios during events 5, 6 and 9 compared to those during the
other events are consistent with the wet scavenging of a
greater fraction of BC during transport and/or at the station
location during those events. This is consistent with previ-
ous observations of light absorbing aerosols (e.g., BC) in
boreal fire plumes, which indicate that a large fraction of
aerosols may be removed in the presence of rain and/or
clouds [Bertschi and Jaffe, 2005; Stohl et al., 2006].

[41] The BC enhancement ratios we report are 8—141%
(average 59%, or 78% excluding events 5, 6 and 9) of the
BC/CO emission ratio from extratropical forest fires (6 +
3 ng m >/ppbv) recommended by Andreae and Merlet
[2001]. (The value of 141% is not significantly different
from 100%, considering the uncertainties of the measure-
ments and the recommended value.) These observations
indicate that an important fraction of the total BC emitted
into the plumes we sampled was efficiently exported to
the Azores, very far downwind from the fires. This
underscores other recent work that has documented
long-range impacts of the North American wildfire BC
emissions [Stohl et al., 2006; T. Duck et al., Transport of
forest fire emissions from Alaska and the Yukon Territory
to Nova Scotia during summer 2004, submitted to Journal of
Geophysical Research, 2006]. Since BC effectively absorbs
light in the atmosphere [Hansen et al., 2000; Bond and Sun,
2005], this implies a potentially significant large-scale impact
of boreal wildfire emissions on the direct radiative forcing
over the Northern Hemisphere troposphere.

3.4.2. NO,

[42] Figure 4b shows the relationship between NO, and
CO in the boreal wildfire plumes and in background air
from boreal regions without fire emissions. Table 3 provides
the ANO,/ACO ratios estimated for each boreal fire event.
Nitrogen oxides were significantly enhanced in all the
boreal fire plumes, relative to background levels.

[43] The NO, enhancement ratios were highly variable,
however (4.2-22.1 pptv/ppbv; Table 3). In the previous
section, we concluded that the variation in BC enhancement
ratios could be the result of a combination of emission
variation among fires and wet removal during transit to the
station. Since NO, emissions also vary as a function of type
of combustion [e.g., Yokelson et al., 1996; Goode et al.,
2000] and a part of NO,, (i.e., HNO;) is susceptible to wet
deposition, the same processes are expected to contribute to
the variation of NO,, enhancement ratios. Consistent with
this expectation, the events with the lowest ABC/ACO
ratios are also those with the lowest ANO,/ACO ratios (i.e.,
events 5, 6 and 9). As a result, a plot of NO,, versus BC is
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less scattered than the plot of NO,, versus CO, as shown in
Figure 5, and the correlation of NO with BC (r2 0.82) is

Figure 4. Relationship between CO and the indicated species during summer 2004: (a) BC versus CO,
(b) NO, versus CO, (c) NO, versus CO and (d) O versus CO. Boreal wildfire events listed in Table 3 and
identified in Figure 1 are coded as follows: event 1 (dark grey triangles), event 2 (magenta circles), event 3
(purple circles), event 4 (red squares), event 5 (green diamonds), event 6 (black squares), event 7 (black
diamonds), event 8 (orange circles) and event 9 (blue diamonds). Event 7 is not plotted for NO,, and NO,
because it contained fewer than 5 data points. Fire-impacted observations apparently impacted with tropical
air are plotted with open cyan circles; fire-impacted observations apparently impacted with anthropogenic
emissions are plotted with open black squares. Observations made during non-fire-impacted boreal outflow
are plotted with small solid grey circles; non-fire-impacted boreal outflow observations with anthropogenic
impact are plotted with open grey circles. The black square represents the average of non-fire-impacted
boreal outflow observations, and black error bars connect minimum and maximum values observed. All
other measurements during summer 2004 are plotted with small black dots.

2005].

in several 2004 North American fire plumes [Flocke et al.,

slightly better than that with CO (r2 = 0.75). Additional
evidence for efficient HNO; removal in some plumes is
provided by aircraft measurements over the northwestern
Atlantic Ocean, which found very low HNOj3 to NO,, ratios

[44] Table 4 compares these ANO,/ACO ratios to previ-
ous ANO,/ACO ratios obtained from previous studies of
boreal wildfire plumes. The mean enhancement ratio we
observed (8 pptv/ppbv) is within the large range of mean
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Table 3. Enhancement Ratios of the Species During the Boreal Wildfire Events Identified in Figure 1°
ABC/ACOP ANO,/ACO® ANO,/ACOP AO3/ACOP

Event Period ng m >/ppbv N pptv/ppbv N pptv/ppbv N ppbv/ppbv N
1° 22 Jul 1800 UTC to 24 Jul 0000 UTC 3.60 + 0.84 26 7.47 +1.08 35 NA NA 0.23 +0.03 57
2 24 Jul 2300 UTC to 25 Jul 2330 UTC 3.72 £ 0.87 25 6.11 £ 1.09 41 NA NA 0.31 £ 0.06 50
3 31 Jul 0700 UTC to 31 Jul 1300 UTC 491 +0.48 5 22.10 £ 2.62 10 3.63 £0.46 10 0.89 £0.11 13
4 1 Aug 1930 UTC to 3 Aug 0130 UTC 4,70 + 0.55 20 8.10 £ 0.62 26 0.85 + 0.08 25 0.14 £ 0.01 39
5 8 Aug 0130 UTC to 8 Aug 1730 UTC 0.47 £0.17 14 4.48 +0.32 29 1.73 £ 0.14 29 0.26 + 0.06 33
6 9 Aug 0000 UTC to 9 Aug 0530 UTC 1.08 £ 0.42 6 417 £1.17 10 0.72 £0.22 12 —0.42 +0.10 12
7 17 Aug 1300 UTC to 17 Aug 1730 UTC 8.44 £2.26 5 0.37 £ 0.04 10
8 1 Sep 1000 UTC to 1 Sep 1500 UTC 2.50 £ 0.41 5 6.74 £ 0.79 1.92 £ 0.18 0.53 £ 0.08 11
9 1 Sep 1700 UTC to 2 Sep 1730 UTC 2.18 +£0.28 25 4.67 £ 0.34 17 1.02 + 0.07 14 0.09 £ 0.01 50

*NA, not available.

bReported enhancement ratios (calculated as described in text), 2-o uncertainty and number (N) of simultaneous 30-min average observations of NO,,
NO,, O; and CO, and simultaneous 1-hour average observations of BC and CO. Events with N < 5 not shown.

“Event with apparent tropical air mixing impact.

values observed in plumes sampled over North America
(5.6—-14.1 pptv/ppbv; Table 4). The PICO-NARE mean
enhancement ratio is also a significant fraction of the avail-
able (but poorly constrained) estimates of North American
boreal fires NO,/CO emission ratios, e.g., 12 pptv/ppbv
[Jain et al., 2006] or 26 + 15 pptv/ppbv [Andreae and
Merlet, 2001]. These comparisons indicate that a significant
fraction of the NO, emitted into the sampled plumes was
exported as NO,, to the lower FT over the Azores region.

[45] This conclusion contrasts with some prior studies of
the export of anthropogenic NO,, to the FT, which conclude
that a large majority of surface NO, emissions (>70%) is
removed before or during export from the boundary layer
during lofting mechanisms [e.g., Liang et al., 1998; Stohl et
al., 2002; Parrish et al., 2004; Li et al., 2004].

[46] However, the boreal fire plumes sampled here differ
from typical anthropogenic export in two key ways. First, in
boreal wildfires PAN is expected to account for a significant
fraction of NO,, [Jacob et al., 1992; Singh et al., 1994] as a
result of lower NO,/hydrocarbon emission ratios [Jacob et
al., 1992]. Second, boreal wildfires can often be very
energetic, releasing enough thermal energy to create smoke
and convection columns that extend rapidly into the tropo-
sphere and even into the stratosphere [e.g., Fromm et al.,
2005; Damoah et al., 2006]. The rapid vertical transport of
emissions in fire-induced convection plumes soon after
emission may contribute to the inefficient removal of NO,,
during the lofting mechanism, as has been suggested for BC
[Stohl et al., 2006]. In addition, as described above, most
boreal fire plumes sampled at Pico were associated with low
precipitation during transport as well as dry and sunny
conditions at the site. Thus these conditions may have
contributed to a more efficient export of NO,,.

3.43. NO,

[47] Given the presumption of significant PAN content,
the export of NO, is expected to lead to NO, release
downwind from the fires. NO, mixing ratios were indeed
significantly enhanced in these plumes relative to back-
ground. Figure 4c shows the relationship between NO, and
CO in the boreal wildfire plumes and in background air from
boreal regions in absence of fire emissions; ANO,/ACO
ratios for the boreal wildfire events are listed in Table 3.

[4¢] The average of these NO, enhancement ratios
(1.6 pptv/ppbv; Table 4) is significantly larger than those
reported previously in moderately aged boreal fire plumes
(0.2—0.7 pptv/ppbv; Table 4 [e.g., Sandholm et al., 1992;

Mauzerall et al., 1996]). The occurrence of large enhance-
ments of NO, and large ANO,/ACO ratios in these plumes
implies that decomposition of PAN to NO,, occurring as the
plumes subside southward to the latitude of the Azores, may
be an important source of NO, to the lower troposphere.
This is consistent with the large enhancements of NO,
observed at Pico as well as the large enhancements of
NO,, and PAN detected in plumes at higher altitudes than
Pico over eastern North America [Flocke et al., 2005] and
over western Europe (H. Schlager, Deutsches Zentrum fiir
Luft- und Raumfahrt (DLR), Germany, personal communi-
cation, 2006) during the ICARTT campaign.

[49] The overall impact of fire plumes on NO, levels
during summer 2004 was significant. Fire emissions were
responsible for 36% of all observations of NO, above 50 pptv
(and 90% of all observations above 100 pptv). Fire plumes
also led to a significant impact on NO levels. The 9 boreal
wildfire events were responsible for 29% of all observations
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Figure 5. Relationship between BC and NO, during
summer 2004. Boreal wildfire events are coded as follows:
event 1 (dark grey triangles), event 2 (magenta circles),
event 3 (purple circles), event 4 (red squares), event 5
(green diamonds), event 6 (black squares), event 8 (orange
circles) and event 9 (blue diamonds). Event 7 contained <5
simultaneous data points and is not plotted. All other
measurements during summer 2004 are plotted with small
black dots.
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Table 4. Enhancement Ratios of NO,, NO, and O; Relative to CO Observed in Boreal Fire Plumes®
Sampling Plume Height, Travel Time, ANO/ACO,  ANO/ACO,” AO5/ACO,°

Year Fire Location Location km day pptv/ppbv pptv/ppbv ppbv/ppbv Source
2004 AK, Can Pico, Azores 2.2 6-15 8.0 (42-22.1) 1.6(0.7-3.6) 0.2°(—0.4-0.9) 1
2002 Quebec, Can  eastern U.S. 0-2.5 1-3 4.1 (2.4-74) n.r. 0.1 (0.01-0.09) 2
1990 Can, AK eastern Can 1-6.2 <1 14.1 (2.5-37.8) 0.7 (0-3.8) 0.2 (0-0.7) 3
1988 Sib, AK, Can AK, Can 1.5-6.1 near fire 10.9 (5.7-15.2) 0.2 (0-0.52) 0.35 (0.1-0.7) 4
1988 AK AK 2.0-4.5 <l 5.6 (3.2-8.4) nr. 0.095 (0.014-0.18) 5
1997 AK interior AK 1.6—1.8 ~2 hours n.r. n.r. 0-0.09 6
1998 eastern Sib north Japan <1 <1 n.r. n.r. 0.01 7
1995 Can south U.S. 0-3.0 2-4 n.r. n.r. 0.11-0.17 8
2004 AK, Can N Atl, W Eur 5-8 4-9 n.r. n.r. —0.01-0.08 9
2001-2003 Sib, AK, Can Pico, Azores 2.2 615 nr. nr 0.7 (0.4-0.9) 10
2002-2003 Sib NW U.S/NE Pacific 0.7-5.0 7-10 nr. n.r. 0.4 (0.2-0.8) 11

n.1., not reported; Can, Canada; AK, Alaska; Sib, Siberia; N Atl, North Atlantic; W Eur, western Europe.

PReported average (minimum—maximum) in each measurement campaign (e.g., ABLE3B). Enhancement ratios were calculated using levels reported in
background and biomass burning impacted air masses [e.g., Sandholm et al., 1992] or extracted directly from reported enhancement ratios [e.g., Wofsy et
al., 1992]. References: 1, this work; 2, DeBell et al. [2004]; 3, ABLE3B [Talbot et al., 1994; Fan et al., 1994; Mauzerall et al., 1996]; 4, ABLE3A
[Sandholm et al., 1992]; 5, ABLE3A [Wofsy et al., 1992]; 6, Goode et al. [2000]; 7, Tanimoto et al. [2000]; 8, SOS-95 [Wotawa and Trainer, 2000; McKeen
et al., 2002]; 9, Real et al. (submitted manuscript, 2006); 10, PICO-NARE [Honrath et al., 2004]; and 11, Bertschi et al. [2004] and Bertschi and Jaffe

[2005].

“Average of high-CO-enhancement events 1, 2, 4 and 9, as discussed in section 3.4.4.

of NO above 20 pptv, and the average daytime fire-impacted
NO was significantly larger (17 + 2; mean £2-¢) than the
average daytime NO for all summer observations (11 £ 1).
The large NO and NO, mixing ratios present in these well-
aged boreal wildfire plumes indicate a significant impact on
the regional O3 budget.

3.4.4. Ozone

[s0] Figure 4d shows the relationship between O3 and CO
in the boreal wildfire plumes and in background air from
boreal regions without fire emissions. The estimated O;
enhancement ratio of each boreal fire event is provided in
Table 3.

[51] The behaviors of Os in the fire plumes varied from
significant O3 enhancement in some plumes (e.g., event 1;
grey triangles in Figure 4d) to O; enhancement relative to
background, with a negative O;—CO slope (e.g., event 4;
red squares) to a smaller O3 enhancement (e.g., event 9;
blue diamonds). Furthermore, several fire plumes presented
relatively large AO;/ACO ratios associated with only
moderate CO enhancements (e.g., event 3; purple circles
in Figure 4d; also events 5—8). The moderate CO enhance-
ments during those periods make these events difficult to
interpret, and therefore we focus here on the O; enhance-
ment ratios in the high-CO-enhancement events.

[52] The significant enhancements of Os and large AO3/
ACO ratios (mean 0.2 ppbv/ppbv) in these plumes are
consistent with other studies that suggest that significant
ozone production occurred downwind from boreal wildfires.
For example, ozone enhancements of 20—30 ppbv were
observed in boreal wildfire plumes after 5—7 days travel
time to the southern United States [Wotawa and Trainer,
2000; Morris et al., 2006] and to Europe [Forster et al.,
2001; Real et al., submitted manuscript, 2006]. Model
simulations of the O3 formation in biomass burning plumes
indicate that the slow recycling of PAN, and to a lesser
extend HNO; and organic nitrates, increases the effective
lifetime of NO, stimulating the continued formation of Oj
in these plumes beyond the typical 1-day NO, lifetime
[Chatfield and Delany, 1990; Real et al., submitted manu-
script, 2006].

[53] However, this mean AO3/ACO ratio is smaller than
some reported previously and listed in Table 4 (e.g., 0.4—
0.7 ppbv/ppbv [Honrath et al., 2004; Bertschi and Jaffe,
2005; Lapina et al., 2006]). This is mainly a result of the
background value used here, as discussed in section 3.4.
The average O; enhancement ratio we calculate increases
to 0.3 ppbv/ppbv if the 2004 summertime background
(Table 1) is used. If, in addition, all boreal wildfire events
are considered, i.e., moderate- and high-CO-enhancement
events, the average AO3/ACO ratio increases to 0.5 ppbv/
ppbv (range 0.2—-0.8 ppbv/ppbv).

[54] The significant O3 enhancements observed during all
but one event indicate O3 production in most of the sampled
boreal wildfire plumes. However, although O3 levels were
above background on average in all these events, the
negative O3—CO slope observed in event 4, and in parts
of events 2 and 9, and the very low AO3/ACO ratio in parts
of event 9 imply the removal of O3 or the suppression of O3
production as well. This behavior is not fully understood,
but may be due to one or a combination of the following
causes.

[ss] First, a reduction of the O3 production rates in the
plumes would cause a low AO3/ACO, but positive O3—CO
slope. A flat relationship between Oz and CO, in combina-
tion with large enhancements of PAN and little NO, [Flocke
et al., 2005] and large enhancements of VOCs [de Gouw et
al., 2006], was observed in some of the boreal fire plumes
intercepted by the NOAA W-P3 at higher altitudes than
Pico. de Gouw et al. [2006], on the basis of VOC measure-
ments, deduced that OH levels were depressed in these
plumes. Similar conditions (i.e., large enhancements of PAN
and VOCs) were observed at the BAel46 (Real et al.,
submitted manuscript, 2006). As a consequence of low
OH concentrations and limited NO, availability, O3 produc-
tion rates may have been reduced. Similarly, Pfister et al.
[2006] indicated that near the fire regions and, to a lesser
extent downwind from the fires, O; production may also be
reduced because of the combination of a reduction in the
production rate and an increase in the loss rate of back-
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ground Os, as a result of a decrease in HO, (OH + HO,)
concentrations.

[s6] Second, several studies have demonstrated the loss
of O3 by reaction with organic compounds present in
aerosols [e.g., de Gouw and Lovejoy, 1998; Griffin et al.,
1999]. Biomass burning is a large source of smoke particles
composed typically of organic carbon (OC) ~50—-60% and
BC ~5-10% [Reid et al., 2005]. Given the significant
levels of BC observed in the boreal fire plumes and the
large ratio of OC to BC in biomass burning [Reid et al.,
2005], O3 destruction on organic aerosols may have con-
tributed to the reduced O; enhancement ratio or the negative
03;—CO relationship observed in some events.

[57] Finally, nighttime chemistry processes may also
result in destruction of Osz. At night, chemical processing
of NO, oxidizes NO, to HNOj; via rapid heterogeneous
hydrolysis of N,Os in aerosols and initiates nocturnal
oxidation of VOCs, with the concurrent destruction of O;
[Parrish et al., 1998; Brown et al., 2006]. Thus nocturnal
NO, emissions from boreal wildfires may result in a
reduction of O; and NO,, and result in reduced AOs/
ACO ratio or negative O;—CO relationships.

[s8] To further investigate the photochemical properties
of the plumes, we present the relationship between O3 and
NO, in Figure 6. With the exception of event 4, O3 and NO,,
showed positive correlations in all plumes (** = 0.5-0.8).
Positive O3—NO,, correlations are consistent with our
expectation of photochemical O3 production in the plumes,
as a result of decomposition of PAN to NO, occurring in
the air masses during subsidence to the station. The sole
exception, event 4 (red squares) exhibits no correlation
between O3 and NO, (Figure 6) and a negative O;—CO
relationship (Figure 4d) and a larger BC-NO, relationship
than the general trend (Figure 5). This situation suggests O;
destruction from organic aerosols during transport toward
the station. However, the data available here are insufficient
to test this hypothesis.

[s9] Finally, we have evaluated the possibility that strato-
spheric O; contributed to the O; enhancements observed
during some of these events. Stratospheric Oj frequently
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impacted the FT over eastern North America during summer
2004 (A. Thompson et al., IONS-04: New perspective on
summertime UT/LS ozone over northeastern North America,
submitted to Journal of Geophysical Research, 20006).
Boreal fire plumes that impacted Pico were often associated
with subsidence from altitudes of approximately 6—8 km,
suggesting a potential stratospheric impact. To assess this,
we used FLEXPART stratospheric O3 tracer values simu-
lated at the station location and altitude during 1 July to 16
August (A. Stohl, Norwegian Institute for Air Research
(NILU), personal communication, 2006). Detailed informa-
tion about the FLEXPART model is present elsewhere
[Stohl et al., 2005]. This analysis indicated that stratospheric
O3 occasionally impacted the station during the ICARTT
period, but that the overall impact of stratospheric O was
rather small: the average (+ standard deviation) of all
stratospheric O3 tracer values was 8.4 + 5.2 ppbv. During
the fire-impacted events, stratospheric Oj tracer values
were usually reduced, rather than increased, with an
average (+ standard deviation) of 5.8 + 4.2 ppbv. We found
only one episode during the boreal fire events (7 August
2300 UTC to 8 August 2100 UTC) when the stratospheric
O; tracer was large (10 to 18 ppbv). This episode occurred
during event 5 (green diamonds in Figure 4d). Even during
this episode, the O3 enhancement during the event did not
appear to be due to stratospheric O;, as FLEXPART
stratospheric Os tracer values did not increase relative to
values before or after the event. Therefore we conclude that
stratospheric O3 was not the cause of the enhancements of
O3 observed during event 5, and that the overall impact of
stratospheric O; was not significant during the boreal fire
plumes analyzed in the study.

3.5. Implications of Boreal Wildfires for the
NO, and O; Budgets

[60] The NO, enhancement ratios observed at Pico may
be used to estimate the total amount of NO, emitted from
the fires and exported in the plumes by multiplying the
observed NO,/CO enhancement ratio by the fire CO emis-
sions [Stohl et al., 2002; Parrish et al., 2004]. Pfister et al.
[2005] estimated that 30 £ 5 Tg CO were emitted over the
North American boreal region from mid-June to August,
2004, consistent with the estimate of Turquety et al.
(submitted manuscript, 2006). Using the ANO,/ACO ratio
at the PICO-NARE station (8.0 pptv/ppbv CO; Table 4) as
an approximation of the impact of long-range-transported
fire emissions, this CO emission implies that the fires
contributed 0.12 Tg NO, (as N). If, instead, we use total
boreal fire CO emissions in a typical year (~61 Tg CO;
[Kasischke et al., 2005]), i.e., including Siberian emissions
as well as North American, the total contribution to long-
range-transported NO,, is estimated as 0.24 Tg. These values
are quite large. For comparison, the amount of eastern North
American NO, emissions exported to the FT during mid-
June through August 2004 was approximately 0.30 Tg NO,,
(as N). (This estimate is based on eastern U.S. NO,
emissions equal to two thirds of the U.S. national emissions
during that period, using total NO, U.S. emissions in 1999
reported by Parrish et al. [2004], adjusted for the 8.8% per
year decrease of the on-road CO:NO,, emission ratio, and
estimated efficiency of export to the FT equal to approxi-
mately 25% during summertime [e.g., Liang et al., 1998;
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Stohl et al., 2002; Parrish et al., 2004; Li et al., 2004].)
These observations imply significant impacts of the boreal
wildfires on the NO,, budget over downwind regions distant
from the fires.

[61] If the O3 enhancement ratio at the PICO-NARE
station applies to all fire emissions, the average AO;/
ACO ratio (0.2 ppbv/ppbv), combined with the total CO
emitted from the North American wildfires (30 Tg) or with
the typical CO emitted from boreal wildfires (61 Tg),
indicates that the boreal wildfires may have resulted in a
source of 10—-21 Tg of O; during summer 2004. This
method is generally consistent with the MOZART analysis
of fire-induced O3 production discussed by Pfister et al.
[2006]. The monthly mean of our estimate (4—8 Tg Os/
month from mid-June to August) is 10—20% of the July net
photochemical O3 production in the northern middle and
high latitudes (30—90° N; surface to 350 hPa) estimated by
Emmons et al. [2003]. The ultimate impact could be even
larger, since additional O; is expected to form as a result of
the NO, and PAN still remaining in the transported plumes.
Therefore our observations indicate that boreal wildfires
may significantly impact the hemispheric O3 budget during
the fire season.

[62] Given the current uncertainties in the CO emissions
from boreal wildfires, the increase in dry and warm con-
ditions over the boreal region [Hassol, 2004], and the
increase in human-ignited fires [Mollicone et al., 2006],
most likely the impact of boreal wildfires is significantly
larger than previously believed.

4. Conclusions

[63] North American boreal wildfire emissions frequently
impacted the PICO-NARE station during summer 2004.
Using MOZART simulations and enhancements of CO
levels, we identified 21 events of long-range transport of
boreal wildfire emissions to the site, which accounted for
16% of the time from 1 July to 5 September 2004. Fire-
impacted boreal region outflow resulted in extremely high
levels of CO, BC and nitrogen oxides, relative to other
observations at the station, along with significant enhance-
ments of O;. Analysis of CO, BC, NO,, NO, and O;
observations during the boreal wildfire events showed that
levels of all these species were above those in background
air from similar outflow in the absence of fires, and well
above typical summertime background levels at the site.
This indicates a significant contribution from the North
American wildfire emissions to background levels of these
species over the North Atlantic region during summer 2004.

[64] Enhancement ratios relative to CO were somewhat
variable, however. This is attributed to a combination of
variation of fire types and emissions and removal during
transport to the site. Analyses of ABC/ACO and ANO,/
ACO indicated that a significant fraction of BC and NO,
resulting from the fires was scavenged in some plumes, but
on average BC and NO, were efficiently exported to the
lower FT over the North Atlantic region. Analyses of
ANO,/ACO ratios suggested that decomposition of PAN
to NO,, occurring as the plumes subside southward to the
Azores, was an important source of NO,. High levels of NO
and NO, imply continuing O; formation in these highly
aged plumes.
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[65s] Ozone levels were also significantly enhanced. Anal-
ysis of AO3/ACO ratios indicated a varying behavior from
plume to plume, with significant to moderate O; production,
and included negative O3—CO slopes in some plumes. We
discussed several mechanisms that may have contributed to
the complex behavior of O; in the fire plumes, and suggest
that further work is needed to better understand this effect.
However, the O; enhancements present in all but one plume
indicate that significant photochemical production occurred
during transport, most likely as a result of decomposition of
PAN to NO,. Lower O3 production in other plumes may
have resulted from a reduction in the O3 production rates
due to reduced OH concentrations and limited NO,, or from
destruction of Oz during transport due to reaction with
organic aerosols or nighttime chemistry.

[66] Our analyses demonstrate that boreal wildfire emis-
sions can result in a significant source of BC, NO, and O5 in
the central North Atlantic lower FT. Since our observations
were made very far downwind from the fires, this suggests
very large-scale impacts of boreal wildfires both on direct
radiative forcing by BC and on tropospheric NO, and O3
budgets. Recent studies have shown a positive trend in the
amount of areas burned over recent decades [Gillett et al.,
2004; Kasischke and Turetsky, 2006], likely as a result of
warmer and drier conditions in the boreal region [Hassol,
2004], and possibly in combination with direct human
impacts [Mollicone et al., 2006]. Global Circulation Models
predict more frequent and more severe fires as the climate
changes [Stocks et al., 1998; Flannigan et al., 2000]. Thus
the impact of boreal wildfires may become even more
important in the near future.
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