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Abstract

We present airborne measurements of carbon dioxide (CO,), carbon monoxide (CO),
ozone (O3), equivalent black carbon (EBC) and ultra fine particles over North-Eastern
Siberia in July 2008 performed during the YAK-AEROSIB/POLARCAT experiment.
During a “golden day” (11 July 2008) a number of biomass burning plumes were en-
countered with CO concentration enhancements of up to 500 ppb relative to a back-
ground of 90 ppb. Number concentrations of aerosols in the size range 3.5-200 nm
peaked at 4000cm™ and the EBC content reached 1.4 ug m~2. These high concen-
trations were caused by forest fires in the vicinity of the landing airport in Yakutsk where
during the descent measurements in fresh smoke could be made. We estimate a com-
bustion efficiency of 90+3% based on CO and CO, measurements. The emission
factor of CO emitted was 59.6+15.2 g CO per kilogram of dry matter burned, suggest-
ing an increase in the average northern hemispheric CO concentration of 3.0-7.2 ppb
per million hectares of Siberian forest burned. For BC, we estimate an emission factor
of 0.52+0.07g BC kg_1, comparable to values reported in the literature. The emission
ratio of ultra-fine particles (3.5-200 nm) was 26 cm™3 (ppb CO)'1, consistent with other
airborne studies.

The transport of identified biomass burning plumes was investigated using the FLEX-
PART Lagrangian model. Based on sampling of wildfire plumes from the same source
but with different atmospheric ages derived from FLEXPART, we estimate that the e-
folding lifetimes of EBC and ultra fine particles (between 3.5 and 200 nm in size) against
removal and growth processes are 5.1 and 5.5 days, respectively, supporting lifetimes
estimates used in various modelling studies.

1 Introduction

Vegetation fires, either man-made or natural, constitute a major source of pollutants to
the atmosphere and have an impact on air quality at the hemispheric scale. In particular
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Siberian forest fires are known to be a major extratropical source of carbon monoxide
(CO), as well as a significant source of black carbon (BC; Lavoué et al., 2000) and
other climate-relevant species to the atmosphere, dominating other biomass burning
sources at high latitudes. Siberian fires emitted 26+27 Tg CO per year on average (+1
std dev) over the period 1997-2007, i.e. 56% of the total extratropical fire CO emissions
in the Northern Hemisphere (46+32 Tg CO; GFEDv2; van der Werf et al., 2006). The
large interannual variability in fire occurrence over Siberia is a major driving factor for
the variability of CO in the Northern Hemisphere atmosphere (Wotawa et al., 2001).
Boreal forest fire plumes also degrade Arctic air quality (Wofsy et al., 1994; Stohl et al.,
2006; Generoso et al., 2007; Quinn et al., 2008; Warneke et al., 2009).

Black carbon (BC) from boreal forest fires has a significant radiative impact on the
Arctic atmosphere through mid-troposphere warming and deposition on snow (Quinn et
al., 2008; Flanner et al., 2007), especially in spring. BC is a light-absorbing fraction of
the total aerosol emitted by forest fires. It represents a highly variable fraction (8%+6%)
of the total aerosol mass (Reid et al., 2005), with the bulk (between half and two thirds)
consisting of organic carbon. Little is known about emission, transport and deposition
of BC from Siberian forest fires to the Arctic. Based on transport model calculations,
Stohl (2006) argued that boreal forest fires, especially Siberian fires, are the largest
source of BC to the Arctic in summer, exceeding all contributions from anthropogenic
sources. In a measurement-based modelling study, Generoso et al. (2007) found that
the 2003 Russian fires emitted 0.5Tg C BC, and contributed about 40-56% of the
total BC mass deposited north of 75° N. However, Koch and Hansen (2005) find this
contribution generally secondary compared to South Asian anthropogenic and tropical
biomass burning sources, due to efficient transport in their model.

The impact of Siberian wildfires on the atmospheric composition is very difficult to
determine for a number of reasons. Characterization of fire plumes over Siberia is
largely lacking (see e.g. Nédeélec et al., 2005). Areas burned, biomass fraction con-
sumed, combustion efficiency, height of plume injection into the atmosphere and emis-
sion ratios are all highly uncertain for Siberia. Ground-truth data from Siberia is largely
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lacking. A few prescribed fires provided insight into Siberian forest fire processes and
values for emission ratio of various species (FIRESCAN Science Team, 1996; Cofer et
al., 1996, 1998; McRae et al., 2006). Annual areas burned are known to have been
underestimated by earlier official data (Conard et al., 2002). Van der Werf et al. (2006)
used burned area information from MODIS, but (1) the resolution of MODIS is coarse
for this application, and (2) validation with high resolution Landsat data show for Africa
an underestimation of burned area by 40% for 60% of land cover (Lehsten et al., 2009).
Further, these detections do not fully capture the spatio-temporal variability of fires be-
cause of infrequent satellite overpasses or clouds. Furthermore, chemistry-transport
models are very sensitive to the injection height of fire emissions (e.g. Turquety et al.,
2007), which depends both on synoptic conditions and type of fire.

Although sparse, aircraft observations can provide valuable constraints on the emis-
sion factors (e.g. Ward et al., 1991), injection heights and subsequent transport (e.g.
Andreae et al., 1998). Here we investigate the outflow from major fires burning in
Siberia in July 2008. Our instrumented aircraft crossed several plumes originating
from the same fire region. These observations provide insight in the injection of the
forest fire plume, its transport toward the Arctic, its evolution and removal processes.

2 Methods
2.1 Field sampling

YAK-AEROSIB (Airborne Extensive Regional Observations in Siberia) performs a se-
ries of airborne measurement campaigns over Siberia. Two campaigns were carried
out between 7 and 29 July 2008 in a collaborative effort with the POLARCAT (Polar
Study using Aircraft, Remote Sensing, Surface Measurements and Models, of Climate,
Chemistry, Aerosols, and Transport) programme, following three previous campaigns in
2006 and 2007 (Paris et al., 2008, 2009b). The campaign consisted of two large loops
in North and Central Siberia (Fig. 1a), intended to document the distribution of CO,,
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CO and O3 as well as aerosols in the Siberian troposphere. As a contribution to the
POLARCAT programme, the flight route (which had to be fixed prior to the campaign)
was chosen to sample as many different air masses as possible with a flight pattern
consisting of frequent ascents and descents between close to the ground and 7 km al-
titude. Here we focus on data obtained during flight 17 on 11 July 2008, a south-bound
leg starting from the Siberian Arctic coast. The aircraft departed from Chokurdakh
(70°N, 147° E) and landed in Yakutsk (62° N, 130° E) (Fig. 1b). Fires were burning near
Yakutsk (Fig. 1b), and several plumes from these fires were encountered during the
flight.

2.2 Instruments

The airborne instruments are documented elsewhere (Paris et al., 2008, 2009a) and,
thus, only short descriptions are provided here, except for the aethalometer measuring
equivalent BC, which has not been described previously. Concentrations of ultra-fine
and fine particles in three size ranges (3-5.5, 5.5-20.5, 20.5—-200 nm) were measured
with an automated diffusion battery (ADB; see Arshinov et al., 2007; Paris et al., 2009a,
and references therein). The ADB coupled with a condensation particle counter (CPC)
has an additional aspiration unit to compensate changing ambient pressure and chang-
ing flow rate. All particle concentrations are reported at standard pressure and temper-
ature (STP) conditions. Particle concentrations in 15 size bins in the range 0.3—20 pm
were measured using a GRIMM 1.108 instrument (GRIMM Aerosol Technik GmbH &
Co. KG, Germany). Equivalent black carbon (EBC) mass concentration was measured
using an aethalometer based on diffuse attenuation of light by particles after collection
on a filter (Panchenko et al., 2000). The wavelength ranges between 0.4 and 1.1 um
with maximum near 0.9 um. This instrument is sensitive to submicron particles. EBC
mass concentration Mg is converted from light absorption using Eq. (1):

/MBC=..—'105 (1)
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where S; is the filter area (cm?), /1 and /, the signal before and after pumping, k the
mass coefficient (28 cm? ug’1) obtained during calibration, V' the flow rate (I/min), and
t the time of pumping (min). The sensitivity of the aethalometer is ~0.01 pg m~ EBC.

CO and O3 mixing ratios were measured by modified commercial gas analysers
Thermo 48C and Thermo 49 (Thermo Environmental Instruments, USA; see Nédélec
et al, 2003; Paris et al., 2008). CO, was measured using a modified Li-Cor 6262
improved with pressure and flow rate control and temperature stability, as well as three
calibration gases with concentrations bracketing ambient ones (Paris et al., 2008). The
instrument precision is ~0.15 ppm.

2.3 Modelling of air mass transport

The origin of air masses and the contribution of biomass burning to CO enhance-
ments was investigated using the FLEXPART Lagrangian model (Stohl et al., 2005;
Seibert and Frank, 2004). FLEXPART calculates the trajectories of tracer particles
using the mean winds interpolated from the analysis fields plus random motions rep-
resenting turbulence. Results presented here use ECMWF (European Centre for
Medium-Range Weather Forecasts) analysis fields, although GFS (Global Forecast
System of NOAA/NCEP) fields were used, too, as differences between the two sim-
ulations allow estimating the transport error. Both backward and forward simula-
tions were performed. While the forward simulations served to investigate the exten-
sion of fire plumes, the backward simulations were used to analyse transport path-
ways from potential source regions to the aircraft position. Each backward simula-
tion consists of 40000 particles released whenever the aircraft has moved 0.15° in
latitude or longitude, or 10hPa in altitude. Released particles were followed 10d
backward in time and an emission sensitivity (ES) was calculated, which can be
folded with available emission fluxes to calculate source contributions (e.g., Stohl et
al., 2007). Results are available at http:/zardoz.nilu.no/~andreas/YAK/. Biomass
burning (BB) emission estimates for CO are based on active fire detections by the
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MODIS instruments onboard the Aqua and Terra satellites (Giglio et al., 2003) (see
http://maps.geog.umd.edu/products/MODIS _Fire_Users_Guide_2.2.pdf) and using the
algorithm described by Stohl et al. (2007). Forest fire emissions are injected homoge-
neously between the ground and 3 km altitude, as we found that it provided a significant
improvement over simple ground-level injection in the simulation of the smoke plumes.
Anthropogenic emissions were taken from the EDGAR 3.2 Fast Track 2000 dataset
(Olivier et al., 2001). The “age” of each fire plume identified in this study was calcu-
lated by taking the average age of the FLEXPART fire CO tracer at the time of the
maximum observed CO.

For the forward simulations, a CO and a BC tracer were initialized at the location of
every fire detected in the Northern Hemisphere, with emissions estimated as described
above. The simulation covered the period March—July 2008 and particles in this simu-
lation were dropped from the simulation after 20d. A maximum of 18 million particles
were simultaneously present in the simulation. The BC tracer was subject to wet and
dry deposition parameterizations in FLEXPART, while the CO tracer was only removed
when particles were dropped after 20 d.

3 Results and discussion

Figure 2 shows the frequency distributions of aerosols and trace gases in Siberia dur-
ing the 2008 campaign flights. A CO background emerges from this distribution, with
median concentrations generally between 90 and 100 ppb. Comparing the CO distribu-
tion with that of the three previous measurement campaigns (Paris et al., 2008, 2009b),
irrespective of altitude, suggests that overall CO concentrations observed during this
campaign were within the range observed during previous summer campaigns (Fig. 3).
Higher CO concentrations (~160—180 ppb) were only observed in April 2006, a conse-
quence of the seasonal cycle of CO. The measurements are not biased by sampling
strategy because the campaign itinerary needs to be announced to Russian authori-
ties a long time in advance and therefore targeting of particular plumes is impossible.
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Figure 3 also reveals that northern Siberia CO concentrations are consistently lower
than those sampled in central Siberia, probably due to the sampling of a different air
mass within the polar dome at the northern leg of the flight track.

Analysing the trace gas and aerosol distribution during the 2008 campaigns on
a flight by flight basis, more elevated CO concentrations are found in eastern-central
Siberia (Fig. 2a, flights 17-19) and at low level over Lake Baikal (flights 23—-24) than
in other regions. CO, and O concentrations vary considerably and are not well corre-
lated with CO and are suggested to be determined largely by the variability in exchange
processes at the surface. For instance, flights over Northern Siberia and tundra typ-
ically revealed vertical profiles with weak or absent CO, gradient toward the ground,
whereas at lower latitudes CO, decreases strongly towards the ground because of
efficient CO, uptake by trees for photosynthesis. Similarly, O5 variability in the lower
troposphere could be largely driven by deposition processes.

The more elevated CO levels during flights 17—-19 are associated with strongly en-
hanced EBC and ultrafine particles concentrations, which can be attributed to influence
from biomass burning. Of the three flights, flight 17 is clearly the one with the strongest
CO and EBC enhancements and, thus, the remainder of this paper analyzes the data
obtained during this flight in detail.

3.1 Identification of biomass burning influence

Figure 4 shows the CO, O3 and aerosol concentrations measured along flight 17. Large
CO enhancements were encountered during this flight, with maximum CO concen-
trations of about 600 ppb, an enhancement of almost 500 ppb over a background of
90 ppb. Over Siberia, remote from anthropogenic emission sources, elevated CO likely
originates from wildfires. The origin of these elevated CO plumes was tested with
the FLEXPART Lagrangian model (Fig. 4a). According to the model anthropogenic
emissions had a negligible influence during the entire flight in this remote region, with
a predicted median anthropogenic CO contribution (integrated over the last 10d be-
fore the flight) of 0.6 ppb (interquartile range 0.5-2.4 ppb; black shading in Fig. 4a).
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On the contrary, FLEXPART suggests substantial influence from biomass burning (me-
dian 2.4 ppb, interquartile range 0.4-9.5 ppb; grey shading in Fig. 4a). The simulated
high CO concentrations due to the influence of biomass burning (BB) plumes correctly
match some of the CO enhancements in the data (Fig. 4a). The modelled amplitude of
CO concentrations, however, appears to be often over- or underestimated and a thin
smoke layer shortly after take-off in Chokurdakh is missed altogether by the model.
Reasons for the model shortcomings in addition to potential transport errors are (1)
the high uncertainty of the emissions associated with an individual fire detection from
satellite, (2) the poor temporal resolution of the MODIS fire detections and missing
detections in the presence of clouds, and (3) uncertain injection heights into the atmo-
sphere of the biomass burning emissions.

The results of a FLEXPART forward run are broadly consistent with our observa-
tions (Fig. 5). For instance, the thin smoke layer labeled plume 1 is found near the
edge of an aged and re-circulated biomass burning plume advected from the north.
Ageing of the fire plume is denoted by the decrease in BC relative to CO in older
plumes, in agreement with the measurements (early in the flight, after take-off in the
north). The FLEXPART forward simulation is also in agreement with the smoke pat-
terns seen in a MODIS image (Fig. 6) and with spaceborne CO measurements taken
on the same day by the IASI (Interférometre Atmosphérique de Sondage Infrarouge)
instrument (Pommier et al., 2009), illustrating the dominant fire origin of the CO en-
hancements. Emissions from fires located near Yakutsk at the time of the campaign
were transported to the north on average but significant frontal activity sheared and
isolated the BB emissions in several separate plumes. According to the Russian Hy-
drometcenter weather chart, a strong low at 110° E, 67° N was centered to the west of
the flight, provoking vigorous frontal activity and attracting the fire plumes close to the
source. A cold front was located in the middle of the flight track, which marks corre-
spondingly the steep gradient between smoke and clean air in the cold air mass, and
an occluded front was located near Yakutsk, where the highest CO and BC concentra-
tions are found (Fig. 5). Consequently, a thick cloud deck was present over large parts
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of the flight (Fig. 6).
3.2 Characterization of individual plumes

We identified six distinct (from the aircraft sampling perspective) BB plumes for further
analysis (Fig. 4a). Concentrations in plumes are mostly reported as excess above
background. The CO background was determined to be 90 ppb based on a “flat” signal
in apparently clean areas of the flight. The ultra fine (3—200 nm) particles’ background
concentration was taken at 400 cm™2, which is approximately the 20th percentile of the
distributions, and reflects typical concentrations in CO-poor regions (Fig. 4b). Similarly,
the observed EBC background is estimated to be ~2x1 072 Hg m™~2, near detection limit.

The plume numbered | has a very high CO enhancement above background (up to
ACO=500 ppb, average 362 ppb; see Table 1). This plume has a thickness of ~500m,
and was encountered at 3km altitude (Fig. 7). Plume | is associated to a well corre-
lated (/-?2:0.78, p=0.007, n=10) negative (~—20 ppb) O3 excursion, resulting in a low
concentration of 24.7 ppb. The O3/CO regression slope is —0.04 ppb Oz/ppb CO. No
enhancement of particle concentration was observed, probably due to wet scavenging
from the plume. CO, enhancement in this plume appears to be very weak relative to
surrounding air, difficult to quantify due to the absence of a well defined background.
No EBC observations were available for this plume.

Plume | is predicted with a very low CO excess (ACO=8ppb) by the FLEXPART
backward simulations and its age is 13d. The observed low number concentration
of fine aerosol is consistent with an aged plume. As discussed above, these mea-
surements were likely made at the edge of a major plume predicted in the FLEXPART
forward run just to the north of the flight track, over the East Siberian Sea (Fig. 5). The
model suggests no BC in this plume but a significant CO enhancement (30—40 ppb,
1 km thick) near the flight track (much higher concentrations further north), consistent
with the measurements (fine particle number concentrations near background levels;
EBC data missing). The vertical curtain plots in Fig. 5 suggest that plumes | and Il are
simulated at altitudes matching well the observations, albeit plume | is slightly too high
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by ~1.5km.

Plume Il corresponds to an upper-tropospheric CO enhancement of 57 ppb (Table 1),
encountered at 6 km altitude (Fig. 7). It is capped by a layer with a stratospheric signa-
ture, identified by increasing O concentrations (up to 220 ppb, Fig. 7) and decreasing
relative humidity, at flight ceiling. This stratospheric signature is further confirmed by
the FLEXPART backward simulation, with more than 60% of particles originating from
the stratosphere one day or less before measurement. In addition to elevated CO the
fire plume has a weak BC enhancement of 0.02 ug m~3. The FLEXPART simulation
indicates that the BB-related CO enhancement in this airmass occurred 10d prior to
encounter (Table 1). O average concentration in this plume is 81.2 ppb. CO is nega-
tively correlated both with CO, (R2=0.84; p<0.001; n=32, slope=-27.9+2.1) and O4
(R2=0.24; p=0.004; slope: —-0.79+0.13). An explanation for this is partial mixing of
the plume with air of recent stratospheric origin immediately above, consistent with the
anticorrelations with both O and CO,.

Plume Ill shows no correlation between CO and O;. CO, data are scarce for
this plume because of a concurrent in-flight calibration. This plume was encoun-
tered on a flight plateau at 3.5km altitude and was not found above this altitude
on descent to/ascent from this plateau. A slight BC increase was observed for this
plume (0.17 ug m'3). FLEXPART overestimated the BB CO enhancement in this plume
(~100 ppb) compared to the measurements (39 ppb).

Plume IV differs significantly from plumes Il and Il since CO is positively correlated
to CO, (R®=0.84; p<0.001; n=13; slope: 57.8+8.1) and to O; (R°=0.40; p=0.02
n=13; slope: 7.2+£2.0). It has a strong excess of ultrafine particles, with particles in the
range 20—200 nm totalling 2000 cm™>. EBC excess is also significant with 0.3 pg m~2.
It constitutes a thin layer of 400 m thickness at 6 km altitude.

As the aircraft was descending toward Yakutsk, close to the fire source area (Fig. 1),
high CO concentrations were observed below 3 km (Fig. 8, plumes V and VI). Plume V
exhibits a CO concentration up to 600 ppb and caps a couple of other high-CO plumes
(varying between 150 and 300 ppb) down to the surface (labelled “VI” in Fig. 4a). The
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layering of plumes V and VI is explained by the presence of two temperature inversion
layers at corresponding heights (not shown). FLEXPART estimates the age of these
plumes at less than 1day. High tracer concentrations, strong correlation of CO with
particles concentrations, EBC and CO, observed in plumes V and VI, combined with
the <1 day of travel time from the fire suggest that these observations can be used to
determine the emission ratios of the species observed.

3.3 Emission ratio, emission factor and combustion efficiency

Emission factors were calculated using the carbon mass balance method (Ward et al.,
1991). This method is based on the partial oxidation of combustion fuel into CO, and
other incomplete combustion products, including CO, hydrocarbons and particulate
matter. The emission factor (EF) of a species X corresponds to the mass of C emitted
per mass of dry matter burned according to Eq. (2).

(X]

EFX =
Cico,1 + Cicor *+ Cich,1 + Cinmricy + Crpgy

(@)

The emission ratios for CO and particles relative to CO, are given according to Eq. (3)

X1 _ _ AX1/Mx
Cico,)  AICO,]/Mco,

ERy = 3)
Where M) is the molecular mass of compound X. Estimates for the terms of Egs. (2)
and (3) are provided by the measurement of the excess concentrations of these com-
pounds in very recent smoke close to the source. Excess concentrations are con-
sidered relative to a surrounding clean air background. Due to its high temporal (de-
pending on recent ecosystem net primary production) and spatial variability (due to
the gradient across the boundary layer entrainment zone), the CO, background cannot
be readily estimated from measurements in surrounding air masses. We interpolated
a relevant background value from measurements in clean air (CO<110 ppb) within the
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boundary layer elsewhere during the campaign, at similar local time and latitude. The
resulting CO, background valid for recent smoke observed at low levels during the
flight on 11 July (plumes V-VI) is 372.3+2.5 ppm (median+std dev). We observe from
the particular profile an apparent background of ~374 ppm (Fig. 8). In order to account
for such potential error, we will consider a range of background values (372—-374 ppm)
instead of a single value.

The CO emission per kg dry biomass burned (EF) can alternatively be derived from
the ER. Here we use the following equation:

EFco
EFCO = MCO X 2
Mco,

X ERCO (4)

Because we do not observe directly EF¢,, we hypothesize that values from the liter-
ature for Siberia can be applied. From prescribed forest fire experiments in Siberia,
Cofer et al. (1996) suggest a value of 1475i4ngg'1, lower than in a more recent
experiment with EFco,~16509 kg’1 (McRae et al., 2006) The latter further identified

a large range of EF¢p, depending on the fuel type, ranging from 1060 g kg'1 for moss

andlichento 17179 kg'1 for rotten wood. Separating crown and smoldering fires, Cofer
et al. (1998) report 1500+50¢ kg_1 for crown fire and 1100+50¢g kg_1 for smoldering
emissions. Here we consider a range of EF¢q, values between 1475 and 1650 g kg'1,
from the two prescribed burning in Siberian forest available in the literature (FIRESCAN
Science Team, 1996; McRae et al., 2006).

Accounting for observational and methodological errors, we obtained an EFgg of
59.6+15.2g CO kg_1. Our CO emission factor is at the lower end of values reported
in the literature for boreal forest fires. Observed EF.q values range from 68.8 9 kg'1
(Cofer et al., 1989) up to 350+459g kg‘1 (Cofer et al., 1998) for Siberian smoldering
Taiga fires. Andreae and Merlet (2001) found an average of 107+37g kg'1 for extrat-
ropical forest fires. In their prescribed burnin%; experiments, McRae et al. (2006) found
a range of EFg5 between 98 and 135gkg™ . However, the vast majority of data on

18213

ACPD
9, 1820118233, 2009

Wildfire smoke in the
Siberian Arctic in
summer

J.-D. Paris et al.

: “““ “““


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/9/18201/2009/acpd-9-18201-2009-print.pdf
http://www.atmos-chem-phys-discuss.net/9/18201/2009/acpd-9-18201-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

boreal emission factors used as reference were obtained from North American boreal
forest fires (Andreae and Merlet, 2001).

During Siberian boreal forest fires, the total fuel consumption (ground, surface
and aerial) likely ranges between 2.5kg m™2 dry matter (Cahoon et al., 1994) and
3.7kg m~? (FIRESCAN Science Team, 1996). An average of 45% of C in dry fuel
(Cahoon et al., 1994) suggests that 1.1-1.7kg C m~2 are available to combustion. As
a result, a total of between 1.25 and 3.10t CO (ha burned)'1 were emitted by the for-
est fires during this period. This must be put in perspective with the 5-10 Mha burnt
each year (with large interannual variability) in Siberia (Conard et al., 2002). This can
also be expressed as a northern hemispheric 3.0-7.2 ppb CO increase per million ha
burned, a range higher than found in a regression analysis by Wotawa et al. (2001) for
Russian fires (3 ppb CO Mha™" )

The EBC emission ratio is estimated to 0.52+0.07g BC kg'1. This is in line with
the results of Andreae and Merlet (2001) who obtained the value 0.56+0.19g BC kg‘1 .
This suggests a total of 0.05-0.09t BC (ha burned)'1 were emitted during the period.

3.4 Aerosol removal time scales

As we have shown in Figs. 4 and 9 (forward and backward model runs, respectively),
the aircraft sampled several smoke plumes that were emitted in the same fire region,
between Lake Baikal and Yakutsk. However, these plumes have different ages ranging
between 1 and 13 days, and a decrease in EBC mass concentration and particles num-
ber concentration is expected due to removal and mixing processes. Figure 10 shows
aerosol enhancements AN and AEBC as well as the enhancement ratios AN/ACO and
AEBC/ACO as a function of plume age (Table 1). EBC concentrations decrease expo-
nentially with time. The exponential fit model explains R?=63% of the variance of the
signal for AEBC (Fig. 10a text inset). Over 10d, AEBC decreases by slightly less than
two orders of magnitude and AEBC/ACO enhancement ratio by roughly one order of
magnitude. The e-folding lifetime of EBC against removal processes is estimated at
5.1d (see text inset in Fig. 10c) using the exponential fit of AEBC/ACO (R2=0.43).
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The stronger reduction of EBC concentrations relative to enhancement ratios is due to
plume dilution by mixing with background air, which affects both EBC and CO.

The decrease of biomass burning EBC with transport time is attributed to mixing and
removal processes enhanced by coating of particles by hydrophilic organics. Jacob-
son (2001) found in a modelling study (including internal mixing and removal processes
such as coagulation, condensation, deposition, equilibrium water uptake and rainout)
that only 20% by mass of the primary submicron BC remain after 5d. This suggests
that our estimated BC lifetime against removal is valid for BC particles in the submi-
cron range. Our estimated EBC lifetime of 5.1 days supports assumed BC lifetime in
other studies. Stohl (2006) reviewed lifetimes used in three modelling studies ranging
between 3 and 7 d; respectively 6+2d (Park et al., 2005), 3—4d (Liu et al., 2005), and
7.3d (Koch and Hansen, 2005).

Ultrafine particle number concentrations are also decreasing with plume age
(Fig. 10b and d), with an exponential fit that explain R?=0.59 of the variance between
age and the AN/ACO ratio. The lifetime implied by the exponential fit is 5.5 d (Fig. 10d).
Possible sinks for particles in this size range are coagulation onto pre-existing larger
particles or removal processes. The intercept indicates that ultra fine particle emis-
sion ratio was ~26cm™> ppb_1. The values found for AN/ACO are consistent with
other estimates at various plume ages, obtained essentially in the tropics (Andreae
et al.,, 1994, 2001). For example Andreae et al. (1994) found for plumes of age 2—
6d a AN/ACO=2-8cm™> ppb'1 for for particles with size >1 um and 8—18 for Aitken
nuclei (more comparable to our case). In our estimates of lifetimes, the error in the
regression of the concentration ratios is linked to the imprecision of airmass age deter-
mination (error estimated to +1 d) and to the value chosen as a background for particles
concentrations (within £50 cm'3).
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4 Conclusions

In the framework of the YAK-AEROSIB/POLARCAT experiments we carried out in-
tensive airborne campaigns to measure the tropospheric distribution of trace gases
and aerosols including equivalent black carbon (EBC). The background concentrations
of trace gases were generally similar to previous YAK-AEROSIB summer campaigns.
However, several layers with high CO, aerosol and BC concentrations were observed
on three flights, which were caused by forest fires in Eastern Siberia near Yakutsk.
During one flight, on 11 July 2008, several plumes were observed that all originated
from the same fires but took different atmospheric transport routes.

Based on the data acquired during a vertical profile close to the fires, we derived
emission factors for CO equal to 59.6+15.2g CO per kilogram of dry matter burned.
This CO emission factor, although rather low compared to values in the literature, sug-
gests that fires in Siberia could cause an increase in northern hemispheric CO concen-
trations of 3.0-7.2 ppb/Mha burned, with up to ~10Mha burning annually in Siberia.
For EBC we obtained an emission factor of 0.52+0.07 g BC kg_1. The emission ra-
tio of ultra-fine particles (3.5-200 nm) was 26 cm™3 (ppb CO)'1, consistent with other
airborne studies.

A variety of plumes were encountered during the 11 July flight. Their ages ranged
from less than 1d to 13d, as determined from backward simulations with the La-
grangian particle dispersion model FLEXPART. The most aged plumes were found
in the free troposphere near the Siberian Arctic coast at approximately 70° N, while the
freshest plumes were found near Yakutsk, not far from the fires. Smoke plumes were
lifted by several frontal systems passing through the study area.

High EBC concentrations were observed near the fire (up to 1.5ug m_3), whereas
aged plumes had near-background EBC concentrations (0.02 pug m'3). Using an expo-
nential fit to the observed time dependence of EBC and ultrafine particle enhancement
ratios with CO, our observations suggest lifetimes in the Siberian troposphere of 5.1d
for EBC and 5.5d for ultrafine particles. The most aged plume (13d) had a strong
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negative correlation between CO and O3 (E’2=0.78) with a O53/CO regression slope of
—0.04 ppb O4/ppb CO, indicating that O3 destruction dominated over photochemical
production in this aged plume.
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Table 1. Species concentrations and enhancements above background, ratio to reference

species CO and CO, and FLEXPART age of plumes.
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Plumes | I 1] \Y Vv Vi
CO, (ppm) 383.5 380.8 377.6 3825 379.7 375.4
ACO, (ppm) -2 85 53 102 74 341
ACO (ppb) 362 57 39 85 333 91
ER¢o(mmol/mol) - - - - 70.7  46.1
05 (ppb) 247 812 595 841 690 424
Na_snm (cm™2) 90 398 118 596 385 528
N3 _p00nm (€M) 270 760 819 1971 3796 2688
BC (ugm~2) -® 002 017 030 137 062
ABC/ACO (ngm™2 ppb™") =P 03 44 35 41 6.8
Flexpart age (d) 13 10 5 2 1 1

 No background was applicable to Plume 1.
® No data available
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Altitude, km

Fig. 1. (a) Flight route for the July 2008 campaigns. In blue: northern Siberia loop; in black:
central Siberia loop. Flight 17 on 11 July is highlighted in red. (b) ltinerary of flight 17 from
Chokurdakh (North) to Yakutsk. Area burnt by forest fires (Sukhinin et al., 2004) during the
period 1-7 July is indicated in red, between 7—14 July in blue. Along the aircraft trajectory,
individual plumes with CO>120 ppb are marked by black dots, and CO>150 ppb by red dots.
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Fig. 2. Statistical summary of all observations for each flight in July 2008. The central bar
indicates the median, the box indicates the inter-quartile range, and the error bars extend from
the 10th to the 90th percentiles. (a) CO, (b) CO,, (c) O, (d) EBC, (e) ultrafine (between 3 and
200 nm) particle total number concentrations. BC data are not available for flights 20-25, and
particle number concentrations are not available for flight 16.
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Fig. 3. Comparison of CO median concentrations and interquartile range (error bars) for July
2008 and previous YAK-AEROSIB campaigns.
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Fig. 4. Tracer time series during flight 17 on 11 July 2008. (a) observed CO (red line) and CO
concentrations simulated with FLEXPART (shaded area). Simulated CO concentrations from
BB (light grey) and FF (dark grey) were accounted for during the last 20 days before the flight
and an arbitrary background of 90 ppb was added. Aircraft altitude is shown in green. Six
events numbered |-VI correspond to high CO plumes encounter. Events Il, lll, IV and VI are
highlighted (thick bars) where FLEXPART identifies a dominant BB contribution. (b) Observed
ultra-fine particles number concentration (shaded area) and black carbon. CO is plotted again
in red. The particles are divided in three size bins: 3-5.3 nm (dark grey), 5.3—20.5 nm (medium
grey) and 20.5-200 nm (light grey). (c) Observed concentrations of CO,, O5 and CO.
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Fig. 5. Results from the FLEXPART forward simulation of biomass burning CO (left) and BC
(right) tracers over Northern Siberia on 11 July 2008. Upper panels show total atmospheric
columns, lower panel are curtains through the model output along the flight track. The flight
track is shown as a black line in all panels; striped areas in the lower panels indicate model
topography.
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Fig. 6. Aqua/MODIS image over Siberia at 2008/193 (11 July 2008) at 04:45 UTC, showing
an area coincident with flight 17 (approximate flight track is shown in black). Approximative
delineation of the fronts present at 12 UTC is shown in blue and red. A higher resolution version
with hot spots indicated is available at http://rapidfire.sci.gsfc.nasa.gov/realtime/2008193/.
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Fig. 7. Vertical profiles of CO (red line), CO, (black line), O (blue line) and EBC (black squares)
shortly after take off from Chokurdakh.
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Fig. 8. Vertical profiles of CO (red line), CO, (black line), O (blue line) and EBC (black squares)

shortly before landing in Yakutsk.
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Fig. 9. Examples for the emission sensitivities for different plumes.

Plume IV (see Fig. 4).
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Fig. 10. Aerosol concentration enhancements observed during flight 17 as a function of FLEX-
PART transport time for (a) AEBC, (b) AN5_,q, Of ultrafine and accumulation mode particles
(between 3 and 200 nm size), and enhancement ratios for (¢) AEBC/ACO, (d) AN3_,,,/ACO
as a function of transport time. An exponential function is fitted to the data (red line).
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