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[1] In this paper, we address the issues of the representation of boreal fires in a
global chemistry and transport model (GEOS-Chem) as well as their contribution to
the Arctic aerosol optical thickness and black carbon (BC) deposition, with a focus on
the 2003 Russian fires. We use satellite observations from the MOPITT, POLDER
and MODIS sensors to evaluate the model performances in simulating the fire
pollution export over the North Pacific. Our results show that aerosol and carbon
monoxide (CO) outflow is best reproduced in our model when fire emissions are
(1) increased to 72 Tg for CO, 0.5 Tg C for BC, and 5.3 Tg C for organic carbon
over the entire fire season; (2) prescribed on a daily basis; and (3) injected up to
4.5 km in July and August. The use of daily, rather than monthly, biomass burning
emission inventories improves significantly the representation of the aerosol outflow,
but has little impact on CO. The injection of fire emissions above the boundary layer

influences both the CO and aerosol columns but only during the late fire season.
The model improvements with respect to the standard configuration induce an
increase of a factor up to 2 on the aerosol optical thickness and the mass of BC
deposited in the Northern Hemisphere. According to our improved simulation,

the 2003 Russian fires contributed to 16—33% of the aerosol optical thickness and to
40-56% of the mass of BC deposited, north of 75°N in spring and summer. They
contribute to the aerosol optical thickness by more than 30% during the days of

Arctic haze events in spring and summer.

Citation: Generoso, S., I. Bey, J.-L. Attié, and F.-M. Bréon (2007), A satellite- and model-based assessment of the 2003 Russian
fires: Impact on the Arctic region, J. Geophys. Res., 112, D15302, doi:10.1029/2006JD008344.

1. Introduction

[2] Remote sensing observations show that forest fires in
boreal regions can have a large impact on the Northern
Hemisphere atmospheric trace gas and aerosol loadings
[e.g., Edwards et al., 2004]. Even though the surfaces of
burned area in boreal regions are smaller than those in
tropical regions, the amount of biomass consumed is sig-
nificant because boreal forest and peatland soils contain a
deep layer of organic matter [Kasischke and Bruhwiler,
2002; Kasischke et al., 2005]. These fires induce a large
variability in the atmospheric pollutant emissions and partly
drive the temporal variability of the Northern Hemisphere
trace gas and aerosol burdens [e.g., Wotawa et al., 2001;
Langenfelds et al., 2002; van der Werf et al., 2004]. The
boreal fire emissions tend to increase over the recent
decades [Lavoué et al., 2000] and this is expected to
continue in the future as a result of the predicted warmer
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and dryer conditions [Flannigan et al., 2000, 2005]. Recent
studies have suggested that the observed changes in climate
have already influenced the boreal fire activity (i.e., increase
in intensity, frequency and duration of the fire season)
[Gillett et al., 2004; Westerling et al., 2006]. This is likely
to have important implications in terms of terrestrial carbon
dioxide, trace gas and aerosol emissions and may corre-
spond to an important feedback process between climate
and the biosphere [e.g., Randerson et al., 2006].

[3] Recent studies have also emphasized the significant
influence of the boreal forest fires on the Arctic aerosol
burden in summer [e.g., Koch and Hansen, 2005; Iziomon et
al., 2006; Stohl, 2006; Stohl et al., 2006]. The Arctic region,
which is particularly sensitive to climate change [e.g., Arctic
Climate Impact Assessment, 2004; Kaplan and New,
2006], experiences enhanced aerosol loads that are largely
attributed to the long-range transport of pollution from
urban, industrial and biomass burning sources in the mid-
northern latitudes [e.g., Shaw, 1995]. Once in the Arctic
atmosphere, aerosols can modify the regional circulation
patterns and the hydrological cycle [Rinke et al., 2004] and
increase the snow absorption, resulting in a strong impact on
the surface albedo and evaporation rate [e.g., Clarke and
Noone, 1985; Hansen and Nazarenko, 2003].

[4] The impact of forest fires on atmospheric pollutant
loadings (and thus on climate) remains uncertain. Global
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models of chemistry and transport are particularly well
suited to provide useful information. However, there are
still some large uncertainties in the representation of bio-
mass burning in current models, in particular in terms of
emission amount and variability. Although the monitoring
of fires from space can be used to better represent their
spatial and temporal variations in models [e.g., Schultz,
2002; Duncan et al., 2003; Generoso et al., 2003; van der
Werf et al., 2003; Hoelzemann et al., 2004], there are still
large uncertainties in the satellite-derived emission esti-
mates [e.g., Kasischke et al., 2003; Kasischke and Penner,
2004; [to and Penner, 2005]. In addition, the injection
height of the products from fires is generally not specified,
e.g., most global models of chemistry and transport distrib-
ute emissions within the planetary boundary layer (PBL),
while Lavoué et al. [2000] argue that particles can be
injected well above. Recent observations of intense Cana-
dian forest fires indicated that smoke can even penetrate the
stratosphere [Fromm and Servranckx, 2003; Fromm et al.,
2005].

[s] Several spaceborne instruments monitored a large
amount of aerosols and CO emitted during the 2003 Russian
fires [Edwards et al., 2004]. Aircraft measurements also
revealed enhanced CO concentrations in the upper tropo-
sphere over northeast Asia from April to August 2003, with
maxima over 500 ppbv and a peak up to 850 ppbv in early
June 2003 [Nedelec et al., 2005]. Damoah et al. [2004]
reported circulation around the Northern Hemisphere of
plumes from the Russian fires in May 2003. Jaffe et al.
[2004] and Bertschi and Jaffe [2005] indicated that such
pollution episodes had a significant influence on the re-
gional air quality of northwest America. Enhanced free
tropospheric aerosols were also observed by lidars in
Europe during that time [Mattis et al., 2003; Miiller et al.,
2005]. There are also some evidences that those fire events
influenced the Arctic atmosphere [Generoso et al., 2007].

[6] In this study, we use a global chemical transport
model to quantify in a comprehensive way to what extent
various processes (including strength, temporal resolution
and injection heights of the fire emission, deposition) affect
the long-range transport of aerosols and carbon monoxide
(CO) emitted during boreal fires. Sensitivity simulations of
the coupled aerosol-oxidant system were performed and
analyzed in light of several satellite data sets including
acrosol products from both the Polarization and Direction-
ality of the Earth Reflectance (POLDER) and the Moderate-
resolution Imaging Spectroradiometer (MODIS), and CO
products from the Measurement of Pollution In The Tropo-
sphere (MOPITT). We examined both CO and aerosol
distributions as they are key atmospheric components that
influence both climate and air quality and can provide
complementary information as regard to the understanding
of fire emissions and transport [Edwards et al., 2004]. We
then use our findings to provide an improved representation
of the 2003 Russian fires and of their export to the North
Pacific, and to quantify their contribution to the Arctic
aerosol loads. Note that biomass burning leads to the release
of particles that are mostly in the fine mode (radius smaller
than 1 pm) [e.g., Kaufman et al., 2002]. Their contribution
to the total aerosol optical thickness may be hidden in the
presence of coarse particles (e.g., as during dust events), and
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therefore we restricted our analysis of the aerosol distribu-
tion to the fine mode fraction.

[7] Section 2 presents the satellite observations used in
this study and the GEOS-Chem model; simulated and
observed CO and aerosol distributions are compared in
the frame of the east Asian and North Pacific regions during
spring and summer 2003 in section 3. Section 4 describes
the model sensitivity analysis and presents the results in
terms of the different processes influencing fire emission
and plume export to the Pacific. Section 5 shows the
contributions of the 2003 Russian fires to the Arctic aerosol
optical thickness and BC deposition. Section 6 presents a
summary and our conclusions.

2. Data and Method
2.1. Aerosol Satellite Products: POLDER and MODIS

[8] The Polarization and Directionality of the Earth
Reflectance (POLDER) instrument is a spaceborne radiom-
eter developed by the French space agency (Centre National
d’Etudes Spatiales) [Deschamps et al., 1994], launched
aboard the Advanced Earth Observation Satellite (ADEOS
1 and 2) in 1996 and 2003. The POLDER orbits have a
local overpass time around 10:30 am and provide a quasi-
global coverage every day, although clouds often prevent
aerosol retrieval [Deschamps et al., 1994]. POLDER meas-
ures the polarization and directionality of the solar radiation
reflected by the Earth, which allows the monitoring of
aerosol characteristics, derived separately over land and
ocean using independent algorithms. Both the total aerosol
optical thickness (AOT) and the fine mode aerosol optical
thickness (referred to as AOTy) are retrieved over the
oceans [Deuzé et al., 2000]. POLDER can retrieve optical
characteristics of particles whose radius is smaller than
0.5 pm (fine mode) over land [Deuzé et al., 2001] using its
polarization capabilities, while larger particles generate low
polarization and cannot be observed with this technique.
The data set used in this study is from the POLDER-2
mission, which covered the period from April to October
2003, and consists of daily AOT; at 865 nm (AOTy gg5)
regridded in this study at the 2° x 2.5° model resolution.
Initial validation of the POLDER products were presented
by Goloub et al. [1999], Deuzé et al. [2000] and Deuzé et
al. [2001]. Several improvements were applied to the
algorithms, as described for instance by Herman et al.
[2005].

[v] The Moderate-resolution Imaging Spectroradiometer
(MODIS) on board the Terra satellite and developed by the
National Aeronautics Space Administration (NASA) has the
same local overpass time than POLDER. MODIS provides
multispectral measurements that are used to retrieve aerosol
properties over land and ocean using separate algorithms.
Retrievals over ocean include AOT (at seven wavelengths
from 0.43 to 2.13 pum) and AOTy (radius smaller than 0.5 pum)
[Tanré et al., 1997; Remer et al., 2002]. Over land, aerosol
retrieval is possible over dark surfaces but not available
over bright land (i.e., desert or snow/ice-covered surfaces)
[Kaufman et al., 1997; Chu et al., 2002]. The MODIS data
used in this study come from Terra Collection 005 and
consist in daily AOTy at 550 nm (AOT; s50) globally
gridded at 1° x 1° horizontal resolution, and regridded here
at the 2° x 2.5° model resolution. Comparisons to Aerosol

2 0of 16



D15302

Robotic Network (AERONET) ground-based measurements
show that, the MODIS AOT (1) are accurate to within
+0.05 £ 0.15 7 over land and £0.03 + 0.05 7 over ocean
[Remer et al., 2005].

[10] As remote sensing aerosol products can present
high bias especially over land, we used two of the
currently available products. A general good agreement
is found between the POLDER and MODIS products used
in this study [Gérard et al., 2005]. Discrepancies are found
mostly in the presence of large nonspherical particles (e.g.,
dust), but this is not expected to be the case here since
biomass burning aerosols are mostly in the fine mode.
Note that a recent study by Smirnov et al. [2006] indicates
that satellite retrieved aerosol optical thickness (in this case
MODIS products) are generally higher than ground-based
measurements.

2.2. CO Satellite Products: MOPITT

[11] The Measurement Of air Pollution In The Tropo-
sphere (MOPITT) instrument is a thermal and near-infrared
nadir-viewing gas correlation radiometer launched aboard
the NASA Terra platform (December 1999). The instrument
allows the retrieval of CO vertical profiles and provides a
near-global coverage of the Earth within three days.
MOPITT retrievals are derived from the maximum likeli-
hood method [Rodgers, 2000] and is therefore a statistical
combination of the measurements and a priori CO informa-
tion [Deeter et al., 2003]. In this study we used the Level 2
Version 3 products, which consist in retrieved CO mixing
ratio profiles and total column for all cloud-free scenes. The
CO mixing ratio are reported at the seven pressure levels:
surface, 850, 700, 500, 350, 250, 150 hPa. However, for
a given vertical profile no more than 2 levels provide
independent pieces of information, in general [Heald et
al., 2003b; Deeter et al., 2004]. Emmons et al. [2004] report
error of 0.9 £+ 10.4% at 500 hPa, 1.6 + 10.1% at 350 hPa and
—0.5 + 12.1% for the data acquired after August 2001,
although local biases could be somewhat larger. Further
information about MOPITT retrieval method, vertical reso-
lution and validation are given by Deeter et al. [2003], Deeter
et al. [2004] and Emmons et al. [2004]. We restrict our
analysis to the MOPITT data obtained with an a priori
contribution of less than 40% at 500 hPa.

2.3. GEOS-Chem

[12] We used the GEOS-Chem chemical and transport
model (CTM) (http://www-as.harvard.edu/chemistry/trop/
geos/), version v7-02-03, to conduct global three-dimensional
simulations of coupled oxidant-aerosol chemistry for 2003
with a 2° x 2.5° horizontal resolution and 30 vertical levels.
The model is driven by assimilated meteorology from the
Goddard Earth Observing System (GEOS-4) of the NASA
Global Modeling and Assimilation Office (GMAO), which
includes winds, temperature, surface pressure, water con-
tent, clouds, precipitation, convective mass fluxes, mixed
layer depth and surface properties with a 6-hour temporal
resolution (3-hour for surface variables and mixing depths).
The model simulates the tropospheric ozone-nitrogen oxides
(NOx)-hydrocarbon chemistry [Bey et al., 2001a] as well as
the tropospheric aerosol types including sea salts [Alexander
et al., 2005], mineral dust [Zender et al., 2003], sulfate-
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nitrate-ammonium aerosols [Park et al., 2004], carbona-
ceous aerosols (including black and primary organic carbon
further referred to as BC and OC, respectively) [Park et al.,
2003], and Secondary Organic Aerosol (SOA) [Chung and
Seinfeld, 2002]. Aerosol and oxidant chemistry simulations
interact through sulfate, nitrate and SOA formation, hetero-
geneous reactions, and aerosol effects on photolysis rate
[Martin et al., 2003].

[13] Anthropogenic emissions of NOx, CO, hydrocarbons
and sulphur are based on the Global Emissions Inventory
(GEIA) for 1985 [Benkovitz et al., 1996] with updated
national inventories scaled to 1998 [Bey et al., 2001a; Park
et al., 2004]. Biofuel emissions are estimated from the
Yevich and Logan [2003] inventory. Anthropogenic sources
of ammonia and carbonaceous aerosols are as described in
Park et al. [2004] and Bond et al. [2004], respectively,
(except for North American carbonaceous sources, that are
from Park et al. [2003]).

[14] Biomass burning emissions for carbonaceous aero-
sols are derived from the Bond et al. [2004] annual
inventory. Climatological inventories of biomass burning
trace gas emissions are described by Lobert et al. [1999]
and Duncan et al. [2003] for CO, NOx, alkanes, acetone,
and from Park et al. [2003] and Park et al. [2006] for
sulphur dioxide and ammonia. These climatological inven-
tories are redistributed in space and time according to the
occurrence of open fires detected by the spaceborne Ad-
vanced Along Track Scanning radiometer (AATSR) [A4rino
and Melinotte, 1995] to account for seasonal and interan-
nual variability. The method (including the specific biomass
burning regions used) is described in detail by Generoso et
al. [2003], except that the fire count data set used in the
present study was extended to account for the latest avail-
able satellite data (up to 2005). For 2003, our global
estimates are 3.34 and 26.3 Tg C for BC and OC, respec-
tively, and 418 Tg for CO.

[15] All aerosols experience dry deposition following the
size-dependent scheme of Zhang et al. [2001] for dust and
sea salts and a resistance-in-time scheme for the other
species as described by Balkanski et al. [1993]. Hydrophilic
aerosols are in addition subject to wet deposition, which
includes both scavenging in convective updrafts and rain-
out/washout from large-scale precipitation [Liu et al., 2001].
A fraction of eighty percent of SOA are assumed to
experience wet deposition [Chung and Seinfeld, 2002]. A
fraction of twenty and fifty percent of BC and OC, respec-
tively, are emitted as soluble, the hydrophobic part being
converted into hydrophilic fraction during particles ageing
with an e-folding time of 1.15 days [Cooke et al., 1999;
Chin et al., 2002].

[16] The aerosol optical thickness is calculated assuming
externally mixed aerosol and lognormal size distributions
and as a function of the local relative humidity. The aerosol
optical properties and hygroscopic growth factors used in
the model are described by Martin et al. [2003]. AOTggs
and AOTss are calculated online in the model using optical
properties at 550 and 865 nm taken from the Global Aerosol
Data Set (GADS) [Kopke et al., 1997; Patterson et al.,
1977]. To compare model results with the observed fine
aerosol optical thickness, we compute a simulated fine
aerosol optical thickness which includes all carbonaceous
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BC emission from biomass burning

0.0E+00 5.0E+05 1.0E+06 1.56+06 2.0E+06 kg C

BC anthropogenic emission

60°E 120°E 180° 120w

0.0E+00 1.0E+06 2.0E+06 3.0E+06 4.0E+06 kg C

Figure 1. BC emissions between May and August 2003
(top) from biomass burning and (bottom) from biofuel and
anthropogenic activities.

aerosols (primary and secondary particles), sulfates and fine
sea salts. The effective radius at seventy percent of relative
humidity are 0.24, 0.04, 0.10, 1.3 um for sulfate, black
carbon, organic carbon, and fine sea salt, respectively
[Martin et al., 2003]. The dust fine fraction is not accounted
for in our simulated fine aerosol optical thickness, however
we discuss its possible contribution in section 3. The
simulated CO columns are compared to MOPITT after
transformation by the MOPITT averaging kernel to describe
the vertical sensitivity of the instrument to the true CO
profiles. MOPITT averaging kernels typically show highest
sensitivity in the middle and upper troposphere and low
sensitivity in the boundary layer [Deeter et al., 2003].

[17] We conducted a standard simulation as described
above starting in July 2002 and analyzed the outputs from
May to August 2003. Anthropogenic and biomass burning
emissions south of 45°N are mostly from biofuel burning
and anthropogenic activities, while wildfire emissions dom-
inate north of 45°N (Figure 1). The sensitivity simulations
described in section 4 are performed for the period from
April to August 2003, with initial conditions taken from the
standard simulation.

3. Aerosol and CO Distributions During
May—August 2003 in the North Pacific Ocean

[18] In this section, we compare simulated and observed
aerosol optical thickness and CO columns over the Eurasia
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area and in the outflow over the North Pacific ocean in the
period May—August 2003 and discuss possible reasons for
the discrepancies. Enhanced CO and aerosol optical thick-
ness are observed over populated areas (e.g., China and east
Asia) and over northeast Asia in association with fires in
southeastern Russia (Figure 2). Aerosol loads are more
localized over the source regions than CO because of their
shorter lifetimes (a few days for aerosols against a few
weeks for CO).

[19] Several previous studies have indicated that the
GEOS-Chem model reproduces well the CO distributions
in the Asian and Pacific areas in 2001 [e.g., Heald et al.,
2003b; Heald et al., 2004]. We find that the GEOS-Chem
CO columns are well correlated to MOPITT (r = 0.78) in
the period May to August 2003 but are negatively biased by
—9 + 9% (Figure 2), which can be considered as being
significant. Note however that Jacob et al. [2003] found
MOPITT to be positively biased by 6 + 2% compared to
aircraft in situ measurements in the same region. The model
underestimate is larger in the first part of the year (i.c.,
January—June) (not shown), which may reflect an underes-
timate of the “background” CO concentrations in the
model. We refer to background CO concentrations as to
those that result from emissions that occur several weeks
before the observations and are well mixed within the
atmosphere because of the lifetime of CO. Our biofuel
and fossil fuel emissions in China are consistent with
estimates derived from aircraft measurements in the Pacific
in 2001 by Palmer et al. [2003] (154 Tg CO yr ' versus
168 + 5 Tg CO yr ', respectively) and from MOPITT
observations [Heald et al., 2004] (154 Tg CO yr~ ! includ-
ing the biomass burning source). On the other hand, severe
fire activity has been reported for 2002 in the high northern
latitudes. This induced large anomalies in CO in spring over
the northern high latitudes (Yurganov et al. [2005], and also
Figure S1 of the auxiliary material'), and may explain, to
some extent, the model CO underestimate in June 2003 and
earlier months.

[20] The simulated acrosol distributions capture the main
observed features, in particular in the source region of east
Asia (Figure 2). The model reproduces the POLDER and
MODIS observations with correlations of r = 0.65 and r =
0.72, respectively, but POLDER AOTy g¢s are underesti-
mated by 10 = 66% while MODIS AOTy¢ 550 are under-
estimated by 29 + 61%. The standard model does not
reproduce well the amplitude and variability of aerosol
loads in the outflow region, especially in July and August
(see discussion in section 4). Although Remer et al. [2005]
reported large uncertainties for the MODIS retrievals over
land (see section 2.1), the bias found here are larger than the
reported uncertainties of the satellite products. As for CO,
our anthropogenic emissions for aerosols are consistent with
values reported in the literature. Streets et al. [2003], for
example, reported annual Chinese fossil fuel and biofuel
emissions for carbonaceous aecrosols of 0.8 and 2.6 Tg C
yr ' for BC and OC, respectively, while our emissions
amount to 1.3 Tg C yr ' for BC and 2.2 Tg C yr~ ' for OC.
The aerosol optical thickness underestimate could be due to
some extent to a source of SOA in ageing air masses that is

'Auxiliary materials are available in the HTML. doi:10.1029/
2006JD008344.
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Figure 2. (top) Seasonal mean (May to August 2003) of POLDER AOT¢ g65, MODIS AOT¢ 550 and
MOPITT CO total columns; (middle) corresponding GEOS-Chem aerosol and CO distributions. Note
that the color scales are saturated at lower values for the model results (maxima of the color scales
decreased by 25% compared to POLDER and MODIS and by 10% compared to MOPITT). (bottom)
Scatterplots of seasonal mean POLDER/MODIS/MOPITT versus GEOS-Chem. The white box on the
top left plot delimits the region within 40—70°N and 140—220°E used in this study. The black triangles

locate the position of the CMDL measurement sites used in this study.

not represented in the model as suggested by Heald et al.
[2005]. These authors found that the GEOS-Chem model
underestimates OC concentrations by a factor 10—100 in the
free troposphere (2—7 km) in comparison with concentra-
tions observed during the ACE-Asia campaign. These
missing OC concentrations correspond to aerosol optical
thickness of up to 0.06 if one considers standard optical
properties at 550 nm. In the present study, the average bias
between simulated and MODIS AOT; 55, over the entire
period is of 0.09, and discrepancies reach up to 0.4 (see
section 4). Missing SOA formation in the outflow is thus
not sufficient to explain our model underestimate. Another
possible source of discrepancies can come from the fine
fraction of dust which we do not account for in the
simulated fine aerosol optical thickness. Figure 3 presents
the total daily AOTsso observed from MODIS and simulated
with the GEOS-Chem model as well as the simulated
AOTssq of the total dust component (fine and coarse) over
the period from May to August 2003. The comparison
between the model and the satellite products will be
discussed in detail in section 4; here we only focus on
the contribution of dust. The simulated AOTss, of the total
dust component is significant in May, in particular during the

0.60[ & © i 7 4% T
i e MODIS total
i —A— GC total
s —o— GC dust

5 1015202530 5 1015202530 4 9

1 6 1116212631 1419 24 29

May Jun Jul Aug

Figure 3. Daily total AOTsso retrieved from MODIS
observations (black dots), simulated with the GEOS-Chem
model (open triangles), and simulated dust AOTss, (open
diamonds). For consistency with the rest of the study, we
averaged the data over the region 40—70°N and 140—220°E
(see the white box in Figure 2 and discussion in section 4).
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Table 1. Monthly Biomass Burning Emissions for Carbonaceous
Aerosols and CO in Russia [40—90°N; 60— 180°E] From April to
August 2003 and for the Entire Year 2003

Month of 2003 BC, Tg C OC, Tg C CO, Tg
April 0.01 0.15 1.45
May 0.07 0.76 9.86
June 0.05 0.6 8.48
July 0.13 1.46 19.44
August 0.03 0.42 7.54
Total in 2003 0.32 3.76 52.68

first two weeks, and decreases during the following months
to become negligible in July and August. Therefore the fine
fraction of dust likely only affects the simulated fine aerosol
optical thickness in May and June.

[21] We thus hypothesize that the discrepancies between
model results and satellite observations are rather due to a
poor description of processes related to boreal fires in the
model. Edwards et al. [2004] showed that MODIS AOT;
and MOPITT CO column are best correlated over regions
influenced by biomass burning because of collocation of
sources for the two species. They found that this correlation
increases from very low (r = 0.16) to high (r = 0.74) in case
of severe fire activity. In the present study, we found
POLDER and MODIS AOT;to be correlated with MOPITT
CO column by r = 0.59 and r = 0.58, respectively, for the
May-June-July-August (MJJA) 2003 seasonal means, indi-
cating that the North Pacific region is under a strong
influence of boreal fires during that period.

4. Model Sensitivity to Processes Influencing the
Aerosol and CO Distributions Over the North
Pacific From May to August 2003

[22] In this section, we investigate the influence of the
strength, the time resolution and the vertical distribution of
biomass burning emissions, and deposition processes on the
export of both aerosols and CO over the North Pacific ocean.
We focus our analysis on the [40—-70°N; 140-220°E]
window (white box in Figure 2, top left) that is particularly
influenced by the outflow from the boreal fires. In the
following, we refer to that region as the “NPac” (North
Pacific) window. Seasonal variations of the Asian outflow
to the Pacific are typically driven by the two monsoon
regimes [e.g., Bey et al., 2001b; Liu et al., 2003]. The
conditions of spring and summer 2003 are close to these
typical conditions. In the free troposphere, air masses north
of 40°N, in particular over the Russian biomass burning
sources, are transported southeast toward the Pacific and
reach the NPac window. Air masses over China (south of
40°N) are transported northeastward, heading to the Pacific
and can reach the NPac window. These meteorological
conditions are similar in the upper troposphere.

4.1. Sensitivity to Biomass Burning Emissions:
Strength and Temporal Resolution

[23] In April-May 2003 the fires were located in the
southeastern part of Russia, bordering China and Mongolia
(around Lake Baikal), and then moved northward to
Siberia where fires occurred in July—August. Our model
emission ratios CO/OC, CO/BC and BC/OC (derived from
the yearly amounts in Table 1) are consistent with those
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published by Andreae and Merlet [2001] for extratropical
forests within 20%, 13% and 33%, respectively. In our
standard scenario, the maximum of emissions occurs in July
consistently with the maximum of active fires detected by
the AATSR sensor (see section 2.3 and Table 1). The
temporal distribution of fire emissions in Russia derived
from MODIS and Advanced Very High Resolution Radi-
ometer (AVHRR) by Kasischke et al. [2005] differs in that
the maximum occurs in May 2003. This is likely due to the
use of different satellite fire products (those from the
AATSR are possibly subject to bias [Kasischke et al.,
2003]), and different assumptions used to derive emission
amounts from different burned area inventories. Damoah et
al. [2004] estimated that 24.75 Tg of CO were released by
the Russian fires between 10 and 31 May (assuming 5.5 X
10° ha area burned as given by the Global Fire Monitoring
Center (http://www.fire.uni-freiburg.de/) and a CO release
of 4500 kg per hectare burned), which is more than twice
our estimate for that month. Our annual biomass burning
emissions for CO in 2003 (52.68 Tg) are in the low range of
the estimates given by Kasischke et al. [2005] (55-139 Tg)
and lower than those of Jaffe et al. [2004] (68 Tg) by 30%.
We performed two sensitivity tests in which our trace gas
and aerosol biomass burning emissions were increased by a
factor of 1.5 (simulation a) and 3 (simulation b). The CO
emissions in simulation a are consistent with the estimate
by Jaffe et al. [2004] over the entire season, while in the
simulation b the CO emissions are 30 Tg in May 2003,
which is consistent with the estimate of Damoah et al.
[2004] and Yurganov et al. [2005]. In a third sensitivity
simulation ¢, we implemented a daily emission inventory for
Russia by scaling the standard monthly emission amounts
(Table 1) to a daily distribution of fires obtained using a 5-day
running mean of the number of active fires detected by
AATSR (Figure 4). The 5-day criteria was chosen to allow
a complete coverage of the Earth surface by the satellite and
to avoid a too high sensitivity to cloud cover.

[24] Regionally averaged daily CO, AOT¢ 3¢5 and
AOT; 550 columns obtained from the different sensitivity
simulations are compared to satellite observations in
Figure 5. The correlation and bias between model results
and observations are presented in Tables 2 and 3 for the
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Figure 4. BC biomass burning emissions from April to
August 2003. The daily inventory is shown with black dots
while the monthly mean is shown with open diamonds.
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3 40 o) MoPITT_ = (simulation b) yields some improvements in May and
x = L &’; L June (correlations between the simulated and the observed
5%z : « o * x . =% aerosol optical thickness are increased from r = 0.55 to r =
£ 50 0.72 for AOT; g¢s and from r = 0.61 to r = 0.75 for
£ AOTr¢ 550). Note that the amplitude of peaks is still not
€ 25 well reproduced and the biases remain significant (b =
E 20 —22.4% for AOTf_865 and b = —35.8% for AOTf_SS()).
C 6 1116212631 5 1015202530 5 1015202530 4 o 14102420  Simulation b does not modify significantly the correlation

between simulated and observed CO but the bias is
reduced by 71%. In July and August, an increase by a
factor 3 in the biomass burning emissions leads to a
1 significant overestimate of both the CO and aerosol

Jun Jul Aug

---@-- POLDER

2 | columns in the NPac window. In July, this remains true
£ «| also for simulation a but to a lower extent.
5 T g [2s] Using biomass burning inventory resolved on a

5o daily basis (simulation ¢) has no significant impact on the
CO simulation (the correlation is even reduced in July—
August) (Table 2). This result obtained for boreal regions
is in agreement with those obtained by Heald et al.
[2003a] for the Asian tropical regions. CO has a lifetime
of several months and the continental boundary layer is
well mixed within a few hours, which results in smooth-
ing the local influence of the biomass burning CO
emissions and can explain in part the relatively small
differences between simulations using daily versus monthly
inventories. Heald et al. [2003a] pointed out also an
inadequate resolution of the model transport that can limit
the advantage to be gained from fine temporal resolution

Figure 5. (a) Daily CO columns averaged within 40— of emissions. Hyer et al. [2007] found that in boreal
70°N and 140-220°E (white box in Figure 2) retrieved regions, CO distributions are better reproduced by simu-
from MOPITT observations (black dots) and simulated with ~ 13tions using daily (rather than monthly) emission inven-
the GEOS-Chem model. Triangles indicate standard model, ~tories, only for regions close to the sources as the signal
squares indicate simulation a, stars indicate simulation b, induced by high-frequency emissions decrease rapidly
and diamonds indicate simulation c. (b) Same for daily With distance from the source. We find on the other hand
AOT; g5. Observations are from POLDER. (c) Same for that using a daily emission inventory increases signifi-

daily AOT; s5. Observations are from MODIS. See Table 2 cantly the correlation between the simulated aerosol
for description of the simulations. optical thickness and the two satellite products (from r =

0.52 to r = 0.84 for AOT¢ ggs, and from r = 0.45 to r =
0.81 for AOT; ss50) and reduces the bias (by 37% for
AOT; g65 and 16% for AOT¢ s59) (see also Table 3).
Although a bias remains in comparison to MODIS, the
POLDER satellite observations are particularly well

1 61116212631 5 1015202530 5 1015202530 4 9 14192429

Jun

May
¢) MODIS

MODIS AOT

1 61116212631 5 1015202530 5 1015202530 4 9 14192429

May Jun Jul Aug

May—June and July—August period, respectively. Figure 5
and Table 2 show that in May and June, simulations a
and ¢ do not agree significantly better than the standard
simulation with the observations. Only the scenario
including a factor of 3 in the biomass burning emissions

Table 2. Correlation (r) and Percent Bias® (b) Calculated Between the Daily Simulated and Observed Data Averaged Over 40—70°N and
140—220°E for May—June 2003°

Simulation CcO AOTr 865 AOTr 550
Label Description r b r b r b

S standard 0.70 —18.7 0.55 —42.4 0.61 —54.6
a BB emission x 1.5 0.77 —154 0.62 —374 0.67 —50.0
b BB emission x 3 0.65 —5.4 0.72 -22.4 0.75 —35.8
c BB emission daily 0.72 —18.1 0.55 —41.2 0.65 —53.4
d EIH up to 3 km 0.70 —18.6 0.60 —39.6 0.65 —52.1
e EIH up to 4.5 km 0.70 —18.5 0.60 —373 0.64 —50.0
f EIH up to 6.5 km 0.65 —18.0 0.57 —33.8 0.62 —46.5
g e-folding time = 2 0.70 —18.5 0.54 —41.7 0.60 —54.0
h no scavenging 0.71 -17.9 0.21 —25.5 0.16 —40.4
i no rainout/washout 0.73 —-17.3 0.30 20.7 0.49 —-0.3

BE best estimate 0.82 —8.1 0.79 —26.3 0.83 —39.6

dComputed as (model-observations)/observations.
®Observations used are CO columns from MOPITT (first column), AOT; g5 from POLDER (second column) and AOT; 550 from MODIS (third
column).
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Table 3. Same as Table 2 but for July—August 2003
Simulation CO AOT; g65 AOT 550

Label Description r b r b r b
S standard 0.78 —6.1 0.52 —14.8 0.45 —333
a BB emission x 1.5 0.78 3.9 0.56 9.3 0.49 —14.1
b BB emission x 3 0.75 355 0.62 87.57 0.54 47.4
c BB emission daily 0.63 —6.7 0.84 -93 0.81 —28.1
d EIH up to 3 km 0.80 —4.4 0.62 1.7 0.54 —18.1
e EIH up to 4.5 km 0.82 —49 0.68 10.2 0.60 —10.5
f EIH up to 6.5 km 0.82 —-2.0 0.73 20.5 0.69 —1.1
g e-folding time = 2 0.78 -59 0.53 —13.4 0.45 —323
h no scavenging 0.78 —4.3 0.61 30.0 0.54 3.6
i no rainout/washout 0.78 —4.0 0.37 70.6 0.26 355
BE best estimate 0.72 —1.8 0.92 12.4 0.90 —8.9

reproduced in July by the simulation ¢ (Figures 5b and 5c).
This indicates that using an aerosol inventory with a high
temporal resolution can correct discrepancies between
model and observations even if the total amount of
emissions is kept constant. The timing of aerosol sources
appears thus to be more important than that of CO, which is
likely due to the larger sensitivity of aerosols to wet
deposition.

4.2. Sensitivity to Emission Injection Heights

[26] Biomass burning emissions are distributed homoge-
neously within the PBL (which, according to our model,
extends to 1.6 km height on average over the MJJA season
in the fire region) in our standard simulation. Several studies
suggest however that gases and particles emitted by fires
can be injected at higher altitudes, in particular in the case of
boreal forest fires. Lavoué et al. [2000] suggested emission
injection heights (EIH) of 2300 m for Russian fires and up
to 7600 m for Canadian fires that generally burn the tree
crown. Recently Fromm and Servranckx [2003] and Fromm
et al. [2005] documented episodes of particles from Cana-
dian forest fires that were injected directly into the lower
stratosphere. For the 2003 Russian boreal fires, a common
assumption currently used in global models is to distribute
fire emissions from the surface up to about 4 km [Damoah
et al., 2004; Jaffe et al., 2004]. For the 2004 North
American fires, Turquety et al. [2007] distributed also part
of the emission in the upper troposphere (30% in between
400 and 200 hPa). We tested here three maximal injection
altitudes at 3, 4.5 and 6.5 km (simulations d, e and f,
respectively) and examine their impact on the CO and fine
aerosol optical thickness distributions over the North Pacific
during spring and summer 2003. The emissions over Russia
are distributed from the surface up to the maximal level
following the scheme presented in Figure 6 in the three
cases (D. Lavoué, personal communication, 2006).
Although the vertical distribution of the injection of fire
products is not well known, we choose to inject most of
them in the higher levels (i.e., 3, 4.5 and 6.5 km), an
assumption which is consistent with the results of two
recent studies [Leung et al., 2007; Turquety et al., 2007].

[27] The results are presented in Figure 7 (regionally
averaged daily columns) and Tables 2 and 3 (statistics). In
May and June 2003, none of the three scenarios modifies
the standard simulation (Figure 7). In contrast, in July
and August, the bias between model and observations
(especially for acrosols) are reduced and the correlations

are improved in all three simulations d, e and f (Table 3).
However, the simulations e and f'(i.e., with the highest EIH)
tend to overestimate the aerosol columns in early July in the
NPac window. In late July and August, some maxima
observed in the NPac window can be better reproduced
by the simulation f. For instance, the peak between 30 July
and 4 August (Figures 7b and 7c) is better reproduced in
terms of amplitude but also in terms of phasing (the
maximum occurs on 1 August in the standard simulation
while it occurs on 3—4 August in simulation f consistently
with the observations (Figure 7¢)). According to Kasischke
et al. [2005], surface fires are generally prevalent in the
spring while the occurrence of crown fires increases in
summer (or late fire season) because of different tempera-
ture, relative humidity, precipitation and fuel moisture
content conditions. Although crown fires are believed to
be less abundant in the Russian boreal forest than in North
America [Kasischke et al., 2005], some have already been
documented during large fire years such as 1998 [Kasischke
and Bruhwiler, 2002]. Our results suggest that the improved
model CO and aerosol columns (simulations e and /) in July

level 4

n 50%

011/ 25%
n-2 [////12.5%
n-3 716.25%

1 ZRemaining fraction

grid cell

Figure 6. Vertical distribution of the Russian fire
emissions used in simulations d, e and f. n corresponds to
the maximum level at which emissions are injected. 50% of
the emissions are injected at that level, half of the remaining
fraction (i.e., 25%) is injected in the level below, and so on,
until the first level (D. Lavoué, personal communication,
2006). Three maximum injection height are tested (3, 4.5
and 6.5 km).
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Figure 7. Same as Figure 5 but for simulations d (squares),
e (stars) and f'(diamonds).

and August reflect a better representation of the crown fires
that are typical of the late fire season.

4.3. Sensitivity to Aerosol Deposition

[28] Overall, for the region and period investigated here,
the standard model reproduces better the CO columns than
the fine aerosol optical thickness (Figure 2). One major
difference between aerosols and CO is that only the former
experiences deposition. Wet removal being dominant for the
fine mode particles, we tested the sensitivity of the model to
the processes involved in aerosol wet deposition. A param-
eter, which can substantially influence the aerosol wet
deposition, is the conversion of carbonaceous aerosols from
hydrophobic to hydrophilic state, parameterized in the
standard model with an e-folding time of 1.15 days. We
increased this standard value to 2 days (simulation g) and to
5 days (not shown). No significant modifications of the
aerosol and CO columns were seen within the NPac
window (Figure S2 of the auxiliary material and Tables 2
and 3), which is in agreement with the study of Park et al.
[2005]. In one sensitivity simulation %, we turned off the
aerosol loss in convective updrafts (which is function of
the scavenging efficiency) for primary carbonaceous and
sulphate-nitrate-ammonium aerosols. This results in an
increase of the discrepancies between simulated and observed
aerosol columns in May and June. The amplitudes of the
observations are not reproduced and the correlations with
the satellite aerosol products are significantly decreased
(Figure S2 of the auxiliary material and Tables 2 and 3).
We also performed a simulation / in which the rainout

GENEROSO ET AL.: THE 2003 RUSSIAN FIRES

D15302

(in-cloud scavenging) and washout (below-cloud scaveng-
ing) processes were turned off in the region of fires. The
results (Figure S2 of the auxiliary material and Tables 2 and 3)
indicate (as expected) a high overestimate of the simulated
fine aerosol optical thickness compared to the observations.
In summary, suppressing or decreasing deposition results in
a significant decrease of the correlations between model
and observations, which indicates that the occurrence of the
wet deposition events (e.g., rain) is likely to be reasonably
reproduced by the model. No data are available to further
evaluate the simulated deposited amount.

4.4. “Best Estimate” Scenario

[29] On the basis of the results presented above (see also
Figure S3 of the auxiliary material) and on additional tests
(not presented here) in which different processes were
assembled in various configurations (e.g., using daily bio-
mass burning emission inventories and increasing their total
amount by a factor 1.5), we concluded that the model best
represents the outflow associated with the 2003 Russian fires
with the following setup: (1) daily biomass burning emission
inventories, (2) EIH up to 4.5 km in July and August, and
(3) biomass burning emission amounts in May increased by
a factor 3. We will hereafter refer to that case as our “best
estimate” (BE) simulation. As discussed in the previous
sections, the increase in biomass burning emission by a
factor 3 in May could be attributed either to a shortcoming in
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Figure 8. Daily CO columns, AOT; g¢5 and AOT; 550
retrieved from satellite observations (black dots) and
simulated with the GEOS-Chem model (standard (black
triangles) and BE (blue triangles) simulations), averaged
within 40—70°N and 140-220°E (white box in Figure 2).
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Figure 9. Monthly mean surface CO concentrations from in situ measurements (CMDL) (black dots),
from the standard simulation (open triangles), and from the BE simulation (black triangles) from May to

September 2003 at three sites.

the active fire data set used to constrain the temporal
variations in the emission inventories (section 4.1) or, for
CO, to an underestimate of the background concentrations
(section 3). EIH up to 4.5 km in the late fire season are
consistent with increased severity of the fires induced by
dryer conditions and vegetation growth (section 4.2).

[30] Figure 8 presents the daily CO columns, AOTy ges
and AOT; s resulting from this BE simulation and Tables 2
and 3 provide the relevant statistics. The BE simulation
greatly improves upon the standard simulation for both CO
and aerosols. Some discrepancies remain in terms of ampli-
tudes for the aerosol simulation especially in May and June,
but part of this disagreement may be due to the fine dust
component as discussed in section 3. The validity of our BE
simulation is further confirmed by comparisons of the
simulated surface CO concentrations with measurements
made available via the NOAA/CMDL network (http://
www.cmdl.noaa.gov/infodata/ftpdata.html) (Figure 9). For
comparisons to those measurements, we extended the BE

MOPITT

GEOS—-Chem S

simulation to September 2003 using the standard scenario
(assuming no Russian fires at that period). Three sites are
particularly well suited for the evaluation of our simulations
because of their location (see Figure 2) and of the large
temporal cover in 2003. The two sites in the North Pacific
(“SHM” and “CBA”) confirm that the BE simulation
provides some improvements in the simulation of surface
CO compared to the standard simulation. The site in Alaska
(Barrow, “BRW?”) is better simulated in terms of temporal
variation, but the July and August CO concentrations
remain overestimated. Unfortunately, no aerosol observa-
tions are available to further evaluate our BE simulation.
[31] Figure 10 presents the ratio between CO mixing
ratios at 250 hPa and those at 700 hPa (referred to as R..y)
for May and August 2003, which provides some indications
on the vertical CO distributions [Edwards et al., 2006]. R e
from the BE simulation agrees better with MOPITT than
that of the standard scenario (the correlation is increased
from r = 0.4 to r = 0.5 on average over the whole region

GEOS—Chem BE

May

1T I

.

h%

Aug

Figure 10. Mean monthly ratios of MOPITT CO mixing ratios between 250 and 700 hPa for May and
August 2003. No data are shown for cloudy pixels or for background conditions where the CO mixing
ratios is less than 100 ppbv at both levels (in order to sample only recent plumes).
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shown in Figure 10 for both months). In May, the standard
simulation overestimates R,. in the Russian biomass
burning source region and in the “nearby” Pacific ocean,
as well as in the eastern part of the Pacific (“remote’”) and
over the United States compared to the MOPITT data.
These discrepancies are well corrected by the BE simulation
in the source regions and nearby, and partially corrected in
the remote regions. This reflects an underestimate of the
CO concentrations transported in the lower layers in the
standard simulation. In August, differences between the BE
and the standard simulation are mainly located over the
Siberian biomass burning source region (north of 55°N),
indicating that the assumptions used to inject particles at
higher altitudes better reproduce the observations.

5. Impacts of the 2003 Russian Fires on the Arctic
Aerosol Composition
[32] In this section, we quantify the impact of the 2003

Russian fires in terms of atmospheric aerosol burden via
their contributions to the fine aerosol optical thickness north

May 03
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Figure 11.
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of 75°N and in terms of BC deposition over Arctic. For that
purpose, we compare our BE simulation to a simulation
with the Russian biomass burning emissions turned off.
Differences between the BE and the standard simulations
are also briefly highlighted.

5.1. AOT

[33] Table 4 gives the monthly mean AOT; 550 averaged
north of 75°N obtained from the standard and BE simu-
lations for each month from May to August 2003. We also
indicate the contribution of the 2003 Russian fires to the
aerosol optical thickness north of 75°N (Table 4). The
simulated AOTy 55 are characteristic of spring and summer
background values in the Arctic, e.g., in the high range of
measurements provided by Herber et al. [2002] at Spitz-
bergen (Norway) for summer (0.046 + 0.024 at 532 nm).
Figure 11 shows that the Russian fires contribute mostly to
the aerosol fine fraction over east Russia, the North Pacific
and the North American Arctic in May (and June, not
shown) and also over most of the regions north of 50°N
in July (and August, not shown). They contribute up to 30%

Aug 03

1.0 1.2 14 16 1.8 20 25 3.0 35 4.0

1.0 1.2 1.4 16 1.8 2.0 25 30 35 40

(top) Monthly mean AOTy 550 ratio between the BE simulation and a simulation with

Russian biomass burning emissions turned off (“BE/woBB”). (bottom) Monthly mean black carbon wet
deposition ratio between the BE simulation and a simulation with Russian biomass burning emissions
turned off for (left) May 2003 and (right) August 2003.
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Table 4. Monthly Mean AOT; 55 Averaged North of 75°N as
Given by the Standard and BE Simulations (“AOT; 559 S and
“AOT; sso BE,” Respectively) and the Contribution of the 2003
Russian Fires to the AOT; (“AOTgs”) as Given by Our BE
Simulations in Absolute Value and Percent (in Parentheses)®
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Table 5. Total Mass of BC Deposited per Month in zg m™2 North
of 75°N as Given by the Standard and BE Simulations (“BC S”
and “BC,, BE,” Respectively) and the Contribution of the 2003
Russian Fires to the Total Mass Deposited (“BCp.s”") as Given by
the BE Simulation in Mass and Percent (in Parentheses)®

Month of 2003  AOT;s50S  AOT;s5o BE  AOTge BE (%)
May 0.056 0.063 0.010 (16)
June 0.061 0.071 0.017 (24)
July 0.054 0.060 0.020 (33)
August 0.050 0.066 0.023 (35)

“We computed AOTg, as the difference between the aerosol optical
thickness in the BE simulation and that from a simulation with the Russian
biomass burning sources turned off. The relative contribution is estimated
as AOTﬂreS/AOTf;SSO BE.

to the Arctic aerosol optical thickness in July and August
2003 (Table 4). Figure 12 shows the number of days in the
MIJJA period for which the daily AOTy 55, simulated by the
BE is greater than 0.094 (a threshold used to define Arctic
Haze events at 532 nm [e.g., Herber et al., 2002]) as well as
the mean relative contribution of the Russian fires to the
aerosol optical thickness for those days. According to the
BE simulation, the number of the so-called Arctic Haze
episodes is larger in the Russian and Atlantic Arctic (east
of 0°) than in the Canadian Arctic, the lowest number of
pollution episodes occurring over Greenland. On the other
hand, the contribution of the Russian fires is small in the
Atlantic and west Russian area (between 20°W and 90°E)
and exceeds 25% in most of the east Russian and North
American Arctic.

[34] Overall, the results of the BE simulation are signif-
icantly different than those of the standard simulation.
Aerosol optical thickness are enhanced by up to a factor 2
in the BE simulation compared to the standard scenario
(Figure S4 of the auxiliary material). In May 2003, the
increase in the aerosol optical thickness (with respect to the
standard simulations) is mostly localized over the source
region (because of the increase of the biomass burning
emission by a factor 3), while in August 2003, the increase

BClol S, BClol BE, BCﬁrc’
Month of 2003 mg m~ mg m_ mgm > (%)
May 315 425 165 (39)
June 284 400 205 (51)
July 730 678 383 (56)
August 598 787 423 (54)

“We computed BCrp. as the difference between the mass deposited in the
BE simulation and that from a simulation with the Russian biomass burning
sources turned off. The relative contribution is estimated as BCgyes/BCiot
BE.

in aerosol optical thickness is seen over a larger region
including the north Atlantic, Greenland, and the entire
Arctic region. This reflects the influence of the higher
injection height, as particles injected directly in the free
troposphere are transported over greater distances (because
of increased wind and reduced deposition).

5.2. BC Deposition

[35] Light-absorbing aerosols are known to reduce the
snow albedo even when present in very small amount in the
snow [Warren and Wiscombe, 1980; Clarke and Noone,
1985; Hansen and Nazarenko, 2003]. Recent studies have
pointed out the possible contribution of boreal fire emis-
sions to the subsequent radiative forcing [Kim et al., 2005;
Stohl et al., 2006]. The 2003 Russian fires influenced the
deposition of BC over the entire Arctic region during the
four months analyzed in this study (Figure 11). In May and
June, the deposition of BC is enhanced by a factor 1.8—-2.5
because of the boreal fires. In July and August, the increase
can reach up to a factor 4 in the Russian sector of the Arctic.
Table 5 provides the total mass of BC deposited per month
north of 75°N as given by the standard and BE simulations.
We also give the contribution of the Russian fires to the total
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Figure 12.
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(a) Number of days (during the MJJA season) for which the AOTy 550 of the fine aerosol

fraction is greater than 0.094, a characteristic value for Arctic haze events [Herber et al., 2002], and
(b) contribution of the 2003 Russian fires to the AOT; of those days in percent.
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mass of BC deposited (Table 5). The contribution of the
fires to the BC deposition ranges between 39% (May) and
56% (July). Park et al. [2005] estimated that the BC
deposition flux north of 70°N is 58 + 12 Gg C yr . The
total deposition of BC (sum over the latitudes north of 70°N
and over the months from May to August 2003) given by
the BE simulation yields 25 Gg C, which is consistent with
the value given by Park et al. [2005]. Stohl et al. [2006]
argue that 130 ;g m 2 can be a sufficient amount to impact
snow albedo. Our estimates exceed 400 ;g m ™ > per month.

[36] As for the aerosol optical thickness, the May increase
of the emissions results in an increase in the deposition
(Figure S4 of the auxiliary material). However, the BE
simulation does not necessarily lead to an increase in BC
deposition in comparison to the standard simulation. In fact,
the use of daily emission inventories and higher EIH result
either in an increase or a decrease of the amount of BC that
can experience wet deposition at each model time step (see
for instance August 2003). The decrease in BC deposition in
the BE simulation is mostly located over the source regions
of Russia, consistently with the fact that particles are
exported out of the continent more rapidly because of their
higher initial altitudes. In July (not shown here), the
decrease in BC deposition is even more pronounced and
covers a large part of the Artic region and the North Pacific
east of 180°.

6. Summary and Conclusions

[37] In this study, we address the issues of the represen-
tation of boreal fires in a global chemistry and transport
model as well as their role in the Arctic aerosol optical
thickness and BC deposition. We focus on the severe 2003
Russian fires from May to August 2003. We use the GEOS-
Chem model to conduct several sensitivity studies to
evaluate how the strength, the time resolution, and the
vertical distribution of biomass burning emissions as well
as the deposition processes affect the long-range transport of
aerosols and CO. We analyze several sensitivity simula-
tions: three involving the Russian fire sources (increase of
the biomass burning emission by factors 1.5 and 3, and use
of a daily timescale for emissions); three involving the
Russian fire emission injection height (up to 3, 4.5 and
6.5 km) and three in which we modify the deposition
processes (suppressing scavenging, rainout and washout,
and increasing the time of hydrophobic-hydrophilic particle
conversion, respectively).

[38] In the standard configuration, the model significantly
underestimates the MOPITT CO columns, POLDER and
MODIS fine aerosol optical thickness over the North Pacific
through May to August 2003. Although satellite products
can suffer from large bias (e.g., difficulties in acrosol
detection over land), we suggest that these discrepancies
originate to a large extent from a misrepresentation of boreal
fires in the model. Our initial 2003 Russian biomass burning
sources tend to be underestimated compared to other
studies. However, increasing the amount of CO and aerosols
emitted does not necessarily results in significant improve-
ments of our simulations (except in May 2003). In contrast,
the use of daily biomass burning emission inventories
(rather than monthly) generally improved the aerosol sim-
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ulations, without any significant effect on the CO columns.
The injection of particles above the planetary boundary
layer also impacts our simulated CO and aerosol columns
but only in the late fire season (July and August). This
probably reflects a larger occurrence of crown fires in the
late fire season and a restriction of surface fires to the
beginning of the fire season. A large decrease in the aerosol
deposition results in a significant decrease of the correla-
tions between model and observations, which indicates that
the occurrence of the wet deposition events is likely to be
reasonably reproduced. We best reproduce the 2003 Russian
fire export to the North Pacific using daily fire emission
inventories and maximal injection of particles up to 4.5 km
in the late fire season. In May, following the literature, we
increased our emissions from 9.9 to 29.6 Tg of CO (and
consistently for BC and OC) in order to correct a possible
shortcoming of our satellite active fire data set from which
the emissions are derived. A total of 72 Tg of CO, 0.5 Tg C
of BC and 5.3 Tg C of OC are injected over the entire fire
season in our best estimate simulation.

[39] Compared to the standard simulation, the BE model
configuration results in an enhancement of the contribution
of the Russian fires to distant locations and yield significant
differences in aerosol optical thickness and BC deposition
on the Arctic by up to a factor 2. The differences between
the two model configurations provide an evaluation of the
expected range of current uncertainties in terms of boreal
fire representation. According to our best estimate simula-
tion, the 2003 Russian fires contribute between 16% and
35% to the monthly aerosol optical thickness averaged north
of 75°N. The contribution of the Russian fires during the
days of Arctic haze events in spring and summer can reach
up to more than 30% of the AOT;. Their contribution to BC
deposition is greater than 50% during the summer months.

[40] Large uncertainties remain in terms of fire emission
estimates. Recent studies used fire radiative energy mea-
sured from space to derive smoke emission rates, which is a
promising tool although uncertainties are still large [ Wooster
et al., 2003, 2005; Ichoku and Kaufman, 2005; Roberts et
al., 2005]. In addition, there is still a lack of data concerning
the vertical distribution of species, in particular the injection
height issue. We used here the information contained in the
MOPITT retrievals to evaluate the CO model vertical
profile, but no data were available to evaluate the aerosol
vertical profiles. Data from the Cloud-Aerosol Lidar and
Infrared Pathfinder Satellite Observations (CALIPSO) mis-
sion, that is operational since spring 2006, will allow further
investigation of this issue.
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