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Abstract. We present an analysis of ozonesj@hotochem-  cal ages of the observed biomass burning plumes between 0
istry observed by aircraft measurements of boreal biomassnd 10 days. The BORTAS measurements provided a wide
burning plumes over eastern Canada in the summer of 201Xdynamic range of @ production in the sampled biomass
Measurements of ©and a number of key chemical species burning plumes wittAO3/ACO enhancement ratios increas-
associated with @photochemistry, including non-methane ing from 0.020+ 0.008 ppbv ppbv?! in plumes with photo-
hydrocarbons (NMHCSs), nitrogen oxides (\G@nd total ni-  chemical ages less than 2 days to Gt58.29 ppbv ppbv?!
trogen containing species (NI were made from the UK  in plumes with photochemical ages greater than 5days. We
FAAM BAe-146 research aircraft as part of the “quantifying found that the main contributing factor to the variability
the impact of BOReal forest fires on Tropospheric oxidantsin the AO3/ACO enhancement ratio wasCO in plumes
over the Atlantic using Aircraft and Satellites” (BORTAS) with photochemical ages less than 4days, and that was
experiment between 12 July and 3 August 2011. The locaa transition toAO3z becoming the main contributing fac-
tion and timing of the aircraft measurements put BORTAStor in plumes with ages greater than 4days. In compar-
into a unigue position to sample biomass burning plumesing Oz mixing ratios with components of the NCoud-
from the same source region in Northwestern Ontario withget, we observed that plumes with ages between 2 and
a range of ages. We found thag @ixing ratios measured 4 days were characterised by high aerosol loading, relative
in biomass burning plumes were indistinguishable from non-humidity greater than 40 %, and low ozone production effi-
plume measurements, but evaluating them in relationship ta@iency (OPE) of 7.% 3.5 ppbv ppbv? relative to AN and
measurements of carbon monoxide (CO), total alkyl nitratesl.6-+ 0.9 ppbv ppbv? relative to NQ. In plumes with ages
(XAN) and the surrogate species NQ= NOy — NOy) re- greater than 4 days, OPE increased to £28 ppbv ppbv?!
vealed that the potential for £production increased with relative to AN and 155+ 5 ppbv ppbv?! relative to NQ.
plume age. We used NMHC ratios to estimate photochemi+rom the BORTAS measurements we estimated that aged
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7322 M. Parrington et al.: Ozone photochemistry in boreal biomass burning plumes

plumes with low aerosol loading were close to being in of CO (Wofsy et al, 1992. However, the ABLE 3B mea-
photostationary steady state ang @roduction in younger surements, made over central and eastern Canada, observed
plumes was inhibited by high aerosol loading and greaterO3 enhancements of 5-15 ppbv in ageddays) biomass
production of XAN relative to G. The BORTAS mea- burning plumes Anderson et al.1994. Aircraft measure-
surements of @ photochemistry in boreal biomass burning ments made over the North Atlantic Ocean during the Inter-
plumes were found to be consistent with previous summercontinental Transport of Ozone and Precursors (ITOP) cam-
time aircraft measurements made over the same region dupaign (ewis et al, 2007, which was part of the wider In-
ing the Arctic Research of the Composition of the Tropo- ternational Consortium for Atmospheric Research on Trans-
sphere (ARCTAS-B) in 2008 and Atmospheric Boundary port and Transformation (ICARTT}hsenfeld et 312006
Layer Experiment (ABLE 3B) in 1990. in the summer of 2004, sampled biomass burning plumes
associated with fires in Alaska. Examples of elevated O
were observed in individual plumes with elevated CO during
ITOP but there was no single canonical relationshigwis
1 Introduction et al, 2007). More recently the NASA Arctic Research
of the Composition of the Troposphere from Aircraft and
The quantifying the impact of BOReal forest fires on Tropo- Satellites (ARCTAS) campaign in the spring and summer
spheric oxidants over the Atlantic using Aircraft and Satel- of 2008 made measurements of biomass burning plumes in
lites (BORTAS) experiment was conducted in two phases:central Canada. Analysis of the ARCTAS aircraft measure-
July—August 2010 (phase A) and 2011 (phase Balther  ments showed little evidence forsGormation within the
et al, 2013. The overarching objective of BORTAS was plumes Alvarado et al. 2010 other than when the plumes
to better understand the chemical evolution of plumes emitwere mixed with outflow from urban pollutiorS{ngh et al.
ted from wildfires in boreal regions, with a particular em- 2010. Ground-based measurements of outflow from boreal
phasis on the net production of tropospherig @d down-  biomass burning have also been routinely made at the Pico
wind impacts on air quality. The first phase of the experimentMountain Observatory in the mid-Atlantid_gpina et al,
(BORTAS-A) comprised of ground-based, ozonesonde, an®006 Val Martin et al, 2006 Helmig et al, 2008. Years
satellite measurements over eastern Canada in the summeiith high boreal fire activity have been shown to increase
of 2010, the results from which were reported®grrington O3z mixing ratios in the free troposphere over this site by up
etal.(2012. The second phase of the experiment (BORTAS-to 10 ppbv [Lapina et al. 2006 with photochemically aged
B) was an aircraft measurement campaign based out of Halbiomass burning plumes influencing tropospheric oxidant
ifax, Nova Scotia, Canada, between 12 July and 3 Augusthemistry after 1-2 weeks of transport to the regideltig
2011, supported by ground-based, ozonesonde, and satellitt al, 2008.
measurements. An overview of the BORTAS-B campaign is Model analyses of photochemistry in boreal biomass burn-
given by Palmer et al(2013. In this paper we analysesO ing plumes have also been performed to evaluatproduc-
photochemistry in the biomass burning plumes sampled bytion and lossMauzerall et al(1996 performed 1-D model
the aircraft during BORTAS-B. simulations to calculate in situ production and loss af O
Tropospheric @ is a secondary pollutant formed by the based on the ABLE 3B measurements in the summer of
photo-oxidation of carbon monoxide (CO) and volatile or- 1990. They found biomass burning emissions to be a rel-
ganic compounds (VOCs) in the presence of nitrogen oxidestively negligible, contributing less than 2% to the calcu-
(NOy) and transport from the stratosphere. Removal ¢f O lated G budget.McKeen et al(2001) used a 3-D chemistry
from the troposphere is through dry deposition and photo-transport model (CTM) to evaluate the influence of Canadian
chemical destruction. Troposphericz @lays an important  biomass burning emissions ong @roduction over north-
role in the contexts of climate and air quality. Emissions of eastern USA using measurements made from the National
O3 precursors (i.e. NQand VOCs) can be anthropogenic Oceanographic and Atmospheric Administration (NOAA)
in origin and can also have natural sources such as bioWP-3 aircraft in the summer of 1995.3@nhancements of
genic processes and biomass burning. A number of previoubetween 10 and 30 ppbv throughout the central and eastern
measurement campaigns have made in situ observations &fS were attributed to the fires, with the model simulations
photochemistry within boreal biomass burning outflow andbeing sensitive to NGJCO and VOC/CO emission ratios.
evaluated the associated @roduction and loss. The NASA The influence of emissions from forest fires in Alaska and
Atmospheric Boundary Layer Experiment (ABLE) included Canada on tropospherics@roduction during summer 2004
two high-latitude aircraft measurement campaigns in thewas the subject of model studies Bfister et al(2006; Real
summers of 1988 (ABLE 3A) and 1990 (ABLE 3BHér- et al.(2007); Cook et al.(2007). Pfister et al(2006 utilised
riss et al, 1992 1994. Analysis of the ABLE 3A measure- the MOZART-4 CTM to evaluate @production in the out-
ments, made over northern and western Alaska, fougd Oflow from fires in Alaska during summer of 2004 with mea-
production in haze layers associated with fires to be ineffi-surements made from aircraft during the ICARTT campaign
cient with less than 0.1 molecules of @rmed per molecule and at the Pico Mountain Observatory. They reported O
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enhancements relative to CO of 0.25 ppbv pph\contribut- ROONO

ing approximately 3% of the Northern Hemispheric tropo- 2

spheric Q budget. Lagrangian model studies of the outflow NO,

over the North Atlantic OcearRal et al. 2007 reported o

that although an @enhancement of 17 ppbv was observed R > RO, RO + NO, (...05)

after 5days, net ®loss could occur in the plumes due to

biomass burning aerosols in the plume reducing the photoly-

sis rates of @ and NG. VOC+
An overview of observed and model estimates gffito- {0H,N0,,0,}

duction in boreal biomass burning plumes was recently pre-

sented byJaffe and Wigde(2012. A common feature of

observation and model studies o§ Production in biomass

burning outflow is the use of Henhancement ratios rela- Fig. 1. Schematic of the atmospherig@Ox-hydrocarbon chem-

tive to CO (AO3/ACO) to determine @ production.Jaffe istry cycle studied by BORTAS.

and Wigder(2012 broadly showed that thaO3/ACO ra-

tio increases with plume age. In this paper we diagnoge O . : .
production in biomass burning plumes using in situ aircrafto3'NOX'VOC chemistry in the atmosphere. The chain of

measurements made over eastern Canada in the summer roefactlons leading to ©formation is initiated by the photo-

2011. We evaluate a number of different metrics, includingQX'd"ﬂ.Ion of a VOC (RH) and its rapid subsequent reac-
AOs/ACO and @ production efficiency relative to the NO tion with molecular oxygen to produce alkyl peroxy radicals
budget. An overview of the aircraft measurements and chengOZ)’ for example
?cal processes _inﬂuencingg(.bhotochgm?stry are presented RH . OH ©2 RO, 4 H,0. (R4)

in Sect.2. Section3 presents the ©distribution over east- ) . .

ern Canada observed by the aircraft over the campaign pe2nder tropospheric conditions, as indicated by the blue ar-
riod. Sectiord presents an analysis of observed plume pho-"oWS in Fig.1, alkyl peroxy radicals can react with NQia

tochemistry using photochemical age calculations derivec? "€ body reaction to form peroxynitrates @RID,):

NO
RONO,

from NM_I—!C _ratios, Q productipn efficiencies relative to RO, + NO, M RO,NO», (R5)
NOy partitioning, and photostationary steady state calcula- ) ) )
tions. We conclude in Seds. which will decompose back into the constituent Rénd

NOy under the right environmental conditions (i.e. near sur-
face temperatures) but can also be subject to transport away
2 Airborne photochemical measurements during from the source region as they are thermally stable at lower
BORTAS-B temperatures, such as those in the free troposphere.

) . ) ) ) Peroxy radicals are also subject to reaction with NO and
In this section we present a brief overview of troposphedc O can follow two different pathways:

photochemistry and the relevant measurements made from

the BAe-146 aircraft during the BORTAS-B aircraft mea- ROz +NO — RO+NO, (R6)
surement campaign, which are used in our analysis. RO, + NO M RONO; (R7)
2.1 Plume photochemistry Reaction R6) results in the formation of @molecules via

photolysis of NQ. Comparison of reactiondgR@) and R7)
The simplest model of @photochemistry in the atmosphere indicates that @ production in biomass burning plumes ini-
can be represented by the rapid oxidation of nitrogen oxidestiated by photo-oxidation of VOCs is in competition with
NOy, which represents the sum of nitric oxide (NO) and ni- production of alkyl nitrates (RON§); evaluating the rela-
trogen dioxide (NQ), in the presence of sunlight through the tionship between the measured @d RONQ mixing ra-

following null cycle: tios provides an indication of the potential fog Production
related to the above mechanism (d2grring et al.2010.
NO+ O3 - NO2 + 02 (R1) The potential of the above reactions to produce O
NO2 +hv — NO+O (R2)  in biomass burning plumes is dependent on the avail-
O+Ozy> Os. (R3) ability of nitrogen oxides, NQ (=NO+NQO). A sur-

rogate species, NQ is used to represent the sum
In polluted air masses such as biomass burning plumes, pesf all reactive and oxidised nitrogen species in an
turbations of this cycle through additional reactions of NO air mass: N@=NOy+ XRO;NO, + X RONG, + HNO3z +
with peroxy radicals (R@ or HOy) produced by the oxi- HONO + NGz +2N,0s5+NO3z ™), where TRO;NO; repre-
dation of VOCs provide additional pathways for converting sents the total peroxynitrateZPN) and XRONGO; repre-
NOy into Os. Figurel shows a schematic of the simplified sents the total alkyl nitrateAN) (e.g. Day et al, 2003.

www.atmos-chem-phys.net/13/7321/2013/ Atmos. Chem. Phys., 13, 73244, 2013
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A second surrogate species, N@ NOy — NOy), can be de-
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whole air canister samples taken during each flight. Each

fined that represents the sum of the photo-oxidation productsanister sample was taken over a 30s period at points of

of NOy (Olszyna et al.1994. Since NQ is representative
of all NOy emissions, N@ provides a measure of the num-

particular interest along the flight track. The precision and
accuracy of the GC-FID measurements are species depen-

ber of NG, molecules that have undergone photo-oxidation.dent but typical values are 1-5 pptv and 5%, respectively.

Several studies have shown that thg &undance in pol-

Measurements of NO and NQwvere made using a single

luted air masses is linearly related to the abundance of NO channel chemiluminesence instrument manufactured by Air

(e.g., Trainer et al. 1993 Kleinman 2000. The enhance-
ment of @ abundance relative to N@i.e. AO3/ANO;) pro-
vides a measure of {production related to photo-oxidation

Quality Design (AQD) Inc., USA, as described bge et al.
(2009. The accuracy of the AQD NO and NQOneasure-
ments was 10 pptv. Measurements of N@otal NQ,, to-

of NOx molecules, sometimes referred to as the ozone protal peroxyacetyl nitrateS{PN= ZRO,NO,), and total alkyl

duction efficiency (OPE)Ryerson et a).1998 Rickard et al,
2002.

2.2 BORTAS measurements

Measurements of the key tracers relevant to thep@oto-

nitrates EAN = XRONO,) were made using a Thermal
Dissociation-Laser Induced Fluorescence (TD-LIF) instru-
ment Oari-Salisburgo et al2009 Di Carlo et al, 2013 with
accuracies of 10 %, 22 %, 34 %, and 46 %, respectively.

For the analysis presented here we calculated mixing ratios
of NOy, and subsequently NOfrom the aircraft measure-

chemistry outlined above were made from the BAe-146 air-ments of NO, NQ and NG, described above. The N@nix-
craft over the course of the BORTAS-B measurement caming ratio was calculated using NO measured by the AQD in-
paign. Full details of the BAe-146 payload are presented instrument and N@measured by the TD-LIF instrument. The

Table 2 ofPalmer et al(2013 and we provide here brief
details of the measurements used in this study.
Measurements of ©were made using a TECO 49 ultra-
violet absorption instrumentilson and Birks 2006 op-
erated by the UK Facility for Airborne Atmospheric Mea-

surements (FAAM) with an average time of 3Hz, at a pre-

cision of 1 ppbv and accuracy af5 %. Measurements used

for identification of biomass burning plume air masses in-

cluded acetonitrile (CBCN) and CO. A proton transfer re-
action mass spectrometer (PTR-M$)urphy et al, 2010
provided measurements of GEN with an average time of

1s and mean precision of 37 pptv over all BORTAS flights.

AQD instrument measures NQndirectly, after it has under-
gone photo dissociation to form NO in the presence of UV
radiation (ee et al, 2009, whereas the TD-LIF instrument
measures N@directly; we use the TD-LIF in the NgQcalcu-
lation to reduce uncertainties and possible interferenceg. NO
was then calculated by subtracting the AQD/LIF dN@lues
from the LIF total NQ measurements. We calculated aver-
age uncertainties of 186 % in the range 6—45 % for NO
and 514+ 4% in the range 47-84 % for NOFor both NQ

and NQ, calculated uncertainties more than &andard de-
viations above the average occurred for approximately 5 %
of the plume measurements with the lowest calculategg NO

CO was measured using a vacuum-UV resonance fluoresand NQ mixing ratios.

cence instrumeniQerbig et al. 1999 with an average time

To distinguish measurements made in biomass burning

of 1s, precision of 1ppbv, and accuracy of 3%. We de-plumes from those made in clean air, we use the threshold
termined the aerosol loading within the sampled plume airof 150 pptv of CHCN determined byPalmer et al(2013

with measurements of refractory black carbon using a sinfrom the 99 percentile of measurements made on flight B625.
gle particle soot photometer (SP2) and measurements of totalH3CN is predominantly emitted from biomass burning and
scattering coefficient at 550 nm using a TSI Inc. 3563 threeremoved from the atmosphere through uptake by the oceans

wavelength nephelometefiderson and Ogreri998. The

and reaction with OH, with an atmospheric lifetime of ap-

SP2 uses laser-induced incandescence to measure refractgrgoximately 25 daysRange and Williams2000); therefore,

black carbon on a single particle basichwarz et a] 2006);

CHzCN is an excellent tracer for identifying plume measure-

the inlet and instrumental setup on the BAe-146 are dedments.

scribed byMcMeeking et al.(2010. The statistical uncer-

tainty in BC mass concentration was 5 % for an average time

of 15s, and accuracy was within 20 % due to possible dif-3 Observed G distribution over eastern Canada
ferences between the instrumental response to biomass burn-

ing BC and the calibrantL@borde et al.2012. Measure-

In this section we present an overview of thg distribution

ment of NQ photolysis rates were made using upper andobserved from the BAe-146 aircraft during the BORTAS-
lower fixed bandwidth radiometers at wavelengths predomi-B measurement campaign. Figlzeshows the relative fre-
nantly between 208 and 500 nm, at a frequency of 1 Hz andjuency distribution of @ mixing ratios, divided into 1 ppbv

with accuracy of 10 %\olz-Thomas et a).1996. Measure-

bins, measured from the BAe-146 during the eleven research

ments of VOCs used in this study were made using a duaflights undertaken 15-31 July 2011 (Tali)e The frequency
channel gas chromatograph system with flame ionisation dedistribution of the @ measurements made both in and out of

tection (GC-FID) Hopkins et al. 2003 201]) to analyse

Atmos. Chem. Phys., 13, 7321341, 2013

biomass burning plumes shows two peaks at approximately
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Fig. 2. Frequency distribution of @mixing ratios measured from § 5565 H T —————
the BAe-146 on all research flights during the BORTAS campaign 8 4555 s i
period (15 to 31 July 2011). Frequencies are calculated for 1 ppbv g; 3545~ T
bins. The black line shows the distribution of all the measurgd O ¢ 25351 ey
mixing ratios, the red line shows the distribution of measurements © 1525- Tt 1F —— Alldda 150 pptv
identified as biomass burning plumes using a threshold of@NH 0515 Rt e ‘CH2CN<1‘50pptv
mixing ratios greater than 150 pptv, and the blue line shows mea- 0 20 40 60 80 100 120 140

surements made in air masses with4CHN mixing ratios less than O/ ppbv
150 pptv. The number of data points, for each distribution are

shown in the legend. Fig. 3. Box and whisker plots showing the statistical distribution of

O3 measurements made from the BAe-146 during BORTAS as a

function of(a) research flight (see TableandPalmer et a].2013,

and (b) aircraft GPS altitude. In both plots solid boxes show the
25 and 50 ppbv. The peak inzOnixing ratio at 25ppbv is  range of the 25th to 75th percentiles and whiskers show the range
attributable to measurements made at altitudes below 3 kmof the 5th to 95th percentiles with outliers shown as plus symbols.
The G; measurements made during BORTAS-B show a sim-Black boxes and whiskers show all measured values, red boxes
ilar distribution to that observed over central and easternand whiskers show plume measurements determined from mea-
Canada during the ABLE 3B measurement campaign in thesured CHCN mixing ratios in excess of 150 pptv, and blue boxes
summer of 19904nderson et a).1994). and whiskers show r_10n-plume measure_me_nts (i.es@NHless Fhan

The statistical distribution of ©mixing ratios measured 120 PPW). Dashed lines in each panel indicate the campaign mean

on each of the BORTAS campaign flights (Taljés shown ©3 mixing ratio for each group of data points.
in Fig. 3a. Each flight shows a wide range of measured O

mi)_qng_ ratios between 20 and .125 ppbv, reflect_ing the Vari'on average greater than the campaign mean. These measure-
ability in Og over the geographical area and altltude_ rangeSnents were typically made at higher altitudes, above 5.5 km,
covered by.the alrcr.aft over the course of the campa|gn.-Th%S reflected in Figb. A number of outlying @ mixing ratios

mean Q mixing ratio measured over the whole campaign were made below the 5th percentile and above the 95th per-

was 50 ppgv, .WhiCh V\I/as redugf\ld t(i5456 ppbv fpr MEaSUreLantile of the observed statistics on each flight, reflecting the
men_ts made in non-plume (GEN < . pptv) air masses wide range of altitudes over which the measurements were
and increased to 57 ppbv for plume air measurements. In g€ ade on each flight

eral, G mixing ratios were less than the campaign mean of
the plume measurements. Fig@teshows the statistical dis-
tribution of the measured £Omixing ratios as a function of
the aircraft GPS altitude, divided into 1 km wide bins. Us-
ing the medians for each altitude bin, thg @ixing ratio In this section we evaluate the processes influencing the O
increased from less than 40 ppbv between 0.5 and 1.5 km tdistribution in biomass burning plume air sampled by the
approximately 60 ppbv between 7.5 and 8.5 km. Plume meaBAe-146 over the course of the BORTAS campaign. Figure
surements were higher on average than non-plume measurshows the relative distributions of 60 s averagegda®d CO
ments, apart from the altitude range between 4.5 and 5.5 kmmixing ratios measured from the aircraft. Fig@rghows that
and measurements were typically less than the campaigthere is no discernible difference betweegn@easurements
mean of the plume data below 5.5 km. Three research flightsnade in the plume air and those in clean air. CO mixing ra-
(B621, B629 and B630) measured @ixing ratios that were  tios in plumes range from 64 to 930 ppbv. For CO mixing

4 Observed boreal biomass burning outflow

www.atmos-chem-phys.net/13/7321/2013/ Atmos. Chem. Phys., 13, 73244, 2013
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Table 1. Flight IDs, dates, and location of research flights made by the BAe-146 during the BORTAS aircraft measurement campaign in
2011. The relative locations of each flight are showRaimer et al(2013.

Flight ID  Date (Day of Year) Location

B620 15 July (196) Eastern Quebec

B621 18 July (199) Newfoundland and Labrador

B622 20 July (201) Southern Quebec

B623 20 July (201) Quebec City to Halifax

B624 21 July (202) Atlantic Ocean to east of Island of Newfoundland
B625 24 July (202) Gulf of St. Lawrence

B626 26 July (207) Northwestern Ontario

B627 27 July (208) Thunder Bay ON to Goose Bay NL

B628 28 July (209) Labrador coast

B629 31 July (212) Gulf of St. Lawrence

B630 31 July (212) Nova Scotia and Island of Newfoundland

140
o + CH,CN <150 pptv, n = 2326 ] -+ CH,CN <150 pptv -1
A + CH,CN > 150 pptv, n= 1146 1 ol * CHyCN> 150 pptv -7

1] R R S : : : : — | = Initial mixing ratios . .7

. i ] * // *
] — - R .7
il —3 .7
: B I - -7 1
: . S) -
‘ 1 2
1 A T
1 1 %)
PRI T = 7
o8 ,i",, e =
; : ] - Slope=1.55
R SN NS S R SR N B r'=0.89
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IN([CHl/[CHel)

Fig. 4. Scatter plot of 60s averagedz@ersus CO mixing ratios . . .

. . Fig. 5. Scatter plot of the natural logarithms of the ratios of
f he BAe-14 he BORTA - .

in_ppbv measured from the BAe-146 during the BO S cam [C4H10]:[C2Hg] and [G3Hg]:[C2Hg] measured from whole air can-

paign period. Black symbols show all measured data and red symi-Ster samples taken by the BAe-146 during the BORTAS campaign

bols show the data points identified as biomass burning outflow. The” ™. . .
number of data points, are shown in the legend. p_erlod. All meagured data are shown as _black dlamonds with rc_ed
diamonds showing measurements made in boreal biomass burning
plumes. The green square shows the ratios of the initial concentra-
. . . . . tions of the three alkanes used in the plot, estimated from BOR-
ratios in excess of 30(_) ppbv,3Anixing ratios lie within a TAS flight B626 over the burning source region in Northwestern
_range betwe_)en apprOXImqter 40 and_60 ppbv. In the fOIIOV\"Ontario. The solid red bounding lines represent the behaviour of the
ing subsections we examines@roduction and photochem-  hygrocarbon ratios: the steeper slope assumes only oxidation of the
istry measured in boreal biomass burning plumes. alkanes with OH (kinetic slope); the shallower slope assumes only
mixing of fresh emissions with background air (mixing slope). The
4.1 Photochemical ageing of biomass burning plumes  dashed red line shows a linear fit to the plume measurements.
We first investigate photochemical processing within
biomass burning plumes sampled by the aircraft through cal-
culation of a photochemical age, i.e. the time taken for a parthe relationship between natural logarithms of the observed
ticular measured tracer to be removed chemically from an aifC4H10]:[C2Hg] and [GsHg]:[C2Hg] ratios, where [X] rep-
mass after emission. We calculate photochemical ages basedsents the concentration of NMHC X. The ratio of ini-
on ratios of non-methane hydrocarbons (NMHOBarfish  tial mixing ratios for each NMHC pair are determined from
et al, 2007). The NMHCs used in this calculation are flight B626 over Northwestern Ontario on 26 July, which
ethane (GHe), propane (GHg) andn-butane (GH10) mea-  was the main source of biomass burning early in the cam-
sured by GC-FID from whole air canister samples takenpaign with fires burning 17-19 July. In the absence of de-
over the course of the BORTAS campaign. Figbrshows  tailed combustion information of these fires, we assume that
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the higher values of the natural logarithm of the NMHC OH concentration of % 10° moleculescm®. As no OH
ratios from flight B626 are representative of the ratios of measurements were made from the BAe-146 during the
the freshest emissions of these NMHCs, and are showmrampaign, this value was chosen to be representative of a
as the solid green square in Fi§. We also assume that northern mid-latitude summertime OH concentrati@pif
this ratio is representative of the initial mixing ratios of vakovsky et al.2000. Varying the average OH concentra-
these NMHCs emitted from forest fire emissions across bo4ion in the photochemical age calculations from half to dou-
real North America, based on the similarity of vegetation ble the assumed value would double or halve the age, re-
cover over the regionL@tifovic et al, 2004. The major-  spectively. The photochemical ages we calculate from the
ity of NMHC ratios measured in biomass burning plumes BORTAS measurements using this assumed OH concentra-
during BORTAS lie to the left and below this point, indi- tion were similar to transport timescales from the emission
cating that the estimated initial concentrations are a suitsource determined by back trajectory calculations (not pre-
able reference point for calculating the relative photochem-sented here), providing confidence in our assumption. Esti-
ical ageing of the biomass burning plumes sampled durimating the photochemical plume age in this way allows us
ing the campaign. Followin@arrish et al(2007), we show  to compare @ production in boreal biomass burning plumes
bounding limits for oxidation by OH and dilution or mix- measured over the BORTAS campaign to similar measure-
ing of fresh emissions into aged air masses as solid linesnents used in previous studies.
in Fig. 5. The steeper of these lines represents ageing of
plume air if oxidation of the NMHCs was the only pro- 4.2 O3 enhancements in biomass burning plumes
cess influencing their concentration. This is sometimes re-
ferred to as the “kinetic” lineRarrish et al.2007 Helmig Figure 6 shows the relationships between énd CO mea-
et al, 2008, and in our study its slope is calculated from sured in biomass burning plumes during the BORTAS mea-
the kinetic reaction rate coefficients of the measured NMHCssurement campaign to the calculated photochemical ages,
with OH. Assuming a typical free tropospheric temperaturesampled at the times of the whole air canister samplgs. O
of 273K and taking reaction rate coefficients fraktkin- mixing ratios measured in boreal biomass burning plumes,
son and Arey(2003, we calculate a kinetic slope of 2.61. Fig. 6a, show no clear relationship to the calculated pho-
The less steep of the solid lines in Figcan be considered tochemical age over the whole BORTAS campaign period.
a “dilution” line and represents dilution of a plume, start- The O; measurements made on flight B626 are distinguished
ing with the same initial mixing ratios through mixing with from those made on the other research flights by mixing ra-
background air that is sufficiently aged so that only the leastios less than 30 ppbv. It should be noted that the measure-
reactive NMHC (i.e. GHg) remains at significant concen- ments made in biomass burning plumes on flight B626 were
trations. The mixing causes the ratio of the NMHC ratios made at lower altitudes (below 1.5 km) than on other flights.
to decrease with a slope of unitiP4rrish et al.2007). In Measurements with higher GEN mixing ratios typically
general, NMHC ratios calculated from the BORTAS mea- show moderate ©®mixing ratios between 40 and 70 ppbv
surements lie between3 and—1 for In([CsHg]/[C2Hg]) and  with photochemical ages between 1.5 and 4.5 days. The mea-
between—6 and—2.5 for In([C4H10]/[C2Hg]) and are con-  surements made with lower GBN exhibit a wider range
sistent with previous observations of NMHC ratiGa@olph ~ of Oz mixing ratios, from 40 to 110 ppbv, and photochem-
and Johnen199Q Parrish et a].1992 Jobson et al.1994 ical ages, from O to 10days. The CO mixing ratios mea-
Parrish et al.2007 Helmig et al, 2008. These data points sured in boreal biomass burning plumes, Fh, typically
lie within the bounds of the dilution and kinetic slopes, show higher values (between 200 and 1100 ppbv) at pho-
indicating that NMHC concentrations in the measured airtochemical ages of between 2 and 4 days and are coinci-
masses were subject to a combination of oxidation and mix-dent with the higher values of GEN. These measurements
ing between fresh emissions and background air. This isvere made at aircraft altitudes below 3km during flights
also consistent with the previous studies listed above and622-B624 on 20 and 21 July in plumes from the fires
is not unexpected given that the BORTAS measurement$n Northwestern Ontario with approximate transport times
were made between 1000-3000 km downwind of the emis-of 2-3 days, calculated by Lagrangian backward trajectories
sion sources. The gradient of the line of best fit to the data(not shown). Measurements of CO mixing ratios less than
is 1.55, further supporting the assumption that the observa200 ppbv have a wider range of photochemical ages, between
tions were subject to mixing and photochemical processing0 and 10 days. On flight B626, CO mixing ratios were mea-
Outliers in Fig.5, i.e. where In([GHg]/[C2Hg]) > —1 and  sured between 150 and 400 ppbv with photochemical ages
In([C4H10)/[C2Hg]) > —2, show measurements representa-from 0 to 8.5 days.
tive of different emission sources and are beyond the scope The relationship between the measuregdadd CO mix-
of the work presented here. ing ratios in boreal biomass burning plumes is shown in
We estimate plume ages in days for the plume airFig. 6¢c for the data sampled at the times of the whole
masses sampled during the BORTAS campaign using thair canister samples. The distribution is similar to that
In([C3Hg)/[C2Hg]) ratio and assuming a constant average shown by the red symbols in Fid. for the 60s averaged
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Fig. 6. Relationship between £and CO mixing ratios measured from the BAe-146 and sampled at the WAS measurement times, and
photochemical ages calculated from the Igifg/CoHg) ratio in boreal biomass burning plumes throughout the BORTAS-B measurement
campaign and assuming an OH concentration ©f1Z° molecules cr3. (a) and(b) show the measured{and CO mixing ratios, respec-

tively, in units of ppbv as a function of the calculated photochemical age in @@yshows the scatter of £versus CO with straight lines
showing linear fits to each population of data poitith.shows the enhancement o§ @elative to CO AO3/ACO) as a function of photo-
chemical age. In all plots the data are filtered according to their relative abundanceGNCHHith black diamonds representing gEN

mixing ratios between 150 and 300 pptv and red diamonds representig@NCHhiixing ratios in excess of 300 pptv. Measurements made on
flight B626 over the fire region in Northwestern Ontario are treated separately and are represented by green circles.

data. The three populations of data points defined for flight1.292+ 0.007 ppbv ppbv!. Figure 6d shows enhancement
B626, and moderate and high @EN, show clear distinc- ratios of G relative to CO as a function of photochemical
tions from one another. Straight lines fitted to each pop-age. Enhancements of;@nd CO (i.e.AO3 and ACO) are
ulation and their slopes provide an indication of @ro- calculated relative to background values determined from the
duced since the fire emissions of CO and other precursordistribution of clean air measurements defined by;CN

at the source, i.eAO3/ACO (Parrish et al. 1993 Pfister  mixing ratios less than 100 pptv and CO mixing ratios less
et al, 200§. Measurements of fresh biomass burning air than 100 ppbv. Average{and CO mixing ratios in the clean
masses were made during flight B626, indicated by a slop&ir measurements were 42:014.3 ppbv in the range 21.5—
of 0.009+ 0.001 ppbv ppbv!. Of the measurements made 124.8 ppbv, and 87 & 6.6 ppbv in the range 70.1-99.9 ppbv,
on the other BORTAS research flights, those with the high-respectively. We calculate backgroung &d CO mixing ra-

est CHCN mixing ratios were made in moderately fresh tios, using the 25th percentile of the distribution of the clean
plume air masses with photochemical ages of 2—4 days. Thair measurements, to be 25 and 81 ppbv, respectively.
gradient of the straight line fitted to these data points is The AO3/ACO ratios for the three populations of data
0.016+ 0.001 ppbv ppbv?, suggesting a slight increase in show a similar trend to the gradients calculated for the O
Os production downwind of the emission source. Measure-to CO relationship in Figéc, with the value ofAOs/ACO
ments with moderate G3CN are typically more aged (pho- increasing from the measurements made on flight B626
tochemical ages 4 days) and indicate increased produc-  through the high CHCN measurements to the moder-
tion relative to the other two populations, as reflected in theate CHCN measurements. The measurements made on
gradient of the straight line fitted to these data points offlight B626 haveAO3/ACO ratios between approximately
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Table 2. ObservedAO3/ACO in biomass burning plumes sampled during BORTAS filtered by photochemical age, folldaffiegand
Wigder(2012.

Plume category Range afO3/ACO (ppbv ppbv'1) Mean Median Standard deviation
(no. of measurements) (ppbvppby)  (ppbvppbvl)  (ppbvppbvl)
<2days 0.009-0.029/ = 6) 0.020 0.027 0.009
2-5day$ 0.02-0.694 = 100) 0.13 0.12 0.10
2-5days 0.02-1.76 4 = 134) 0.27 0.15 0.31
>5days 0.24-2.554 = 52) 0.81 0.63 0.52
>5day$ 0.24-1.89 4 = 50) 0.75 0.63 0.41
1 Flight B626;

2 [CH3CN] > 300 pptv;
3 [CH3CN] > 150 pptv;
4 AO3/ACO < 2 ppbv ppbvL.

0.1 and 1.0 ppbv ppb. Some measurements with moderate

Eoe 2:23:{/2 e 1 CH3CN have photochemical ages less than 4 days, although
E o 46days Lo 1 this does not appear to significantly affect th&s/ACO
1 >6dws ¥ E ratio in these air masses. The measurements made with
. & 1 less than 2 days photochemical ageing ar@:/ACO ratios
§ oF : ?— = greater than 0.07 ppbv ppbY may be attributable to a fire
o L 3 1 source with different initial NMHC mixing ratios than those
(o] r N 1 . . N
< t 4 E used in the photochemical age calculation or could be aged
g ¢ RAA 1 air masses that have experienced mixing with air of different
o g% ‘96"' 3 ] origin which has influenced the NMHC abundance. Further
2 W“" 3 E analysis of these data points is beyond the scope of the anal-
g ot j ysis presented here.
3 L & L ] Figure 7 shows that the main contributing factor to the
0.01 0.10 1.00 10.00 variability in the AO3/ACO ratios observed in biomass burn-
DO,/ACO / ppbv ppbv™

ing plumes changes as a function of the plume photochem-

Fig. 7. Scatter plot of logg of the difference between{and CO ical age. As reflected in Figda and b, variability inAOg

enhancements in biomass burning plumes relative to backgrounélcréases as a function afO3/ACO while variability in
values (i.e.AO3 and ACO) as a function of theAO3/ACO en-  ACO decreases to a point where the main contributing factor

hancement ratio. The data are filtered based on photochemical agghianges from\ CO to AOg3. For air masses with photochem-
calculated from the In(§Hg/C,Hg) ratio. The horizontal and ver- ical ages of less than 4 daysQs is generally less than CO
tical dotted lines show the zero difference and unit ratio values, re<i.e. logio(AO3—ACQO) < 0 andAO3/ACO < 1) and the vari-
spectively. ability in AOs/ACO is controlled byACO. At photochem-

ical ages greater than 4 days, the variabilityA®s/ACO

is controlled by a combination cACO, for AO3/ACO be-
0.015 and 0.05 ppbv ppb¥ over a range of photochemi- tween 0.1 and 1.0, antlO3, for AO3/ACO greater than 1.0.
cal ages between 0 and 8days. Th®3/ACO ratio de- A review of Oz production in the outflow from wildfires,
creases from 0.03 to 0.01 ppbv ppthbetween 0 and 2days including boreal regions, was recently presentedJbffe
of photochemical ageing, with the lowest values associatednd Wigder(2012). Table2 presents statistics afOz/ACO
with higher CO mixing ratios in excess of 250 ppbv, in- ratios in boreal biomass burning plumes sampled during
creasing from approximately 150 ppbv (Figb), and in- BORTAS, arranged by photochemical age followidaffe
creases from 0.03 to 0.05 ppbv ppthbetween 5 and 8 days and Wigder(2012. The BORTAS results show that the
of photochemical ageing. The high @GEN measurements AO3/ACO ratio increases with plume age in both the range
show a wide range ofAO3/ACO ratios, from 0.02 to and average (mean and median) values, indicating that O
0.3 ppbv ppbv?, between 2 and 4days of photochemical production is enhanced in plumes that have undergone more
ageing. A few high CHCN measurements with photochem- photochemical processing as they are transported away from
ical ages between 4 and 8days have high€3;/ACO ra-  the source region. For plume ages less than 2 days, the BOR-
tios from 0.2 to 0.5ppbvppbit. In general, the moder- TAS AO3/ACO ratios are within the range of ARCTAS
ate CHCN measurements have photochemical ages greateneasurements for the same categdxlygrado et al. 2010
than 4days and exhibit highekOs/ACO ratios between and the mean BORTAS value of 0.02@.008 ppbv ppbv!
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is comparable to the mean of 0.018 ppbv ppbwalcu- per molecule of NQ that is oxidised (e.gTrainer et al.
lated byJaffe and Wigde(2012 from studies byAlvarado 1993 Olszyna et al.1994 Ryerson et a).1998. We eval-

et al. (2010, Goode et al.(2000, Singh et al.(2010 uate OPE in the plumes sampled during the BORTAS cam-
and DeBell et al.(2004. For plume ages between 2 and paign through comparison of the measuregl i@ixing ra-
5days the range of BORTARO3/ACO ratios are com- tios to measurements of alkyl nitrates and the surrogate
parable to the ranges determined for boreal biomass burnspecies N@. Photochemical production of L0n polluted

ing plumes from eastern Canadslquzerall et al. 1996 air masses is dependent on the interaction between VOC
and Siberia Tanimoto et al. 2008. The mean ratio of and NG, chemistry as shown in Fid. and ReactionsR4)—
0.134 0.10 ppbv ppbv?! for the high CHCN measurements  (R6)/(R7). Thus, comparing the products of ReactioR$)(

is comparable to the average ratio of 0.15 ppbv pphsal- and R7) provides an indication of the potential fors@or-
culated byJaffe and Wigde(2012 for this plume category. mation in an air mass based on the relative concentrations
For the moderate C3CN measurements the mean ratio in- of alkyl nitrates (RONQ in Reactions R6) and R7) and
creases to 0.2 0.31 ppbv ppbv?!, which is also compa- referred to ascAN from hereon in) and the level of oxi-
rable to the mean, although with a much wider range ofdant (Q; =03+ NOy). Similarly, the surrogate species NO
values (ratio reported byJaffe and Wigdegr2012). For (= NOy—NOy) represents the photo-oxidation products of
plume ages greater than 5days, the BORTAS3/ACO reactive nitrogen species (i.e. NJoand evaluating Qin re-
ratios are typically within the range of values presentedlation to NG, will provide an indication of the potential for

by Jaffe and Wigder(2012. The meanAO3/ACO ratio Oz formation in an air mass.

of 0.81+ 0.52 ppbv ppbv?! for BORTAS is higher than the Figures8a and b show the distribution of,Qrelative to
mean values of approximately 0.25 ppbv ppbvor North AN and NG, measured in boreal biomass burning plumes
American boreal biomass burning plumegfigter et al. during BORTAS, respectively. In both cases three main pop-
2006 Val Martin et al, 200§ and is more comparable to ulations of data points can be clearly defined with a dis-
similarly aged plumes originating in Siberi8drtschi and tinctive “L-shape” distribution for measurements made on
Jaffe 2005 Honrath et al. 2004. The observed upper- all BORTAS research flights, not including flight B626 (i.e.,
limit of 2.55ppbv ppbv?! in the range ofAO3/ACO ra- Oy mixing ratios in excess of 30 ppbv). Higher values of
tios for these measurements is much higher than for thecAN and NG, generally correspond to lower values of,O
data presented byaffe and Wigder(2012. Restricting and lower values of2AN and NG, generally correspond
this upper-limit to 2 ppbv removes two data points from to higher values of Q The main factor that distinguishes
the BORTAS statistics, reducing the mean value frombetween the two branches of the “L-shape” pattern is the
0.814 0.57 ppbv ppbv! to 0.75+0.41ppbvppbv!. The  aerosol loading of the measured air mass. High aerosol load-
observed increase inO3/ACO ratios calculated from the ing in the plumes is determined using measured black carbon
BORTAS plume measurements with longer photochemicalmass concentration greater than 0.1 pgéend nephelome-
ages and moderate GEAN reflects plume dilution and effi- ter measurements of the total scatter coefficient at 550 nm
cient Q3 production at low NQ mixing ratios Bertschi and  greater than 1.% 10-°m~! (corresponding to a black car-

Jaffe 2005 Jaffe and Wigder2019). bon mass concentration of 0.1ugcfn and used to fill
in gaps in the black carbon measurements). Although the
4.3 Oz photochemistry in boreal biomass burning vast majority of scattering is due to nonrefractory aerosols,
outflow the black carbon mass concentration and total scatter coef-

ficient measurements are strongly correlatee= 0.92) in
The AO3/ACO ratios presented above assume that enhancdhe biomass burning plumes sampled during BORTAS, sug-
ments in plume air over background values provide an in-gesting that these are reliable indicators of plume aerosol
dication of G production in biomass burning plumes and loading. The highest mixing ratios a€AN (> 0.5 ppbv)
that variations in theAO3/ACO ratio are due to variability and NQ (> 2 ppbv) were measured at night-time and day-
in AO3. However, this ratio provides limited information on time, respectively, in air masses with high aerosol load-
the photochemistry occurring in the plume air masses. Weng and corresponding ,Omixing ratios between approxi-
now evaluate @ mixing ratios measured in boreal biomass mately 40 and 60 ppbv. DaytimEAN and night-time NQ@
burning plumes during the BORTAS campaign against meameasurements along the horizontal branch of the “L-shape”
surements of other chemical species associated wgihhO- distribution were typically made in air masses with high

tochemistry. aerosol loading with mixing ratios ranging between 0-0.5
and 0-2 ppbv, respectively. Measurements made in plume air

4.3.1 Ozone production efficiency masses with low aerosol loading (black carbon mass con-
centration j 0.1 ug cr?) lie along the vertical branch of the

A useful concept for understandings@ormation in pol-  “L-shaped” distributions in Fig8 and generally have lower

luted air masses is the ozone production efficiency (OPE)~AN (< 0.2 ppbv) and N@ (< 0.8 ppbv) mixing ratios and
which is defined as the number o @nolecules produced a wider range of Q mixing ratios between 40 and 90 ppbv.
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represents an upper limit due to potential loss qf &nd

12071 Nighttime, low aetosol 1 NOy species from the plume air due to wet and dry de-
i Nighttime, high aerosol 1 position (e.g.Wang et al. 1996 Rickard et al. 2002. For
100 Daytime, low aerosol = . . . .
i Daytime, high aerosol 1 relatively fresh biomass burning plumes measured on flight
sol Flight B626 1 B626 the slope of the fit is 16 15.6 ppbv ppbv? relative
3 1 to AN and 0.07+ 13.5 ppbv ppbv? relative to NQ (i.e.,
S 60 ", 1.6 O molecules are produced relative to each molecule of
o 40 AN and 0.07 Q molecules per molecule of N The
1 gradient of the fit increases to 773.5ppbv ppbv? rel-
20k  y=4725x+350 ative to AN and 1.6+ 0.9 ppbv ppbvl relative to NQ
i - ﬁ}g(j‘z‘g:g ] for the plume measurements made with high aerosol load-
%0 0‘2 0‘4 0‘6 0‘8 10 ing and to 472+ 28ppbvppbv?! relative to AN and
' ' SAN / ppbv ' ' 155+ 5 ppbv ppbv ! relative to NQ for the plume measure-
ments made with low aerosol loading. The change in the re-
120 () lationship between Qand AN with plume photochemi-
I 1 cal age observed during BORTAS is consistent with that ob-
100} . served in pollution outflow from Mexico City byPerring
i 1 et al. (2010 in which slopes of the lines of best fit to air-
2 80; B craft measurements in the outflow increased from approxi-
g ool & 1 mately 16 ppbv ppbv! to 89 ppbv ppbv? as the plume age
Sx . = increased from less than 10 h to between 40 and $&h
40( B ring et al. (2010 explained that increasedsz(production
F ] with plume age was due to an increase in non-nitrate produc-
20} R At~ i Sl ing Oz precursors associated with depleted primary VOCs
ot ‘ ‘ L yToom2rl and enhanced secondary OVOCs. The high OPE relative to
0 1 2 3 4 5 3 AN calculated from the BORTAS measurements of aged

NO, / ppbv plumes with low aerosol loading are consistent with slopes

. . . ) for remote areas of the troposphere such as the remote Pa-
Fig. 8 Relationship betwee(®) Ox (O3 + NO) and alkyl nitrates cific (Perring et al.2010. The OPE values relative to NO

(XAN), and (b) Ox and NG (NOy —NOx) measured in boreal
biomass burning plumes from the BAe-146 over the course of thecalcm"ﬂed from the BORTAS measurements represent the

BORTAS measurement campaign. Night-time and daytime mea£Xtremes of typical OPE values previously reported in the
surements are represented by open and closed diamonds, respéierature and summarised in Table 1Ritkard et al(2002).
tively. Black symbols represent measurement with black carbonThe OPE of 1.6 ppbv ppbV relative to NQ in the BOR-
mass concentrations less than 0.1 ugénand red symbols with ~ TAS plume measurements with high aerosol loading is sim-
black carbon mass concentrations greater than 0.1 fig cMea- ilar to the OPE observed in urban and power station pollu-
surements made on flight B626 over the fire region in Northwesterntion plumes in the eastern USA&in et al, 1994 Ryerson
Qntario are treated separately and are represented by closed gregp al, 1998 Daum et al. 200Q Sillman, 2000 whereas the
circles. OPE of 155 ppbv ppbv in the plume measurements with
low aerosol loading is more comparable to the OPE observed
in aged air masses of continental origin over the western Pa-
It should be noted that measurements with lowgr raix- cific Ocean Davis et al, 1996.
ing ratios (40—60 ppbv) show a mixture of both high and low  An alternative method for calculating OPE from the ob-
aerosol loading and Omixing ratios greater than 60 ppbv served Q and NQ mixing ratios is to calculate enhance-
were made only in air masses with low aerosol loading.ments of each observed value relative to a background value
The third population of data points, withyOnixing ratios  (i.e. OPE= AOx/ANQO;) similar to the method described for
less than 30 ppbv corresponds to measurements made dutcO3/ACO in the previous section. FiguBeshows the dis-
ing flight B626 over Northwestern Ontario and show a nar-tribution of OPE usingAOx/ANO; ratios calculated from
rower range of Q (25—-30 ppbv) for AN between 0.05 and the BORTAS biomass burning plume measurements as a
0.4 ppbv and N@between 0.1 and 0.5 ppbv. function of NQ. Background mixing ratios of Qand NQ
We estimate OPE in biomass burning plumes relative towere determined, in the same way as the backgrouyan@d
AN and NG, from the gradients of straight lines fitted CO values described in the previous section, to be 30 ppbv
to each population of data points in Fi§.using a non- and 0.1 ppbv, respectively. The measurements are filtered
linear least squares method. This is a useful diagnostic fofor daytime/night-time and high/low aerosol loading as in
giving a general indication of the potential fors @orma- Fig. 8. Measurements made in plume air with high aerosol
tion but it should be noted that calculating OPE in this way loading typically have OPE less than 70 ppbv ppbwith
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Fig. 9. Relationship between the enhancement ratio pt@®@NO, 8[ ‘
(AOx/ANQy) in units of ppbvppbv! and NG, mixing ratio in
units of ppbv measured in boreal biomass burning plumes from the
BAe-146 over the course of the BORTAS measurement campaign. € ]
Symbols are the same as those described forg-ig. %
E ]
o _ <
NOy mixing ratios ranging from 0.05 and 0.6 ppbv. Mea- 1Y
surements with low aerosol loading have higher OPE be- © -
tween 50 and 400 ppbv ppbY and a narrower range of NO
mixing ratios between 0 and 0.25ppbv. The N@ixing ‘ ‘ ‘
r_atio_s in this branf:h of the distribution shows a clear dis- 0 20 40 60 80 100 120
tinction between higher<{ 0.1 ppbv) and lower< 0.1 ppbv) Relative Humidity / %

NOx mixing ratios with higher values corresponding to the
night-time measurements. The measurements made on fligitg. 10. Relationship betwee(®) relative humidity in percent and
B626 over Northwestern Ontario have low OPE less thanthe ratio of theAOx/ANO; ratio in units of ppbv ppbv*, and (b)
30 ppbv pprl over a similar range of N@mixing ratios relative humidity and aircraft GPS altitude in km measured in boreal
as the high aerosol measurements. The changes in OPE ré:pomass burning plumes over the course of the BORTAS measure-
ative to NQ, for the two populations of data points defined ment campaign. Symbols are the same as those described f8r Fig.
by the aerosol loading indicates that plume measurements
were potentially made under two different chemical regimes.
For the measurements made on flight B626 and those madend low RH were made at higher altitudes 3 km) during
during daytime with high aerosol loading, the large range ofboth daytime and night-time. Interestingly, measurements
NOy mixing ratios and small change in OPE possibly indi- with high aerosol loading and high RH but low OPE were
cate of a more VOC-limited regime. For the low aerosol load- not solely made at lower altitudes but across the entire ver-
ing measurements, the much narrower range of RfiXing tical range of the measurements, from 0.5 to 7km. In gen-
ratio and larger change in OPE possibly indicating a moreeral, plume measurements with low aerosol loading and low
NOx-limited regime. RH had corresponding CO, GBN and VOC mixing ratios
Figure 10 shows the distributions of relative humidity significantly higher than their respective background values.
(RH) and aircraft altitude relative to OPE partitioned for This, in combination with relatively long photochemical life-
night-time/daytime and high/low aerosol loading, as de-times of some of these species (approximately 40 days for
scribed above. Figurt0a shows that the measurements madeCO and longer lived VOCs such aglds), suggests that pho-
with OPE less than 70 ppbv ppb¥ are typically charac- tochemistry drives the increased OPE in these plumes. Low
terised by higher relative humidity>(40 %) than the mea- aerosol loading and low RH may be explained by these more
surements with OPE greater than 70 ppbv ppb{RH typi- aged air masses having experienced precipitation events dur-
cally < 40%). The relationship between RH and OPE showsing transport from the emission source region. Analysis of
no distinction between daytime and night-time measure-ground-based remote sensing measurements made from Hal-
ments. Figurd.Ob shows the vertical distribution of RH mea- ifax, NS, during the BORTAS campaign period identified a
sured in boreal biomass burning plumes throughout the cambiomass burning plume with relatively low fine mode aerosol
paign. In general, measurements with low aerosol loadingoptical depth correlated with enhanced CO total columns,
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M. Parrington et al.: Ozone photochemistry in boreal biomass burning plumes 7333

which was attributable to precipitation along the plume tra-
jectory (Griffin et al, 2013 Franklin et al, 2013.

8r
The aerosol loading of the measured air masses provides iE‘ 6f

the distinction between the two branches of the “L-shaped” g |

pattern in OPE relative to botR AN and NG,. Suppressed = 4

O3 formation in biomass burning plume air masses with high g 2

aerosol loading is perhaps not so unexpected, as increased ot P 200,60 0055

aerosol optical depth would be expected to attenuate the ac- " Time/day of year 2011

tinic flux and photolysis of N@to form Os;. However, this ®)

may not completely account for the suppressegf@ma- 1000F oI

tion as recent laboratory studies have highlighted potential 3 800+ —— SHC /ety 10 pg om®

loss of G and NG, species through heterogeneous uptake by S 600; E

aerosol in biomass burning plumesagfellow et al, 200Q % 400 A

Grassian 2001). Furthermore, light-induced heterogeneous = 200 Mﬁ

photochemical @ loss on the surface of biomass burning 0 — 20278 209,80 200,85 -

aerosols that increases with relative humidity has also been " Time/day of year 2011

observed in laboratory and field measurements and shown ©

to influence regional troposphericsQ@listributions Kono- 0.020F S CHON < TR

valov et al, 2019). Figure1l shows an example of the rela- o151 o e s + CHON>150ppv

tive change in N@ photolysis ratejno,, measured fromthe @ Fo%ns « ¢ e LR 1

BAe-146 in plume and non-plume air2 masses along a section 2 0010 ;" v %"'%%". f%&%&' Fongne, E

of BORTAS flight B624 over the North Atlantic Oceanon21 ~ %0%¢ *¢ v e

July 2011 (see Tablkand Fig. 9 inPalmer et a].2013. This 0.000% P P P :

flight made five interceptions of a biomass burning plume " Time/dayof year 2011

with significantly elevated CO, GECN and black carbon
at altitudes between 1.7 and 3.2km, and provides a usefuFig. 11. Section of BORTAS flight B624 on 21 July 2011 showing
dataset for evaluating the potential impact of enhanced blacka) aircraft GPS altitude in km(b) mixing ratios CO in ppbv and
carbon aerosol ofino, in biomass burning smoke plumes. CH3CN in pptv and black carbon mass concentration in units of
3. . . . . 1
These measurements were made above a planetary bound?” #9cm ~; and(c) NO; photolysis rate,ino,, in units of s7.
ary layer between approximately 0.5 and 1.5km estimated®®/d Symbols in(c) indicate measurements of GEN mixing ra-
. . tios greater than 150 pptv to indicate plume measurements.
from temperature profiles over Sable Island and wind pro-

filer measurements near Halifax (not shown). During the first

two interceptions — prior to approximately 202.75day and production efficiency. From Reactiong2) and ®3) and as-

at 202'77, d_ay of 2011 - thgno, measurements show no suming photostationary steady state (i.e. the loss p¥i@

cleardewgtlon from the non—plumg measurements. On the fin o4 ion R2) is equal to the production of ©via Reac-

nal three interceptions, at approximately 20?.80, 292.85 a”‘i’ion (R3), the following ratio can be defined:

202.89 days of the same year, the photolysis rate is reduced

by a factor of approximately 2 relative to the rate measured in JNO,[NO2] 0

clear air. Althoughjno, shows areduction in the plume mea- kno+0s[NOJ[O3]

surements, it is not reduced completely to zero, which poten-

tially indicates that the reduced OPE in these measurementshere & is known as the photostationary ratio, [X] repre-

could be due to combination of the processes outlined abovesents the concentration of species )Xo, is the photoly-

Detailed analysis of these processes, which requires numesis rate of NQ in units of s'1, andknoto3 is the kinetic

ical model calculations to quantify the changejip, and rate coefficient for the reaction between NO angi®units

its influence on @ photochemistry, is beyond the scope of of molecules cm3s1. The value ofkyno403 Was calculated

the analysis presented here, and will be investigated throughlong the aircraft flight track using the recommended IUPAC

model studies that will be the subject of future papers. definition of 14 x 10~12exp(—131Q/T) (Atkinson et al,
2009 whereT is the air temperature measured from the air-

4.3.2 Photostationary steady state and instantaneous craft. The photostationary ratio would have a value of unity

O3 production if chemical cycling between £and NQ, was the only pro-

cess occurringleighton 1961 Cantrell et al, 2003 Griffin

To further evaluate @photochemistry in the biomass burn- etal, 2007). Deviations of this ratio from unity therefore give

ing plumes sampled during the BORTAS campaign we use an indication of the influence of other chemical processes,

photostationary steady state calculation to quantify the relafor example, interaction between NO and families of organic

tive contributions of N@ and other peroxy radicals to thggO peroxy radicals (R¢) and hydro peroxy radicals (HQ we

www.atmos-chem-phys.net/13/7321/2013/ Atmos. Chem. Phys., 13, 73244, 2013
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Fig. 12.Relationship between £photostationary state and the NBudget measured in boreal biomass burning plumes over the course of
the BORTAS campaigr(a) and(b) show the calculated photostationary ratig,versus NQ mixing ratios (ppbv) and the ratio of NQo

NOy respectively(c) shows the relationship between MOy and NG.. (d) shows calculated total peroxy radical mixing ratios, RO,
required for a photostationary ratio of unity versus,N@ixing ratio. Symbols are the same as those described fodFig.

generalise these families of peroxy radicals as(RO fol- air mass (i.e. the fraction of the initial NGmitted that has
lowing Cantrell et al(2003. been converted into photooxidation products, as,N&p-
Figure12 shows plots of photostationary steady state cal-resents total NQ emissions) Qlszyna et al.1994. Values
culations made with the BORTAS aircraft measurements inof NOx/NOy closer to unity are therefore representative of
biomass burning plumes over the course of the campaignfresher emissions because there has been less photochemical
The photostationary ratio defined above is calculated fromprocessing of NQ. In general, the BORTAS plume measure-
the measured values of each parameter in BqKigurel2a ments have a range of NONOy, values between 0.0 and 0.4.
shows the photostationary ratio versus ,N@ixing ratio The data points in Figl2 with NOx/NOy values greater than
with symbols denoting measurements made with high/low0.4 are measurements made on flight B626 over Northwest-
aerosol, as defined above. The calculated ratios for all thern Ontario, indicating that fresher air masses were encoun-
plume data points show a wide range of values between @ered closer to one of the main source regions. The measure
and 10. Ratios for the measurements made with low aerosabf air mass photochemical age from the ratio of )}IO,
loading generally lie in a narrower range from 0 to 2, sug-is shown relative to the surrogate species,N®Fig. 12c.
gesting that the measurements are closer to photostatioiMeasurements with NOmixing ratios less than 1 ppbv were
ary steady state. The measurements made with high aerosotade in both fresh and aged plumes, with the fresher plumes
generally have photostationary ratios greater than 2 with gNO4/NOy > 0.4) all having higher aerosol loading. Mea-
wide range of values extending as high as 10. Fidifie =~ surements with N@mixing ratios greater than 1 ppbv were
also shows the calculated photostationary ratio but as a funcall made in aged plumes (NEINOy < 0.2).
tion of the ratio NQ/NOy. Note that the expression defin- Using the measurements used to calculate the photosta-
ing NO; (i.e. NO, = NOy—NOy) can be rewritten as NO= tionary ratio, and including an additional term for the reac-
NOy (1-NOyx/NOy), in which the term 1 (NOx/NOy) can tion of NO with peroxy radicals in Eq.j (Cantrell et al.
be considered as a measure of the photochemical age of tHi2003 Griffin et al, 2007, a photostationary rati®no,ro,
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can be defined: the ARCTAS-B data are filtered to cover a similar ranges
iNO,INO2] of altitude (0.5-8.0 km), longitude (110-5%/), and latitude
PHo,RO= Z (2) (40—60 N). Plume measurements are determined as for the

kn0+0s[NOJOs] + kno-++0,INOIHOKROK] BORTAS measurements, with GBN mixing ratios in ex-
where kno+Hoz2 is the kinetic rate coefficient for the reac- cess of 150 pptv, and high aerosol loading is determined for
tion between NO and HE) calculated along the aircraft black carbon mass concentrations greater than 0.1 gig.cm
flight track using the recommended IUPAC definition of For the ABLE 3B measurements we use 90 s averaged mea-
3.6 2exp(270/ T) (Atkinson et al, 2004). Assuming photo-  surements of @ NO, NO; and NG, CO, and carbon tetra-
stationary steady state, we estimate mixing ratios of RO chloride (GCly) (Blake et al, 1994 Harriss et al. 1994
required to bring the photostationary ratio to unity by rear- Sandholm et al.1994 Wofsy et al, 1994. The ABLE 3B
ranging Eq. 2): deployment was very similar to that of BORTAS, with mea-

) surements extending from Northwest Territories and north-

JNO,[NO2]  knNo+0;[Os] ©) ern Manitoba across Ontario and Quebec to the east coast
kno+HO,[NO]  kno+HO, of Labrador. No CHCN measurements were made during
ABLE 3B and plume measurements are determined from
where measurements of,Cls mixing ratios, a tracer of
anthropogenic emission$\pfsy et al, 1994, were below
20 pptv and CO mixing ratios were greater than 150 ppbv.
The aerosol loading in the plume measurements are deter-
fmined from concentrations of total fine (0.195-3.12 ym) and

[HOxRO«]=

Figure12d shows the HERO, mixing ratios estimated from
the BORTAS plume measurements using E3).versus the
NO4/NOy ratio. The measurements that were closer to unity
in Fig. 12a and b (i.e. night-time or with low aerosol load-
ing) generally show the lowest HBOx mixing ratios with
values below 0.1 ppbv. For the plume measurements wit )
high aerosol loading, the estimated kRDy mixing ratios ~ c0arse (0.5-8.0 um) particles greater than 20tm

are generally greater than 0.1 ppbv and extend up to approxi- 1€ ARCTAS-B measurements shown in Fif3a, b
mately 0.4 ppbv. In the fresher plumes (i.e. MOy > 0.4), show sn_mlar. distributions to the BQRTAS measurgmgnts
the HQRO, mixing ratios are estimated to be just over SNOWN in Figs. 7 and 8b, respectively. The variabil-

0.1 ppbv, with higher mixing ratios generally associated with ity in'the.ARCTAS-B ,AO3/ACO ratips is controlled by
more aged plumes. The calculated HRDy mixing ratios AOs in air masses with photochemical ages greater than

are consistent with values between 0 and 0.35 ppbv calcu? days, although, as with the BORTAS data, a wide range
lated from measurements at a ground-based rural site in th@f A0s/ACO ratios were observed in air masses with
northeastern USAGriffin et al, 2007). these ages. The relationship bgtyveep and NQ in thg _
ARCTAS-B data also shows a distinctive “L-shaped” distri-
4.3.3 Comparison of @ photochemistry from BORTAS  bution, with relatively higher N@(greater than 1 ppbv) and
and previous campaigns lower O (less than 60 ppbv) mixing ratios in plume mea-
surements with high aerosol loading, and lower A@her
We put the BORTAS plume measurements into contextOyx associated with low aerosol loading. Slopes of straight
through comparisons with previous aircraft measurementines fitted to the ARCTAS-B data give OPEs relative to
campaigns with a focus over the central and eastern Canad&lO, of 4.6+ 31.7 ppbv ppbv? for the high aerosol measure-
and sampled outflow from boreal biomass burning. Measurements and 107.& 5.0 ppbv ppbv? for the low aerosol mea-
ments from two different campaigns are used for this con-surements. The increased high aerosol OPE and decreased
textual analysis: the NASA ARCTAS-B measurement cam-low aerosol OPE compared against the BORTAS measure-
paign during the summer of 20085cob et aJ2010; andthe  ments further reflect that ARCTAS-B sampled fresher, near-
NASA ABLE 3B measurement campaign during the summerfield, biomass burning plumes. The ABLE 3B measurement
of 1990 Harriss et al.1994. campaign made considerably less measurements in biomass
Figure13 shows a comparison of{production diagnos- burning plumes than BORTAS and ARCTAS-B. Figuré
tics (i.e. logo(AO3 — ACO) vs.AO3/ACO and Q vs. NG,) shows that the ABLE 3B measurements that are attributed to
derived from aircraft measurements made in biomass burnbiomass burning plumes, as described above A ACO
ing plumes during ARCTAS-B between 29 June and 13 Julyratios between 0.1 and 1.0 ppbv ppByindicating thatA O3
2008 (Fig.13a and b) and ABLE 3B between 6 July and was always less thanCO in the ABLE 3B measurements.
15 August 1990 (Figl3c and d). For the ARCTAS-B mea- In general, the ABLE 3B measurements were shown to have
surements we use 60s averaged measurements,dfi@, relative high aerosol loading and the OPE relative to,NO
NO> and NG made by chemiluminescenc&V¢inheimer  Fig. 13d, was calculated to be 54449.2 ppbv ppbv?l, con-
et al, 1994, CO made by Tunable Diode Laser Absorp- sistent with the high aerosol OPE values calculated for BOR-
tion Spectroscopy (TDLAS)Sachse et 311987, CHsCN TAS and ARCTAS-B.
made by PTR-MS Wisthaler et al. 2009, and black car- Figurel4 shows the relationship between @ixing ratio
bon from SP2 Koteki and Kondo 2007 Kondo et al, and OPE in boreal biomass burning plumes for the BOR-
2017). For comparison against the BORTAS measurementsTAS, ARCTAS-B, and ABLE 3B measurement campaigns.

www.atmos-chem-phys.net/13/7321/2013/ Atmos. Chem. Phys., 13, 73244, 2013



7336

l0g,,(AO; - ACO)

l0g,,(AO; - ACO)

1
N

=N

o

0.

-3
0.

M. Parrington et al.: Ozone photochemistry in boreal biomass burning plumes

@

01 0.10 1.00
AO,/ACO / ppbv ppbv!

(©

P

3

01 0.10 1.00
AO,/ACO / ppbv ppbv™

10.00

10.00

(b)

120 + Low aerosol (n = 103)
100 ¢ High aerosol (n=111) ]
-§_ 80 . . ]
2 60 . ]
> $ge0 2,
C 4 " 2 T ]
20 ]
. —
0 2 4 6 8
NGO, / ppbv
(d)
120 * Lc;w aerosol (n ‘= 3)
100 i ¢ High aerosol (n=52) ]
_é 80+ . o“: ‘,f/o /o/o/ k
= 60 Jag, :
\>< :“ Va4
©) 40+ ‘ *s ]
20+ ]
0 ‘ —— y=540x+492
0 2 4 6 8
NGO, / ppbv
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made in biomass burning plumes during ARCTAS-B in the summer of 2008(@milO3 and ACO and(d) Ox and NG from aircraft
measurements made in biomass burning plumes during ABLE 3B in the summer of 1990.
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Fig. 14. Relationship between £mixing ratio and OPE in bo-
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The measurements with low OPE, less than 80 ppbv phbv
show a range of @mixing ratios between 25 and 80 ppbv
and show clear distinctions between the measurements made
during the three campaigns. The lowest @ixing ra-

tios (25-30 ppbv) were measured on BORTAS flight B626,
and the ARCTAS-B measurements typically lie between
these values and Omixing ratios measured on the other
BORTAS flights, which range from approximately 40 to
55 ppbv. The ABLE 3B measurements at these lower OPEs
have higher @ mixing ratios, 55-80 ppbv. Higher {Omix-

ing ratios, 50-80 ppbv, are observed for OPEs between 80
and 180 ppbvppb¥t for the ARCTAS-B measurements,
and greater than 100 ppbv ppbvfor the BORTAS mea-
surements corresponding to aged plumes with,/NO,
ratios< 0.2 ppbv ppbv?! (see Fig.12c) and low aerosol
loading.

real biomass burning plumes calculated from aircraft measurements Conclusions

made by the BORTAS (black diamonds), ARCTAS-B (red upward

triangles), and ABLE 3B (green downward triangles) campaigns\We have presented an analysis of ghotochemistry from
over eastern Canada.

Atmos. Chem. Phys., 13, 7321341, 2013

in situ aircraft measurements made in boreal biomass burn-
ing plumes from a synthesis of aircraft measurements made
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over eastern Canada during July and August 2011 as pasurrogate species NOwe found that @ production was
of the BORTAS measurement campaign. We evaluated thesuppressed in relatively fresh plumes (photochemical ages
tropospheric @ distribution observed over the course of the less than 4 days) with between &B.5ppbv of Q pro-
measurement campaign and the potential for quantifying theduced per ppbv oEAN and 1.6+ 0.9 ppbv of Q produced
photochemical processes that influence gdoduction and  perppbv of NQ that was oxidised. In aged plumes the
loss within boreal biomass burning plumes. The range of theOPE increased significantly to 44228 ppbv G per ppbv
measured @ mixing ratios was typically between 45 and AN and 155+ 5ppbv G perppbv NQ. We found that
70 ppbv, based on the lower and upper quartiles of the meathe plume OPE was strongly correlated with the aerosol
surements on each research flight. Over the campaign, asleading of the air mass, with higher aerosol loading (black
whole, there was no distinguishable difference betwegn O carbon mass concentratier0.1 ug cn3) generally associ-
measurements made within plume and those made in cleaated with younger plumes and lower enhancement ratios of
air. At the highest values of CQO~(300 ppbv) we observed AO4/ANQO,, and lower aerosol loading (black carbon mass
a relatively narrow range of ©mixing ratios between ap- concentrationc 0.1 pg cnm3) in plumes that are more aged.
proximately 40 and 60 ppbv. We evaluated photochemicaWhen compared against NOthe AOx/ANO; ratios indi-
processes influencing the observeg distribution using a  cated that the BORTAS plume measurements were made
number of different measurements made from the aircrafin different chemical regimes: a more VOC-limited regime
throughout the campaign. First, photochemical ageing of thefor flight B626 and the high aerosol loading measurements,
plume measurements was determined using canister samplasd a more N@limited regime for the low aerosol loading
of different alkanes and their relationship tg ®nhance- measurements. Furthermore, we found that measurements
ments relative to CO. Second, the relative contributions ofof plume air with high aerosol loading and relatively low
photochemical cycling of NQand peroxy radicals was anal- OPE were made at high relative humidity 40 %) through-
ysed assuming photochemical steady state. out the vertical extent of the aircraft measurements, and the
We calculated photochemical ages of the measured plumesw aerosol plumes with relatively high OPE were made at
using ratios of different alkanes assuming a common sinkow relative humidity and generally higher altitude (typically
through oxidation with OH Rarrish et a].2007) and found  above 4 km).
values that were consistent with previous measurements of When the BORTAS measurements were compared to sim-
biomass burning plumes. We used these ratios to estimat#gar measurements made in boreal biomass burning plumes
that plumes sampled during the campaign ranged in agever eastern Canada by the ARCTAS-B and ABLE 3B cam-
from 0 to 10days, indicating that the BORTAS measure-paigns, we found that OPE increased with plume ages cal-
ments sampled a wider range of plume ages over previculated by NMHC ratios. In all campaign measurements we
ous measurement campaigns due to fires in Northwesterfound that plumes with high aerosol loading typically had
Ontario. When biomass burning plume measurements wertbow OPE, less than 80 ppbv ppb¥, and aged plumes were
evaluated relative to these estimated ages, we found thaypically associated with low aerosol loading and relatively
the highest measured values of CO and3CN occurred  high OPE. We showed that on one of the BORTAS flights,
at ages of 2—3 days, and distances of approximately 1000which made multiple interceptions of a plume with high
3000 km from the expected emissions sources, reflecting thaerosol loading,ino, Was reduced by a factor of approxi-
transport time of the plume to where it was intercepted bymately 2 within the plume, suggesting that increased optical
the aircraft. We calculated {production in boreal biomass depth of the plume attenuated the actinic flux and subsequent
burning plumes, usingaO3/ACO enhancement ratios, to be photolysis of NQ to form Oz;. However, asjno, was not
0.020+ 0.009 ppbv ppbv? for plume ages less than 2 days, reduced completely to zero, the relatively low OPE in these
which increased to 0.1 0.10 ppbv ppbv? for plume ages  plumes could also be due to other in-plume processes such as
between 2 and 5days, and to 0#9.41 ppbv ppbv! for potential loss of @ and NG, species through heterogeneous
plume ages greater than 5days. Th®3/ACO enhance- uptake by aerosol in biomass burning plumeengfellow
ment ratio indicated that net{@roduction in boreal biomass et al, 200Q Grassian2001) or light-induced heterogeneous
burning plumes is a function of photochemical age, consisphotochemical @ loss on the surface of biomass burning
tent with a recent review of ©production in boreal biomass aerosols that increases with relative humidiofovalov
burning outflow {affe and Wigder2012. The AO3/ACO etal, 2012.
ratios calculated for the BORTAS measurements were con- Other potential factors not considered in the analysis pre-
trolled by AOg3 after 4 days and a combination afO3 and sented here could have influenced the tropospheyidi€ri-
ACO prior to that. bution observed over the course of the BORTAS campaign.
We performed a detailed analysis of the photochemicalSome of the BORTAS measurements were potentially made
processes influencing thes@istribution in boreal biomass downwind of anthropogenic emissions sources, such as the
burning plumes using measurements of total alkyl nitratesnortheastern US and the Alberta tar sands, and while great
(ZAN), NOx and NG, made from the aircraft. Through care was taken to avoid pollution outflow from these sources
comparing plume @ mixing ratios with *AN and the in the deployment of the BORTAS aircraft campaign they
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could have provided additional sources of VOCs andyNO
(from PAN decomposition) and influenceds @roduction
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