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Abstract

We investigate Arctic tropospheric composition using ground-based Fourier Transform Infrared
(FTIR) solar absorption spectra, recorded at the Polar Environment Atmospheric Research
Laboratory (PEARL, Eureka, Nunavut, Canada, 80°05'N, 86°42'W) and at Thule (Greenland,
76°53'N, -68°74'W) from 2008 to 2012. The target species: carbon monoxide (CO), hydrogen
cyanide (HCN), ethane (C2Hs), acetylene (C2H2), formic acid (HCOOH), and formaldehyde
(H2CO) are emitted by biomass burning and can be transported from mid-latitudes to the Arctic.

By detecting simultaneous enhancements of three biomass burning tracers (HCN, CO, and CzHs),
ten and eight fire events are identified at Eureka and Thule, respectively, within the five-year FTIR
timeseries. Analyses of Hybrid Single Particle Lagrangian Integrated Trajectory Model
(HYSPLIT) back-trajectories coupled with Moderate Resolution Imaging Spectroradiometer
(MODIS) fire hot spot data, Stochastic Time-Inverted Lagrangian Transport model (STILT)
footprints, and Ozone Monitoring Instrument (OMI) UV aerosol index maps are used to attribute
burning source regions and travel time durations of the plumes. By taking into account the effect
of aging of the smoke plumes, measured FTIR enhancement ratios were corrected to obtain
emission ratios and equivalent emission factors. The means of emission factors for extratropical
forest estimated with the two FTIR datasets are: 0.40 + 0.21 g kg™ for HCN, 1.24 + 0.71 g kg™ for
C2Hs, 0.34 + 0.21 g kg for CoH,, and 2.92 + 1.30 g kg* for HCOOH. The emission factor for
CH3OH estimated at Eureka is 3.44 + 1.68 g kg™.

To improve our knowledge concerning the dynamical and chemical processes associated with
Arctic pollution from fires, the two sets of FTIR measurements were compared to the Model for
Ozone and Related chemical Tracers, version 4 (MOZART-4). Seasonal cycles and day-to-day
variabilities were compared to assess the ability of the model to reproduce emissions from fires
and their transport. Good agreement in winter confirms that transport is well implemented in the
model. For CyHs, however, the lower wintertime concentration estimated by the model as
compared to the FTIR observations highlight an underestimation of its emission. Results show that
modelled and measured total columns are correlated (linear correlation coefficient r>0.6 for all
gases except for H,CO at Eureka and HCOOH at Thule), but suggest a general underestimation of

the concentrations in the model for all seven tropospheric species in the high Arctic.
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1) Introduction

Fires release trace gases into the atmosphere, affecting air quality (Colarco et al., 2004), climate,
and the carbon cycle (IPCC, 2007). Those radiatively and photochemically active trace gases
include carbon monoxide (CO), hydrogen cyanide (HCN), and Non-Methane HydroCarbons
(NMHCs), including ethane (C2Hs), acetylene (C2H2), methanol (CH3OH), formic acid (HCOOH),
and formaldehyde (H>CO) (Paton-Walsh et al., 2010; Akagi et al., 2011; Vigouroux et al., 2012).
Given their long atmospheric lifetimes, CO, HCN, and C>Hs are considered to be tracers of long-
range pollution transport associated with biomass burning plumes. In the Arctic, these gases and
the other shorter-lived species (C2H2, CH3OH, HCOOH, and H,CO) affect tropospheric chemistry
(Generoso et al., 2007, Stohl et al., 2007, Tilmes et al., 2011), oxidizing power (Mao et al., 2010;
Olson et al., 2012), and radiative transfer (Wang et al., 2011) of this sensitive polar region, which
has been warming rapidly over the past century (Lesins et al., 2010). Since fire frequency and
intensity are sensitive to climate change and variability, as well as land use practices (Kasischke
et al., 2006; Soja et al., 2007; IPCC, 2007; Amiro et al., 2009; Flannigan et al. 2009; Oris et al.,
2013; Kelly et al., 2013), they constitute a large source of variability in Arctic tropospheric

composition.

Biomass burning plumes transported over the Arctic have been observed by ground-based Fourier
Transform InfraRed (FTIR) spectrometers (Yurganov et al., 2004, 2005 ; Viatte et al., 2013),
measurements on aircraft (Paris et al., 2009; Warneke et al., 2009; Simpson et al., 2011; Hecobian
etal., 2011; Parrington et al., 2013; O’Shea et al., 2013; Le Bretonetal., 2013; Lewis et al., 2013),
and satellites (Rinsland et al., 2007; Coheur et al., 2009; Tereszchuk et al., 2011; Tereszchuk et
al., 2013). Model simulations and meteorological analyses also suggest pollution transport
pathways to the Arctic (Eckhardt et al., 2003; Klonecki et al., 2003; Koch and Hansen, 2005; Stohl
et al., 2006; Shindell et al., 2008; Thomas et al., 2013; Bian et al., 2013). However, our knowledge
concerning transport, degradation mechanisms of NMHCs (Stavrakou et al., 2009), sources of
Arctic pollution (Fisher et al., 2010), and emissions from fires (Akagi et al., 2011) remains
incomplete, reflecting the heterogeneous and stochastic nature of these processes. Long-term and
continuous measurements of Arctic tropospheric composition are therefore important for
quantifying emissions from fire plumes transported from lower latitudes and improving the
prediction of trace gas concentrations and variability in chemical transport model simulations. This
would help in assessing the atmospheric impact of biomass burning pollution on the Arctic climate

system.
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To simulate fire emissions in chemical transport models, emission factors of various trace gases
must be estimated with accuracy. Emission factors are highly variable however, because they
depend on the types of vegetation burned, the combustion phase (smoldering and flaming), and
atmospheric conditions at the time of the fire events (Paton-Walsh et al., 2005, 2008, 2010; Akagi
etal., 2011; Hornbrook et al., 2011; Vigouroux et al., 2012). Within the past decade, measurements
of emission factors of biomass burning species have led to a wide range of values, which may be
due to the natural variability of the emissions and/or the discrepancies between sampling methods
(laboratory, airborne, satellite, and ground-based measurements) that overestimate or
underestimate the combustion phases (smoldering and flaming). The need for more measurements
of HCN and NMHC emission factors has been stressed given the value of HCN as a biomass
burning tracer (Li et al., 2003), and significant NMHC emissions from fires (Andreae and Merlet,
2001; Akagi et al., 2011; Paulot et al., 2011; Wiedinmyer et al., 2011).

We investigate pollution from biomass burning events that occurred in extratropical forests and
were transported to the high Arctic with two sets of FTIR measurements, located at Eureka
(Nunavut, Canada, 80°05'N, -86°42'W) and Thule (Greenland, 76°53'N, -68°74'W). Seven
tropospheric species (CO, HCN, C2Hs, C2H2, CH30H, HCOOH, and H2CO) released by biomass
burning were monitored from 2008 to 2012. Complete descriptions of the methodologies and
characterizations of the retrievals are found in Viatte et al. (2014). These species were selected
because of their differing anthropogenic, biogenic, fossil fuel burning and biomass burning source
fractions, as well as their widely differing lifetimes, sinks, and secondary production rates. From
this diversity we gain insight into chemistry and transport abilities of the Model for Ozone and
Related chemical Tracers, version 4 (MOZART-4, Emmons et al., 2010) and improve emission
ratios. A significant number of observations inside fire plumes are identified in the datasets, and
used to derive emission ratios (and hence infer emission factors) of the target species. These
measured emission ratios add new values to the sparse dataset reported in the literature. The two
sets of measurements are compared with MOZART-4 to assess the ability of this model to
reproduce Arctic tropospheric chemical composition and its variability due to the long-range

pollution transport from fires.
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2) Observations and model data in the high Arctic

2.1) FTIR measurements at Eureka and Thule

We present measurements over five years of seven tropospheric species in the high Arctic: CO,
HCN, CzHs, CoH2, CH3OH, HCOOH, and H.CO, from 2008 to 2012. These timeseries are
obtained from ground-based FTIR measurements performed at Eureka (80°05'N, 86°42'W, 0.61
km above sea level, Eureka, Nunavut, Canada, Fogal et al., 2013) and Thule (76°53'N, -68°74'W,
0.23 km above sea level, Greenland, Thule, Hannigan et al., 2009). The locations of the
measurement sites are shown in Figure 1. The high-resolution solar absorption spectrometers (a
Bruker IFS 125HR at Eureka and a Bruker IFS 120M at Thule, both operated at a spectral
resolution of 0.0035 cm™) are part of the international Network for the Detection of Atmospheric
Composition Change (NDACC, http://www.ndsc.ncep.noaa.gov/, formerly NDSC, Kurylo, 1991;
Kurylo and Zander 2001). These spectrometers measure spectra using two detectors (Indium
Antimonide - InSb - or Mercury Cadmium Telluride - MCT), a potassium bromide (KBr)
beamsplitter, and a sequence of seven and eight narrow-band interference filters covering the 600-
4300 cm™ and 750-5000 cm* spectral range, at Eureka and Thule, respectively. A reference low-
pressure hydrogen bromide (HBr) cell spectrum is recorded regularly with an internal globar
source to characterize the Instrumental Line Shape (ILS) and monitor alignment of both
instruments (Coffey et al. 1998). By using the LINEFIT software analysis (Hase et al., 1999),
modulation efficiency and phase error are retrieved and can be included in the retrieval analysis

(i.e. forward model).

In order to retrieve concentrations of these species from the recorded spectra, the Optimal
Estimation Method (OEM, Rodgers, 2000) has been applied using the new SFIT4 retrieval code
(https://wiki.ucar.edu/display/sfit4/Infrared+Working+Group+Retrieval+Code%2C+SFIT). With
the exception of the ILS and Signal to Noise Ratio (SNR), which are specific to each instrument,
we use the same methodology to analyze the Eureka and Thule measurements, i.e., homogenized
micro-windows, the same spectroscopic parameters from the HITRAN 2008 database (Rothman
et al., 2009), and the same a priori covariance matrices. For CO, HCN, and CzHe, retrieval
parameters are based on the NDACC-IRWG standard parameter definitions (NDACC Infrared
Working Group, http://www.acd.ucar.edu/irwg/). Details of the retrievals of the seven
tropospheric species at Eureka are described in Viatte et al. (2014). A priori profiles of the target

species are derived from the mean of 40-year runs from the Whole Atmosphere Community
5
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Climate Model, version 6 (WACCM, http://wwwz2.cesm.ucar.edu/working-groups, Garcia et al.,
2007; Eyring et al., 2007), for the two stations. Daily pressure and temperature profiles are from
the National Center for Environment Prediction (NCEP, http://www.ncep.noaa.gov/). Monthly a
priori water vapour profiles are taken from the WACCM output for each location. Our profiles are
retrieved on 48-level altitude grids (from 0.61 to 120 km for Eureka, and from 0.23 to 120 km for
Thule) and total and partial columns are then derived by vertically integrating these profiles.

Full error analysis has been performed for both datasets, as described in Rodgers (2000) and
Rodgers and Connors (2003), and includes measurement noise error, smoothing error (expressing
the limited vertical resolution of the retrieval), and forward model parameter error. Details about
the seven tropospheric species error budget can be seen in Viatte et al. (2014) in section 2.6.
Timeseries are obtained from February to October since the FTIR measurements require the sun
as the light source. The seasonal cycles of CO, HCN, C>Hg, C2H2, CH30H, HCOOH, and H.CO
are representative of their differing transport, emissions, lifetimes, and oxidation rates, and have

been discussed in detail in Viatte et al. (2014) with reference to the Eureka dataset.

The CO, HCN, and CzHs total columns measured at Eureka and Thule from 2008 to 2012 are
shown on the left and right panels, respectively, of Figure 2. These species are considered to be
biomass burning tracers, given their long lifetimes in the atmosphere of fifty-two days (Daniel and
Solomon, 1998), five months (Li et al., 2003), and eighty days (Xiao et al., 2008) for CO, HCN,
and C2He, respectively. They exhibit strong seasonal cycles, reflecting the importance of chemistry
and transport processes in their Arctic budget. In addition to these cycles, simultaneous
enhancements of the CO, HCN, and C2Hs total columns can be seen in the day-to-day variabilities,
in both Eureka and Thule observations, such as in April and July 2008 (red circles, Figure 2), and
in August 2010 (green squares, Figure 2). Enhancements of CO, HCN, and C,Hs total columns
observed at Thule in June-July 2012 (olive triangles, Figure 2) are not seen in the Eureka dataset
because there were no FTIR measurements at Eureka during this period. Some of these
enhancements have already been attributed to biomass burning plumes transported to the Arctic.
This has been done with aircraft measurements for the April 2008 (Warneke et al., 2009) and July
2008 events (Simpson et al., 2011) during the Arctic Research of the Composition of the
Troposphere from Aircrafts and Satellites (ARCTAS) campaigns (Jacob et al., 2010; Hornbrook
et al., 2011), and with ground-based FTIR measurements for the extreme August 2010 event
(Viatte et al., 2013), as well as with the combination of numerous measurement platforms for the

July 2011 event, during the Quantifying the impact of BOReal forest fires on Tropospheric
6
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oxidants over the Atlantic using Aircraft and Satellites (BORTAS) experiment (Palmer et al.,
2013).

Figure 3 shows timeseries of C>H>, CH30OH, HCOOH, and H,CO total columns measured at
Eureka (left panels) and Thule (right panels) from 2008 to 2012. These species have different
lifetimes in the atmosphere, ranging from two weeks for CoH> (Xiao et al., 2007) to less than two
days for H.CO (Coheur et al., 2007). Because of their possible chemical destruction during long-
range transport to the Arctic, enhancements due to fire events are less significant than for the three
main biomass burning tracers (Figure 2) but are still present in the timeseries, as shown in August
2010 for Eureka (green squares, Figure 3) and in August 2008 for Thule (red circles, Figure 3).
These species have also been measured by Atmospheric Chemistry Experiment - Fourier
Transform Spectrometer (ACE-FTS, Tereszchuk et al., 2013) and Infrared Atmospheric Sounding
Interferometer (IASI, Coheur et al., 2009), as well as aircraft measurements (Parrington et al.,
2013; O’Shea et al., 2013) in boreal forest biomass burning plumes several days after their source
emissions. Indeed, a recent study suggests that the physical age of one boreal plume in July 2011
is 1 to 5 days older than the photochemical age because of the presence of the pyrogenic aerosols
which slow down the plume photochemistry for several days after the emission (Finch et al., 2014).

For various reasons, the number of days of observation out of the approximate eight month sunlit
portion of the year at these remote Arctic sites will vary year to year from as few as 15 to many
110. Often days will have multiple observations. For the five-year period (2008-2012), the average
number of measurements per gas shown in Figure 3 is 2149 for Eureka and 868 for Thule.
Although the difference in the number of FTIR measurements throughout the years between the
Eureka and Thule datasets, the timeseries of the seven tropospheric species recorded at both
stations exhibit similar seasonal cycles, in term of absolute values and temporal variabilities. We
can exploit the accuracy of these FTIR retrievals, and the robustness of the multi-year observations
in the quantification of Arctic tropospheric composition and its variability. Super-imposed on these
seasonal cycles, the timeseries reveal short-term enhancements due to fire events that highlight the
importance of the biomass burning long-range transport in the Arctic budget of NMHCs, which

can affect air quality and climate in this region.

2.2) MOZART-4 description

MOZART-4 (Model for OZone And Related chemical Tracers), version 4, is a Chemical Transport

Model (CTM) developed jointly by the (US) National Center for Atmospheric Research (NCAR),
7
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the Geophysical Fluid Dynamics Laboratory (GFDL), and the Max Planck Institute for
Meteorology (MPI-Met) to simulate atmospheric chemical and transport processes. To assess the
ability of MOZART-4 to reproduce the different seasonal cycles of the seven tropospheric species,
as well as the day-to-day variabilities due to fire signatures, we used daily mean outputs for all of
2008 and a temporal resolution of six hours within four time periods between 2008 to 2012
(Emmons et al., 2010) to compare with the FTIR datasets. Those periods are (1) March to August
2008 to assess the model’s seasonal cycles, (2) August to October 2010 to evaluate biomass
burning emissions of the model for the most extreme fire event, as well as (3) May to July 2011,

and (4) June to July 2012 to focus the analyses on other fire events during summer periods.

For that specific model run, a comprehensive tropospheric chemistry, including 100 species, 160
kinetic, and 40 photolysis reactions, has been used. The simulations are driven by offline
meteorological data from the Goddard Earth Observing System Model, Version 5 (GEOS-5) and
the Modern Era Retrospective analysis for Research and Applications (MERRA) at 0.5°x0.6° and
1.9°x2.5° resolution with 56 vertical levels. Emissions are taken from the anthropogenic inventory
created for the ARCTAS campaign by David Streets (Argonne National Lab,
http://bio.cgrer.uiowa.edu/arctas/emission.html), which is based on several inventories, including
the INTEX-B Asia inventory, the U.S. Environmental Protection Agency (EPA) National
Emission Inventory (NEI), the European Monitoring and Evaluation Programme (EMEP)
inventory, as well as the Emissions Database for Global Atmospheric Research (EDGAR). For
biomass burning emissions, we use the Fire INventory from NCAR (FINN, Wiedinmyer et al.,
2011). FINN is based on MODIS thermal anomalies and is available daily

(https://www?2.acd.ucar.edu/modeling/finn-fire-inventory-ncar), thus MOZART-4 simulations do

use daily fire emissions. Finally, biogenic emissions are calculated online for isoprene and
terpenes, and offline for methanol, from the Model of Emissions of Gases and Aerosols from
Nature (MEGAN) inventory (Guenther et al., 2012). At the time the simulations were performed,
the significance of biogenic emissions of formic acid was not appreciated, so were not included.
In total, the model has a HCOOH emission of 3.7 Tg/yr, for which 1.1 Tg/yr are for anthropogenic
sources and 3.3 Tg/yr for biomass burning. The estimate of biogenic HCOOH emissions in
MEGAN-v2.1 is 3.7 Tg/yr (Guenther et al., 2012), so inclusion of them would double the current
MOZART-4 emissions.

3) Methods and results
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3.1) Detection of biomass burning events with FTIR observations in the Arctic

We identify fire events in the FTIR timeseries by selecting all days that have simultaneous
enhancements of the three main biomass burning tracers (CO, HCN, and C2Hs). All measurements
which lie beyond three standard deviations of the monthly mean total columns are considered as
biomass burning indicators. This methodology was used in Viatte et al. (2013) and relies on the
assumption that a smoke plume detected in the high Arctic has come from a relatively large fire

and would have large emissions for several consecutive days.

With this methodology, ten biomass burning events have been identified as reaching Eureka (Table
1) and eight for Thule (Table 2), from 2008 to 2012. At least five fire events have reached both
sites almost simultaneously in March 2008, July-August 2008, July-August 2010, June-July 2011,
and July 2012.

The number of events detected in the high Arctic appears correlated with the boreal forest
temperature (Barrett et al., 2013). In summer 2009, only one event in June 2009 was detected over
Eureka (Table 1). Low temperatures over the boreal forest
(http://earthobservatory.nasa.gov/GlobalMaps/view.php?d1=MOD14A1_M_FIRE) are consistent
with a smaller number of fire events detected at our sites. A recent study of FINN also confirms
the smaller number of boreal fires in 2009 (Wiedinmyer et al., 2011, their Table 7).

In order to match the biomass burning candidate events identified in the timeseries with actual
plumes, it is necessary to find the source fires and show that the plumes generated there are capable
of travelling to the Arctic stations where they were observed. This is done by using various

independent datasets:

(1) The Air Resources Laboratory (ARL, http://ready.arl.noaa.gov/hysplit-bin/) Hybrid Single
Particle Lagrangian Integrated Trajectory Model (HYSPLIT), which generates mean-wind back-
trajectories for air parcels at designated elevations using Global Data Assimilation System

(GDAS) meteorological fields (https://ready.arl.noaa.gov/gdasl.php).

(2) The source region information in the form of “footprints” from a time-reversed Lagrangian
particle dispersion model, the Stochastic Time-Inverted Lagrangian Transport model (STILT, Lin
et al., 2003; Gerbig et al., 2003) also driven by GDAS meteorological fields. Trajectories were
initialized at 0, 6, 12, and 18 UTC on 23 above-ground-height levels (ranging from 0.2 to 14.5
km). Each trajectory used 500 particles. Footprints from the different levels were combined as a

9
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weighted mean to create a single footprint that is representative of a column measurement. Weights
were derived as the product of the pressure at the receptor multiplied by the instrument kernel
density (which was linearly interpolated to the receptor height). The trajectories were run 30 days

back in time.

(3) The Moderate Resolution Imaging Spectroradiometer (MODIS, http://lance-

modis.eosdis.nasa.gov/cgi-bin/imagery/firemaps.cgi), which captures global fire maps.

4) Satellite images from Ozone Monitoring Instrument (OMl,
http://gdatal.sci.gsfc.nasa.gov/daac-bin/G3/gui.cgi?instance_id=omi), which measures UV

aerosol index.

In addition, we use AERONET aerosol optical depth (AOD) data measured at Eureka (O'Neill et
al., 2008; Saha et al., 2010; http://aeronet.gsfc.nasa.gov/), when available, to detect simultaneous
increase of fine mode AOD and trace gas total columns, which is an additional fire event indicator.
If these data all agree on a common origin for a plume, and the back-trajectories intersect that
region during the same time, then the source of a biomass burning event has been successfully
detected. Consistent results from these multiple datasets provides confidence in the attribution of

trace gas enhancements to specific fire events.

Figure 4 shows an example of the source attribution and the travel duration of a plume that reached
Eureka on the 10" of July, 2008. We first note a simultaneous enhancement of the three main
biomass burning tracers concentrations detected on the 10" of July 2008 at Eureka (see Figure 5).
As a priori information, STILT footprints are generated to show the source region influencing the
atmospheric measurement at Eureka, which for that day is located in Eastern Russia (light blue
region inside the red box, Figure 4a). Then the FIRMS map (Fire Information for Resource
Management System, which provides MODIS hot spot data) is used to verify that a significant fire
event occurs in that specific region, within a 10-day period (red dots in Figure 4b). To assess the
travel duration of that plume from the fire region to Eureka, an ensemble of HYSPLIT back-
trajectories is generated, for several travel times, end times of the calculated trajectories, and air-
parcel altitudes, e. g. for each biomass burning event detected at a specific time, we ran ten
HYSPLIT backtrajectories for different altitudes ranging from 3 to 12 km, and modified the end
time of these backtrajectories within two hours of the observed enhancements. In Figure 4c,
airmasses ending at Eureka at 5, 7, and 9 km (red, blue, and green lines, respectively) on July 10",

come from the fire region (red box). And finally, the OMI aerosol index map is used to confirm
10



292
293
294

295
296
297
298

299
300
301
302
303
304

305

306

307
308
309
310
311
312

313

314
315
316
317
318
319

the presence of a significant fire event in that region, as shown in Figure 4d (colored area within
the red box). Similar example of fire source region and travel time attribution can be seen in Viatte
et al. (2013, Figure 2) for the August 2010 event.

Using this methodology, four fire plumes were attributed to forest fires in Asia travelling for 7 to
9 days, and six from North America travelling between 5 and 8 days, for Eureka (Table 1). For
Thule, three biomass burning plumes come from Russia after 7 to 9 days of travel and five are

from North America, travelling between 5 and 6 days (Table 2).

In addition, because fire emission composition depends upon, among others parameters, the type
of biomass burned (Andreae and Merlet, 2001; Akagi et al., 2011), we assigned the vegetation type
burned (boreal, temperate coniferous and grassland; Olson et al., 2001) for the different fire events
based on the fire source region. This ensured the appropriate selection of the Emission Factor (EF)
of CO needed to calculate the emission factors of the other species from the FTIR measurements
of emission ratios (Section 3.2.2).

3.2) Evaluation of MOZART-4 in the Arctic

To assess the capacity of a model to estimate columns and variabilities of tropospheric species in
the high Arctic, MOZART-4 was compared to the FTIR datasets. First, the general agreement
between MOZART-4 and the measurements from 2008 to 2012 is discussed. Then we focus on
2008 to analyze the model’s ability to reproduce the different seasonal cycles of the seven target
species in the troposphere. Finally, we focus on the most extreme fire event detected in our

measurements in August-October 2010, to discuss biomass burning emissions used in the model.

3.2.1) General comparisons between MOZART-4 and the FTIR datasets

For comparisons with the FTIR datasets, all MOZART-4 data within the closest grid box to both
measurement sites, and within three hours of each FTIR measurement are selected. The FTIR and
the MOZART-4 trace gas profiles are estimated over different altitude ranges, and with different
vertical resolutions. For each molecule, the MOZART-4 profiles are combined with FTIR a priori
profiles between 1.9 hPa (~ 31 km) and 120 km. After extrapolating these model profiles onto the
FTIR pressure grid, the model profiles are smoothed by convolution with the FTIR averaging

11



320
321

322

323
324
325
326

327
328
329
330
331
332
333
334
335
336
337

338
339
340
341
342
343
344
345
346
347
348
349
350

kernels functions (corresponding to that specific measurements) following the equation (Rodgers
and Connors, 2003):

X =AX—x,) + X, (@D)

where x4 is the smoothed MOZART-4 profile, A is the FTIR averaging kernel matrix and x,, is the
FTIR a priori profile. Then, total and tropospheric partial columns (between 0 and 10.25 km) are
recalculated from the smoothed model profiles. Typical FTIR averaging kernels of the seven

tropospheric can be seen in Viatte et al. (2014).

The FTIR retrievals have different vertical sensitivities for each species, characterized by the
Degrees Of Freedom for Signal (DOFS), ranging on average over 4454 and 1747 measurements
from 2.6 to 0.9 for CO and H>CO at Eureka, respectively. For comparisons with the model, total
or partial columns may be considered, given the DOFS for that species. For CO, HCN, and C2He,
DOFS can be used to separate tropospheric columns from stratospheric columns, therefore
tropospheric partial columns are considered in the comparison with the MOZART-4 data. For the
others (C2H2, CH30OH, HCOOH, and H>CO), the average DOFS are on order unity, therefore only
total columns are considered. However, these FTIR total columns that are the integrated abundance
from the surface to 120 km, are representative of the partial columns (0-30 km) because the FTIR
retrievals of these troposphere species have almost no sensitivity above 30 km, and the
tropospheric columns represent more than 90% of the total columns (Viatte et al., 2014).

The results of comparing the MOZART-4 model and FTIR measurements over selected periods
from 2008-2012 are shown in Tables 3 and 4, for Eureka and Thule, respectively. N is the number
of measurements included in the comparison with MOZART-4. The coefficient of linear
correlation (r) ranges from 0.35 to 0.93, where only two are less than 0.5 and the mean is 0.73.
This shows strong correlations between the model and the measurements despite the larger size of
MOZART-4 box (1.9°x2.5°) compared to our column measurements. Excellent correlations are
found for CO, C2Hs, and C2Hy, for which r > 0.74 at both sites, confirming that the model explains
at least 54% of the atmospheric variability of these species in the Arctic. For HCN, the correlation
is better at Eureka (r = 0.92) than at Thule (r = 0.55), however the relative differences between the
model and the measurements are small (6.7 + 19.3 % for Eureka and 2.2 £ 19.5 % for Thule),
highlighting the very good agreements between these datasets. Also, strong correlations are found
for CH3OH (r = 0.77 for Eureka and 0.62 for Thule). For HCOOH and H2CO, the correlations of

0.60 and 0.50, and 0.35 and 0.75, for Eureka and Thule respectively, confirm the difficulty in
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modelling the concentrations of these short-lived species in the high Arctic, and highlight the
relatively poor understanding of the sources and sinks of these two molecules.

The mean relative differences ((model-FTIR)/model) between MOZART-4 and CO and HCN
partial columns are -2.9 £ 7.5% and 6.7 = 19.3% for Eureka, and -2.5 + 11.4% and 2.2 = 19.4%
for Thule, respectively. The one-sigma standard deviations are larger than the means, confirming
the agreement between the model data and the FTIR observations. For C2Hs partial columns, the
mean relative differences of -50.3 + 22.7% and -54.1 + 29.7% for Eureka and Thule, respectively,
are higher than the standard deviations. We infer that there is a significant underestimation of the
C2Hs concentrations calculated by the model compared to the FTIR measurements. Our results
confirm the underestimation of the model already highlighted with aircraft measurements during
the ARCTAS campaign (Tilmes et al., 2011; Emmons et al., 2014). The CH3OH mean relative
differences of -23.3 + 23.4% and 1.9 £ 40.8% for Eureka and Thule respectively, show good
agreement between MOZART-4 and the CH3OH FTIR total columns, especially when considering
the error bars of the measurements (~12%). For C2H2 and H.CO total columns, the agreements are
poor with large standard deviations, and for HCOOH, the model did not include biogenic

emissions, explaining the extreme differences.

Finally, the slopes (model vs. FTIR) are all less than one except for CoH». This indicates that the
model underestimates the columns relative to the FTIR data, suggesting that the model
underestimates either emissions or transport of the seven tropospheric species in the high Arctic.
It could also suggest that the model overestimates their chemical destructions in smoke plumes

because of reduced photochemical activity due to aerosol scattering.

3.2.2) Comparisons of the FTIR and MOZART-4 seasonal cycles in 2008

The 2008 timeseries of daily mean CO, HCN, C>Hg, C2H2, CH30OH, and H>CO total columns
measured by the FTIRs at Eureka and Thule (Figure 5, blue and green dots, respectively), and
calculated by MOZART-4 at these two sites (Figure 5, black and red dashed lines, respectively)
are used to compare their seasonal cycles. This year was chosen because the April and July biomass
burning events have been studied during the ARCTAS campaign (Jacob et al., 2010 and references
therein). There are no CH3OH measurements at Thule for 2008, because the optical filter used to
measure this gas was installed in 2010. HCOOH timeseries are excluded here, because the

MOZART-4 runs did not include online biogenic emissions, which have been shown to be a large
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source of HCOOH from the boreal forest (Stavrakou et al., 2012), and therefore the model does
not capture HCOOH concentrations and variabilities, by at least an order of magnitude.

In winter, CO and C>H; total columns estimated by MOZART-4 agree very well with the FTIR
measurements, suggesting that transport is well represented in the model, since it is the major
process controlling the Arctic budget of these long-lived gases in winter. However, for CoHs which
is also a long-lived tracer, the underestimation of its concentrations by MOZART-4 in winter
confirms an underestimation in anthropogenic emissions in the model. For HCN, the good
agreement in winter also confirms that transport is well reproduced in the model since HCN is the
longest lived species of those studied here (five months in the troposphere, Li et al., 2003). In
spring and summer, however, the overestimation of the model concentrations suggest that loss
processes for HCN are missing, confirming that its sinks are not well quantified (Zeng et al., 2012).
The CH30OH seasonal cycle estimated by MOZART-4 exhibits the best agreement with the

observational datasets at Eureka.

Focusing on the July 2008 biomass burning event, the CH3OH enhanced concentrations are well
captured by the model, suggesting that its fire emissions are correct. For CO and H.CO,
enhancements estimated by the model are too low compared to the measurements. This might
indicate that their fire emissions are too low in the model. In contrast, the modelled and measured
HCN enhancements are similar, so fire emissions of HCN in the model seem appropriate. For CoHg
and CpH, the modelled enhancements are extremely low compared to the measurements,

indicating missing sources.

3.2.3) Comparisons of MOZART-4 and FTIR during the August 2010 fire events

To further assess the estimation of fire emissions in the model, we focus on the most extreme event
in our datasets in August 2010. Details about origin and transport of the plume from Russia through
the Arctic are described in Viatte et al. (2013). Figure 6 shows the timeseries of CO, HCN, CzHe,
C2H2, CH30H, and H2CO total columns measured by the FTIR at Eureka (blue dots) and Thule
(green dots) and calculated by MOZART-4 at Eureka (black dashed line) and Thule (red dashed
line) for the August 2010 fire event.

Except for CoHe and C2H>, total columns measured by the FTIR and calculated by the model are
generally in agreement during this fire event. In addition, enhancements due to the fire plume
recorded at both stations around August 23", are captured in the model. However, the amplitudes
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of these enhancements in MOZART-4, which reflect fire emissions in the model, seem too low for
all the gases, except for CH3OH and H.CO. For CO, fire emissions in MOZART-4 are too low, as
seen previously (Section 3.2.2). For CoHe and C2H», concentrations calculated by the model are
biased low, indicating missing sources. For CH3OH, fire emissions estimated in the model seem

appropriate.

3.3) Estimation of emissions from fires with FTIR measurements

3.3.1) Correlation between CO and the other trace gases

In order to estimate emissions from fires, all fire-affected measurements identified in the biomass
burning events reaching the two Arctic sites (Tables 5 and 6) from 2008 to 2012, are used.
Concentrations within smoke plumes vary rapidly with time, so emission factors are derived by
measuring the emission ratio of the target chemical species relative to a reference species, which
is often CO2 or CO (Hurst et al., 1994). We use CO as the reference because these measurements
are most sensitive to plume enhancements. Because the emission ratio is not measured at the source
of the fire, the down-stream measurements here more accurately yield an “Enhancement Ratio”
(EnhR). These ratios are derived from the regression slopes of a given trace gas total column versus
that of CO, for each fire event. Since the spectral acquisitions require the use of optical filters and
spectra are taken sequentially, we selected all CO measurements made within a 20-minute interval
of the target gas measurement in order to calculate enhancement ratios. Uncertainties on this
tracer/tracer enhancement ratios method are small if both tracers have long atmospheric lifetimes
relative to plume travel durations between the fire source and the measurements. In addition, errors
on transport and plume altitude are also minimized since all tracers are expected to be mixed and
transported in the same airmasses. These assumptions constitute the main limitation of this

approach (Yokelson et al., 2013).

Figure 7 and 8 show the correlation plots of the total columns of the target species relative to CO,
for all fire events (represented by different colors) detected at Eureka and Thule, respectively. For
Eureka (and Thule), the enhancement ratios are estimated from each biomass burning event, with
313 (136), 321 (274), 205 (137), 228 (-), 202 (120), and 298 (149) pairs of CO columns with HCN,
CoHe, CoH2, CH30OH, HCOOH, and H.CO columns, respectively. Given the small number of
CH3OH FTIR observations at Thule, we did not estimate its enhancement ratio here (see below).
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The correlations of HCN, CH30H, HCOOH, and H>CO total columns with CO using all of the fire
datasets (all colors combined, Figure 7 and 8) are not linear, since these species have different
atmospheric lifetimes from CO (Viatte et al., 2014). In contrast, CO, C2Hs, and C2H> have common
sinks and sources, so their columns are expected to be correlated throughout the year. Except for
H>CO, correlations of the fire species with CO in the individual fire plumes (individual colors,
Figure 7 and 8) exhibit linear patterns. This confirms that the target gases are transported in the
same airmasses from the emitted fire sources. For H2CO, the correlations with CO are not clearly
linear inside fire plumes. However, the measured total columns are significantly enhanced (up to
4.5x10% molecules/cm?) in August 2008 at Thule, in August and July 2010 at Eureka and Thule,
respectively, in June 2011 and July 2011 at both sites, as well as in July 2012 at Thule. Given the
back-trajectory analyses, these enhanced H.CO columns recorded in the high Arctic are correlated

with extreme fire events in the boreal forest during summer.

For each event, the slopes of the regression lines are taken as the enhancement ratios of the species
emitted by fires. The correlations are obtained by linear regression using the method of York et al.
(2004), which takes into account uncertainties in both ordinate and abscissa variables. The total
uncertainty for the regression slopes is calculated by quadrature addition of the fit uncertainties
and the measurement uncertainties. Those values are summarized in Tables 5 and 6 for Eureka and
Thule, respectively. N is the number of pairs (between the target species vs. CO) used to estimate
the enhancement ratios, r is the correlation coefficient of the linear regression, 'EnhR’ is the
enhancement ratios given by the slope of the regression line for each fire event. To assess changes
due to photochemistry during plume aging (Akagi et al., 2012), the enhancement ratios corrected
by the travel time of the plume (‘ER’) have been included in Tables 5 and 6. If less than six pairs
are measured in a fire plume, the enhancement ratios are not estimated from this event, i.e., C2H>
measurements at Eureka in July 2010. No error weighting were performed according to the number
of points.

The correlation coefficients between HCN and CO total columns are on average 0.84 and 0.79 for
the Eureka and Thule datasets, respectively (last columns in Tables 5 and 6). Good correlations
between C>Hs and CO total columns (r = 0.81 on average for both datasets) also confirm that the
selected measurements, listed in Tables 1 and 2, were made inside fire plumes. The mean of the
correlation coefficients between C>H; and CO total columns inside plumes are 0.78 and 0.80, for
Eureka and Thule respectively. For CH3zOH, the average of the coefficients of correlation is 0.65

at Eureka. The HCOOH total columns are also well correlated with CO inside the plumes, given
16
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the average values of r of 0.79 and 0.58 at Eureka and Thule, respectively. However, the July 2010
event has a negative correlation coefficient between HCOOH and CO at Thule, but the small
numbers of points (N = 6 and 8, for Eureka and Thule, respectively) are too low to draw significant
conclusions. The mean correlation coefficients between H>CO and CO total columns are similar:
r = 0.41 and 0.40 at Eureka and Thule, respectively. Given the short atmospheric lifetime of this
molecule and the fact that the measurements are not performed at the source of the fires, H.CO
could have been destroyed in the atmosphere while transported through the Arctic. However, the
wide ranges of the r values, from 0.08 to 0.90 at Eureka in March 2008 and July 2012, and from
0.34 to 0.93 in August 2008 and June 2011 at Thule, suggest a possible secondary production of
H>CO in some atmospheric smoke plumes, where r is high. Young and Paton-Walsh (2011) also
show that concentrations of H.CO within Australian smoke plumes increase during the first day

of travel before declining two days after they were emitted.

The enhancement ratios are expected to vary with the travel time of the plumes from their source
to the measurement site (see last columns in Tables 1 and 2), especially for short-lived species
because of their faster atmospheric destruction (via photochemistry, oxidation, as well as dry and
wet depositions) compared to CO. However, the mean enhancement ratios of the target gases over
all fire events are comparable for the two sites. For instance, the Eureka and Thule mean
enhancement ratios of HCN, over all biomass burning events, are 0.00334 + 0.00094 (one-sigma
standard deviation) and 0.00429 + 0.00245, respectively (last columns in Tables 5 and 6). In
addition, the enhancements ratios of HCN, C2Hs, and C2H> estimated from the extreme fire event
of August 2010 are very similar: 0.00563 and 0.00650 for HCN, 0.01019 and 0.01235 for C2He,
0.00189 and 0.00191 for C2Ha, for Eureka and Thule, respectively.

3.3.2) Calculation of Emission Ratios (ER) and Emission Factors (EF)

In models, fire emissions are often specified by using emission ratios relative to a reference
species, typically CO, which correspond to measured ratios at the source of the biomass burning
event. Those emission ratios are equal to the enhancement ratios corrected for the travel duration
of the plume. By considering the different lifetimes of the molecules (Table 3, last column) as well
as the plume travel times to reach Eureka and Thule (last columns of Tables 1 and 2), we calculated
the decay rates of each species to obtain the percentage of their initial values remaining when they
were measured. This allows the measured enhancement ratios to be corrected to the equivalent
emission ratios (Paton-Walsh et al., 2005; Akagi et al., 2011; Hornbrook et al., 2011). More details
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regarding this correction are found in Viatte el al. (2013). Since the uncertainty in the correction
is small compared to other uncertainties, our equivalent emission ratios can be compared to other
emission ratios found in the literature. For comparison with previous studies, our equivalent
emission ratios have been converted into equivalent emission factors using (Andreae and Merlet,
2001):

EF, = ER(x/coy X (MW,/MW¢o) X EF¢o (2)

where EFy is the emission factor for trace gas X in grams of gas per kg of dry biomass burnt;
ERx/coy is the molar emission ratio of trace gas X with respect to CO; MWy is the molecular weight

of trace gas X; MWco is the molecular weight of CO, and EFco is the emission factor of CO.

In this study, values of EFco of 127+45 g kg™ and 107437 g kg™ for dry matter based on Akagi et
al. (2011) and Andreae and Merlet (2001), respectively, are taken as the emission factor for CO
for boreal and extratropical forests, since this is the fuel type of the relevant source fires (vegetation
type columns in Tables 1 and 2). Uncertainties in the measured EF are calculated by taking into
account the large uncertainty in the CO emission factor (more than 35%) and the uncertainty in
the mean calculated regression slope (33.6%, 54.0%, 49.5%, 32.2% and 22.8% for HCN, CzHe,
C2H2, CH30H, and HCOOH at Eureka respectively, and 43.5%, 33.1%, 52.5%, and 16.3% for
HCN, CzHs, CoH2, and HCOOH respectively, at Thule), as well as the total uncertainties of the
retrievals (3.1%, 10.5%, 14.3%, 22.5%, 12.3%, and 17.0% for CO, HCN, CzH,, C:Hs, CH30H,
and HCOOH, respectively; Viatte et al., 2014, their Table 3), all combined in quadrature (Paton-
Walsh et al., 2005). Total uncertainties on EF are 49.2%, 67.3%, 61.8%, 48.7%, and 42.3% for
HCN, C2He, C2H2, CH30H, and HCOOH, at Eureka respectively, and 57.5%, 48.7%, 63.8%, and
46.5% for HCN, C2Hs, C2H2, and HCOOH, at Thule respectively. Because the uncertainties on the
FTIR H2CO retrievals are high (~27 %) and the transport times of the plumes to the Arctic exceed
its atmospheric lifetime (which is less than two days), emission ratios of H.CO have not been
estimated in this study.

Our corrected enhancement ratios (i.e., equivalent emission ratios, ‘ER’ in Tables 5 and 6) have
been converted into equivalent emission factors using Equation 2. Only enhancement ratios
calculated from more than 6 pairs (N > 6), and satisfying a coefficient of correlation of more than
0.6 (r > 0.6) are taken into account to estimate emission factors. The means of equivalent emission
ratios and emission factors (calculated using EFco for the extratropical forest) estimated from

FTIR measurements performed at Eureka and Thule are summarized in Table 7.
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Figure 9 shows the emission factors calculated from FTIR measurements performed at Eureka
(cyan) and Thule (green), using the same EFco of Andreae and Merlet (2001) for the extratropical
forest. All emission factors estimated from both FTIR datasets agree well within combined error
bars. The mean of the emission factors estimated from the Eureka and Thule FTIR datasets are
0.36 + 0.17 g kg* and 0.44 + 0.25 g kg for HCN, 1.09 + 0.74 g kg™* and 1.39 + 0.68 g kg™ for
C2Hs, 0.40 + 0.25 g kgt and 0.28 + 0.18 g kg™ for C2H2, and 2.69 + 1.14 g kg! and 3.15 + 1.46 g
kgt for HCOOH, respectively. For CHzOH, we estimated a mean emission factor of 3.44 + 1.68
g kgt at Eureka (Table 7). The emission factors derived from the Thule dataset are slightly higher
than those for Eureka, except for CoHo, but these differences are not significant given the error
bars. However, the EFncoon is notably higher at Thule than at Eureka. A possible explanation is
that our Thule measurements of HCOOH from fire events are contaminated by local biogenic

emissions.

In order to compare our results with others, emission factors from two compilations of data
(Andreae and Merlet, 2001; Akagi et al., 2011) for extratropical and boreal forests have been
selected. These studies contain a comprehensive set of emission factors from the burning of
numerous vegetation types derived from various measurement platforms. Figure 10 shows the
emission factors calculated from the FTIR measurements (in blue and cyan), along with the
emission factors found in the compilation studies of Akagi et al. (2011) (red) and Andreae and
Merlet (2001) (pink). The blue colour corresponds to the emission factors calculated using the
EFco for the boreal forest from Akagi et al. (2011), whereas the cyan colours corresponds to the
values of EFx calculated using the EFco for the extratropical forest from Andreae and Merlet
(2002).

Our EFncn are lower than the two mean values reported in the literature. The sources and sinks of
HCN are not well known. Our EFczHe agree well, within combined error, with the mean value
reported by Akagi et al. (2011) and are higher than the mean value reported in the earlier study of
Andreae and Merlet (2001). The emission factors of C2H: estimated from the FTIR measurements
are in excellent agreement with the mean values reported in both compilation studies. Our EFcHzon
are in agreement with the mean value from Akagi et al. (2011) and are higher than the mean value
reported by Andreae and Merlet (2001) suggesting that CH3sOH emissions from fires are higher
than previously thought. Finally, our EFxcoon are significantly higher than the values reported in
the more recent compilation study of Akagi et al. (2011), but agree well with the mean value

reported in 2001 (Andreae and Merlet, 2001). This may suggest that fires from the extratropical
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forest emit relatively large amount of HCOOH, or it may reflect a local biogenic component in our

measurements.

4) Summary and conclusions

The frequency and intensity of biomass burning are strongly linked to climate change, and
constitute a large source of the variability in Arctic tropospheric composition. We performed FTIR
measurements of seven important biomass burning species (CO, HCN, C;Hs, CoH2, CH30H,
HCOOH, and H.CO) at two high Arctic sites, Eureka and Thule, from 2008 to 2012. We focused
on these species for several reasons: (1) there remain numerous gaps in the available tropospheric
observational datasets, especially at high latitudes. (2) Since these species exhibit different source
fractions (anthropogenic, biogenic, fossil fuel burning, and biomass burning), as well as different
lifetimes, the comparison of our new datasets with chemical transport model simulations can help
identify issues in the model that can be addressed to improve their estimations of trace gas
concentrations and temporal variations, as well as transport processes in the high Arctic. (3) All
these biomass burning products are measured almost simultaneously using the FTIR technique, so

we derived emission factors to add new values to the relatively sparse datasets in the literature.

Those new datasets of tropospheric species recorded at both stations exhibit similar seasonal
cycles, in term of absolute values and temporal variabilities. In addition, ten and eight fire events
were identified at Eureka and Thule, respectively. These highlight the importance of the biomass
burning long-range transport in the Arctic budget of NMHC, which can affect air quality and
climate in this region. This may have a continued and increasing effect in a warming climate and

sensitive Arctic eco-system.

The two sets of measurements were compared with MOZART-4 to assess (1) the general
agreement (2008-2012), (2) the model simulations of the different seasonal cycles (with the 2008
year), and (3) fire emissions in the model. Correlations between MOZART-4 and FTIR total
columns are strong (r ranges from 0.35 to 0.93). The mean relative differences between MOZART-
4 and the CO and HCN measurements confirm the good agreement between the model data and
the FTIR observations. In winter, CO and C;H total columns estimated by MOZART-4 agree well
with the FTIR measurements, suggesting that transport is well represented in the model, since it is
the major process controlling the Arctic budget of these long tropospheric lifetime gases. However,
for C2He the low columns estimated in winter by MOZART-4 confirm an underestimation in its

emissions in the model. For HCN, the good agreement in winter also confirms that transport is
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well reproduced. In spring and summer, however, the overestimation of the model columns
suggests that loss processes for HCN are missing. Finally, the CH3OH total columns show good
agreement between MOZART-4 and the FTIR dataset at Eureka.

In order to estimate emissions from fires, all fire-affected spectra recorded inside smoke plumes
were used to calculate the enhancement ratios relative to CO. Very good correlations with CO are
found inside smoke plumes in the Arctic, confirming the common fire origins and transport
pathways. CO and H2CO total columns are well correlated (r > 0.9) inside fire plumes transported
in June 2011 to Thule and in July 2012 to Eureka, suggesting a possible secondary production of
H>CO in atmospheric smoke plumes. The enhancements ratios were used to derive equivalent
emission ratios from which emission factors were calculated using an assumed emission factor for
CO. The means of emission factors estimated with the two FTIR datasets are 0.40 + 0.21 g kg
for HCN, 1.24 + 0.71 g kg for CzHs, 0.34 + 0.21 g kg for C,Ho, and 2.92 + 1.30 g kg'* for
HCOOH. The emission factor for CH3OH estimated at Eureka is 344 + 1.68
g kg™*. These measurements add new observations to the sparse dataset of emission factors that

have been reported and compiled in the literature.

An extension of this work would be to compare the FTIR measurements to the CAM-chem model
(Lamarque et al., 2010), which has online MEGAN biogenic emissions for many species, such as
methanol and formic acid, to assess how this improves the comparison compared to MOZART-4.
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970

971

972
973
974

fi travel
ire source .
time used
days of
year month to
measurement . .
vegetation type location calculate
ER
20, 21, 23, 24, 25, 27, .
2008  March 28 29 30, 31 boreal Russia 7 days
2008 April  12,14,15,16,17,19 ‘emperateconiferous o 1 jon 5 days
and grassland
2008 July 10, 12, 21, 22, 23, 29 boreal Russia 5 days
2009 June 2,3,5,6,8,9,10 boreal Russia 6 days
2010  May 14,16,17,21,22  Lemperateconiferous . ea 7 days
and grassland
Central Canada
2010 July 3,5,6,9 boreal and Alaska 6 days
9,10,12,13, 14, 16, Fire in Russia in
2010 August 18,19, 20, 22, 23, 24, boreal Moscow Area 9 days
25, 28, 29
boreal and temperate
2011 June 6,7,8,9,10,11, 13 coniferous and Central USA, 8 days
Canada
grassland
2011 June/July 27,28, 29’530’ 12,4, boreal Canada 6 days
boreal and temperate
2012 July 1,2,3,4 coniferous and Canada, Central 5 days

grassland

USA

Table 1: Fire events detected over Eureka with the date, days of measurements, vegetation type

burned, fire source location, and travel time to the day of peak enhancement (represented bold in

the third column) used to calculate emission ratios.
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975

) travel
fire source time used
year month days of measurement to
vegetation type location calculate
ER
2008  March 24,25, 263'127’ 29, 30, boreal Russia 7 days
2008  August 2,4,5,6,7,9 boreal Central Canada 5 days
2010 July 30,31, 3 boreal Canada 5 days
23,24, 25, 26, 27, 28, Fire in Russia in
2010  August 29,2 boreal Moscow Area 9 days
2011 June 21,22, 25536' 27,28, boreal Canada 6 days
2011 July 20, 21, 23, 24, 26, 27 boreal Canada 6 days
boreal and
. 27,28, 29,8,9, 10, 11, temperate .
2012 April/May 12,13, 14 coniferous and Russia 7 days
grassland
15, 16, 18, 19, 20, 22, Canada, Central
2012 July boreal 5 days
29,30,31,1 USA
976  Table 2: Same as Table 1 but for Thule.
977
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error
relative slope bar on

difference (MOZART- €°"  prg  lifetime
gas  columns N r (%) (model- SD (%) 4 on total of gas
FTIR)/model vs. FTIR) slope column (days)
(%)
co tropo 1001 0.879 2.888 7.532 0.667 0.011 3.1 30
HCN tropo 423 0.921 -6.714 19.320 0.468 0.010 10.5 30-180
CaHs tropo 452 0.849 50.282 22.680 0.506 0.015 14.3 45
CaH2 tot 289 0.927 137.047 329.439 1.548 0.037 22.5 15
CHsOH tot 315 0.769 23.296 23.434 0.586 0.028 12.3 5-10
HCOOH tot 270 0.605 1504.406 894.834 0.049 0.004 17 3-4
H,CO tot 445 0.494 82.057 141.583 0.357 0.030 27.5 <2

978

979
980
981
982
983
984
985
986
987

988

Table 3: Results of the 2008-2012 comparisons between MOZART-4 and the FTIR columns
measured at Eureka for the seven species listed in the first column. The comparisons are made for
the tropospheric columns (0.6-10.25 km) for CO, HCN and C2He and for the total columns (for
the other gases). N is the number of points included in the comparisons and r is the coefficient of
linear correlation. The relative differences (in percentage) are calculated as (model-FTIR)/model,
SD is the one-sigma standard deviation around the mean difference. The last four columns are the
slopes of the linear regression lines between MOZART-4 and FTIR along with their errors, the
error bars on the FTIR total columns (in percentage), and the atmospheric lifetimes of the target

species.
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relative

difference slope error on
gas columns N SD (%) (MOZART-4
(%)(model- slope
FTIR)/model vs. FTIR)
co tropo 145 0.736 -2.48 11.37 0.529 0.041
HCN tropo 111 0.555 2.24 19.45 0.222 0.027
CaHs tropo 277 0.829 -54.14 29.73 0.431 0.018
CH» tot 139 0.908 -102.14 159.10 1.145 0.045
CH3OH tot 118 0.620 1.93 40.79 0.390 0.046
HCOOH tot 138 0.349 -1538.70 831.12 0.010 0.002
H,CO tot 137 0.753 -152.81 129.67 0.426 0.032

989

990 Table 4: Same as Table 3 but for Thule.

991
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Year 2008 2008 2008 2009 2010 2010 2010 2011 2011 2012
as mean + SD
& Month March April  July June May July August June June/Jul July
N 20 20 16 48 32 12 66 44 38 17
HCN r 085 094 097 076 07 088 082 0.8 092 067 0.84+0.10
EnhRx10® 2.4 3.83 36 337 326 4.01 6.2 319 255 275 3.52+1.08
ER 223 364 342 317 3.03 377 563 293 240 325 3.34:0.94
N 30 22 16 49 32 12 64 41 38 17
oH r 062 087 097 068 09 072 09 0.68 0.86 0.86 0.81+0.12
“  EnhRx10® 515 1030 7.34 1425 1065 427 9.69 13.04 998 523 8.99+3.40
ER 536 10.60 7.55 14.74 11.08 4.42 10.19 13.63 10.32 7.77 9.56%3.19
N 20 21 13 48 31 30 14 20 8
oH r 0.76 093 092 087 0.78 063 061 093 0.55 0.78+0.15
*7  EnhRx10® 236 4.16 224 571 2.93 136 3.80 245 098 2.89t1.47
ER 311 516 278 732 3.87 1.89 515 3.14 4.05+1.74
N 6 16 48 11 10 45 18 39 35
CH-OH r 076 086 03 012 086 0.9 0.74 0.88 042 0.64+0.29
: EnhRx10 10.69 10.70 42.45 500.79* 24.57 16.89 70.22 28.23 19.62 25.85 *20.63
ER 15.70 15.71 37.64 28.37 114.91* 43.24 28.13 +12.52
N 28 21 10 44 27 6 38 9 19
HCOOH r 087 075 093 074 053 097 067 078 0.83 0.79+0.13
EnhRx10® 6.30 1042 2.69 7.48 834 810 3.14 22114 4.13 8.08 +5.87
ER 11.37 17.60 11.13 13.12 1421 590 40.86 8.30 15.31+4.03
N 16 18 16 38 28 12 64 43 45 18
H,CO r 0.08 058 064 015 -0.09 051 016 042 074 09 041+0.32
EnhRx10% 159.2* 4.13 138 816 7.17 292 341 1213 428 7.4 537+3.86
992
993  Table 5: Correlation between each trace gas and CO inside the smoke plumes detected over Eureka.
994 N is the number of points, r is the coefficient of linear correlation and 'EnhR’ is the enhancement
995 ratio, which is the slope derived from the correlation. For all gases except H.CO, ER represents
996 the corrected enhancement ratios from travel time (calculated only if the linear correlation
997  coefficient (r > 0.6) and the number of points (N >= 6)). *Values excluded from the mean
998 calculations.
999
1000
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1001

1002
1003
1004
1005
1006
1007

1008

Year 2008 2008 2010 2010 2011 2011 2012 2012
gas . mean £ SD
Month March August July  August June July April/May July
N 17 20 9 34 12 17 9 18
HCN r 0.42 0.79 0.96 0.79 0.8 0.87 0.8 0.85 0.79+0.16
EnhRx103 4.20 6.09 8.24 7.16 1.60 3.06 1.93 2.95 4.40+2.48
ER 5.78 7.83 6.50 1.50 2.87 1.79 3.75 4.29+2.45
N 33 44 16 64 23 35 25 34
CHe r 0.85 0.14 0.93 0.89 092 0.89 0.95 0.9 0.81+0.27
EnhRx103 17.27 -0.02 1798 11.75 10.10 6.33 11.56 6.73 10.21+£5.93
ER 17.96 18.50 12.35 10.45 6.55 12.02 6.92 12.11+4.76
N 17 21 9 34 12 17 9 18
CH, r 0.58 0.63 0.85 0.76 0.88 0.91 0.88 0.91 0.80+0.13
EnhRx103 2.58 1.88 3.56 1.37 1.88 222 2.52 1.92 2.24 £ 0.66
ER 2.33 4.42 191 241 2384 3.33 2.38 2.80+0.84
N
CHsOH r
EnhRx103
N 13 19 8 30 9 14 11 16
HCOOH r 0.55 087 -0.71 076 0.84 0.65 0.88 0.77 0.58+0.53
EnhRx103 3.80 13.78 -4.47 10.77 12.12 1.57 15.93 6.58 7.51+£6.92
ER 23.27 20.22 2126 2.75 2876 11.11 17.90%9.37
N 30 23 6 30 11 18 15 16
H.CO r 0.64 034 -0.55 057 093 0.38 0.56 0.3 0.40+0.43
EnhRx103 6.02 38 -1.76 3.70 11.79 2.21 3.58 2.52 3.99+3.85

Table 6: Correlation between each trace gas and CO inside the smoke plumes detected over Thule.

N is the number of points, r is the coefficient of linear correlation and 'EnhR' are the Enhancement

Ratios, which are the slopes derived from the correlation. For all gases except H.CO, ER represents

the corrected enhancement ratios from travel time (calculated only if the linear correlation

coefficient (r > 0.6) and the number of points (N >= 6)). *Values excluded from the mean

calculations.
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1009

1010
1011
1012
1013
1014
1015

Eureka

mean ER +SD

mean EF £ SD

Thule

mean ER +SD

mean EF £ SD

HCN

CoHe

CHa
CHsOH
HCOOH

0.00334 + 0.00094
0.00956 + 0.00319
0.00405 +0.00174
0.02813 +0.01252
0.01531 +0.00403

0.36+£0.17
1.09+0.74
0.40+0.25
3.44+1.68
2.69+1.14

0.00429 + 0.00245
0.01211 +0.00476
0.00280 + 0.00084

0.01790 + 0.00937

0.44 +0.25
1.39+0.68
0.28+0.18

3.15+1.46

Table 7: Means and one-sigma standard deviations of equivalent emission ratios and emission

factors (using EFco for the extratropical forest) calculated from FTIR measurements performed at
Eureka and Thule for HCN, CzHs, C2H2, CH30H, and HCOOH. Standard deviations are smaller
than in Tables 5 and 6 because filters (using threshold values on the linear correlation coefficient

(r > 0.6) and the number of points (N >= 6)) were applied in the calculation of equivalent emission

ratios.
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Figure 1: Locations of the FTIR measurements at Eureka (E) and Thule (T) (map provided by

GOOGLE EARTH V 7.0.3.8542, US Dept. of State Geographer, Google, 2012, Image Landsat,

Data SIO, NOAA, U.S, Navy, NGA, and GEBCO).
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Figure 2: Timeseries of CO, HCN, and C2Hs total columns measured at Eureka (left panels) and
Thule (right panels) from 2008 to 2012. The brown lines represent the polynomial fits to the data.
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1032  Figure 4: Example of attribution of fire source region and transport time for the event number 3,
1033 detected at Eureka on the 10" of July, 2008. a) STILT footprints for that day, b) MODIS fire hot
1034  spots, ¢) HYSPLIT backtrajectories ending that day, d) OMI UV aerosol index for that day.
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Figure 6: Timeseries of CO, HCN, C2Hg, C2H2, CH30H, and H2CO total columns measured by the
FTIRs at Eureka (blue) and Thule (green) and calculated by MOZART-4 at Eureka (black) and
Thule (red) for the August 2010 fire event.
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Figure 7: Scatter plots of the total columns of the target species (HCN, C2Hs, CoH2, CH3OH,

HCOOH, and H,CO) relative to CO for the ten fire events detected at Eureka (2008-2012).
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Figure 8: Scatter plots of the total columns of the target species (HCN, C2Hg, C2H2, HCOOH, and

H.CO)

relative to CO for

the eight fire events detected at Thule (2008-2012).
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Figure 9: Emission factors calculated from the FTIR measurements performed at Eureka (cyan)

and Thule (green), using EFco of Andreae and Merlet (2001) for extratropical forest. Error bars

correspond to the uncertainty in the CO emission factor and the uncertainty in the calculated

regression slope, as well as the total uncertainties of the retrievals, all combined in quadrature.
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Figure 10: Emission factors for boreal and extratropical EFco calculated from FTIR measurements
(blue and cyan), along with the emission factors found in the compilation studies of Akagi et al.
(2011) (red) and Andreae and Merlet (2001) (pink).
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