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Abstract

Significant amounts of carbon and nutrients are released to the atmosphere due to
large fires in forests. Characterization of the spatial distribution and temporal varia-
tion of the intense fire emissions is crucial for assessing the atmospheric loadings of
aerosols and trace gases. This paper discusses issues of the representation of forest5

fires in the estimation of emissions and the application to an atmospheric chemistry
transport model (CTM). The potential contribution of forest fires to the deposition of
soluble iron (Fe) into the ocean is highlighted, with a focus on mega fires in east-
ern Siberia. Satellite products of burned area, active fire, and land cover are used
to estimate biomass burning emissions in conjunction with a biogeochemical model.10

Satellite-derived plume height from MISR is used for the injection height of boreal
forest fire emissions. This methodology is applied to quantify fire emission rates in
each three-dimensional grid location in the high latitude Northern Hemisphere (>30◦ N
latitude) over a 5-year period from 2001 to 2005. There is large interannual varia-
tion in forest burned area during 2001–2005 (13–51×103 km2 yr−1) which results in15

a corresponding variation in the annual emissions of carbon monoxide (CO) (12–
78 Tg CO yr−1). Satellite observations of CO from MOPITT are used to evaluate the
model performance in simulating the spatial distribution and temporal variation of the
fire emissions. During the major Siberian fire seasons in the summer of 2002 and in
the spring of 2003, the model results for CO enhancements due to intense fires are in20

good agreement with MOPITT observations. These fire emission rates are applied to
the aerosol chemistry transport model to examine the relative importance of biomass
burning sources of soluble iron compared to those from dust sources. Compared to the
dust sources without the atmospheric processing by acidic species, extreme fire events
contribute to a significant deposition of soluble iron (10–60%) to downwind regions over25

the western North Pacific Ocean. It may imply that the supply of nutrients from large
forest fires plays a role as a negative biosphere-climate feedback with regards to the
ocean fertilization.
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1 Introduction

Catastrophic boreal forest fires are expected to increase in the future, due to warmer
and dryer conditions and longer fire seasons (Flannigan et al., 2009). The forest fires
may affect air quality and feedback processes between climate and the biosphere,
due to increases in atmospheric carbon dioxide (CO2), pollutant gases, and aerosols5

(Bowman et al., 2009). Increases in the occurrence and extent of wildfires over the
next 50–100 years may also transform the pathways and rates of transport of nutrients
from the terrestrial ecosystems to marine ecosystems.

Iron-containing mineral aerosols may play a key role in ocean fertilization over signif-
icant portions of the surface ocean where macronutrients like nitrate are abundant but10

primary production and nitrogen fixation are limited by iron scarcity (Martin et al., 1994;
Mills et al., 2004). The iron hypothesis (Martin, 1990) suggests that past increases in
the supply of dust to the surface ocean during glacial stages decreased the effects of
iron limitation on primary productivity. The resultant increase in the export of biogenic
carbon from surface to deep ocean waters (i.e., the biological pump) could cause a15

decrease in atmospheric CO2. The details of this process, and the possible magnitude
of its effects on the global carbon cycle, are the subject of international debates (Maher
et al., 2010; Bouttes et al., 2011).

Some Earth system models account for the effects of micronutrient limitations such
as iron on oceanic photosynthesis. However, the model simulations can provide con-20

flicting results regarding to the amount of atmospheric CO2 captured by phytoplankton
(Friedlingstein et al., 2006). One of the main reasons for these discrepancies is the
estimation of how much iron is soluble in the ocean (Mahowald et al., 2009; Baker and
Croot, 2010). Conventionally, dust is assumed as the major supplier of bioavailable
iron with a constant solubility at 1–2% in the remote ocean, and intense forest fires are25

ignored.
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Field measurements suggest very intense fires could provide a source of atmo-
spheric iron, which may be associated with dust particles entrained by pyro-convection
(Gaudichet et al., 1995; Artaxo et al., 2002; Graham et al., 2003). Since iron from
combustion sources is suggested to be more soluble than iron from dust (Chuang et
al., 2005; Sedwick et al., 2007; Sholkovitz et al., 2009), biomass burning may have a5

pronounced effect on regional ocean fertilization (Guieu et al., 2005; Paris et al., 2010).
The iron supplied from the biomass burning may influence climate feedback processes
in terms of ocean CO2 uptake and marine aerosol-cloud interactions, which may be in-
duced by sulfate formation from dimethylsulfide (DMS) and carbon-containing aerosols
produced from the ocean biomass (Charlson et al., 1987; O’Dowd et al., 2004; Boyd10

and Ellwood, 2010; Ito and Kawamiya, 2010).
Accurate estimates of biomass burning emissions are required for the assessment

of aerosol deposition. The amount of biomass consumed during forest fires can vary
significantly because of the spatial and temporal variation in the area burned as well
as the quantity and quality of the fuels available for burning. Burned areas have been15

derived from remote sensing observations (Grégoire et al., 2003; Simon et al., 2004;
Giglio et al., 2006) and have been widely used as an input for the estimation of the at-
mospheric emissions from biomass burning on a global scale (van der Werf et al., 2003;
Hoelzemann et al., 2004; Ito and Penner, 2004). A growing number of satellite-based
burned area products have been made available over the past several years (Lang-20

mann et al., 2009; Giglio et al., 2010). However, the MODerate resolution Imaging
Spectroradiometer (MODIS) product underestimates the burned area in forests, due to
insufficient cloud-free data during the fire season, and due to insufficient spatial resolu-
tion for quantifying fine-scale changes (Roy et al., 2008). In northern Eurasian forested
regions, for example, the MODIS burned area product detected fewer fire-affected ar-25

eas (10×103 km2) than the active fire product (30×103 km2). Underestimates in burned
area from low resolution remotely sensed data might be calibrated by using high spatial
resolution data (i.e., Landsat and ASTER) in forested regions (Eva and Lambin, 1998;
Zhang et al., 2003; Huang et al., 2009). Potapov et al. (2008) used time-series data
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from MODIS and Landsat imagery to produce forest cover loss maps due to wildfires
from 2001 and 2005. Their estimates showed significant increases in forest cover loss
due to wildfires in Eurasia in 2002 and 2003, which are in line with other estimates of
burned forest areas in Russia using the MODIS active fire detection product (Achard
et al., 2008).5

While interannual variations in emissions are largely driven by differences in area
burned, the location of the fires relative to the availability of fuels and the timing of the
fires during the burning season significantly influence emissions from boreal forest fires
(Kasischke et al., 2005). In boreal Siberia, for instance, the carbon consumption esti-
mates vary by more than an order of magnitude from 0.3 to 7.5 (kg C m−2) (Soja et al.,10

2004). Thus fuel-load modeling at high spatial resolution would be required to improve
estimates of emissions in combination with an accurate burned area data set (Ito and
Penner, 2004; Hély et al., 2007; van der Werf et al., 2009). Moreover, emission esti-
mates that consider variation in burned area but not variation in carbon consumption
(2.2–8.3 kg C m−2) could result in the underestimates of emissions in large-fire years15

(Turetsky et al., 2011). Fire season and area burned are the dominant factors that in-
fluence variability in the depth of soil organic matter consumed by forest fires (Soja et
al., 2004; Kasischke et al., 2005; Turetsky et al., 2011). Thus fuel-consumption model
needs to take into account both the fuel condition and fire severity to estimate variation
in carbon consumption.20

Accurate simulation of aerosol transport from forest fire emissions requires that the
vertical distribution of smoke plumes is correctly described (Lavoué et al., 2000; Gen-
eroso et al., 2007; Hyer et al., 2007; Leung et al., 2007; Turquety et al., 2007). The
vertical and horizontal extent of fire emissions by pyro-convection is a complex func-
tion of the heat flux, duration of burning, and local meteorology (Penner et al., 1986;25

Trentmann et al., 2006; Freitas et al., 2007; Val Martin et al., 2010). The use of injec-
tion height based on satellite observation may improve the model predictability of the
transport pathways of forest fire emissions, when satellite observations are available
(Chen et al., 2009; Gonzi and Palmer, 2010; Guan et al., 2010). Smoke plume injection
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height derived from the Multi-angle Imaging SpectroRadiometer (MISR) on board the
Terra spacecraft is defined as the altitude at which the smoke particles are injected to
the atmosphere before transport (Kahn et al., 2008).

Major forest fires have a large impact on atmospheric loadings of carbon monox-
ide (CO) and aerosols in the Northern Hemisphere (Cahoon et al., 1994; Tanimoto et5

al., 2000; Kajii et al., 2002; Kasischke and Bruhwiler, 2002). Enhanced CO columns
and aerosol optical depths were observed over northeastern Russia in association with
large forest fires in the summer of 2002 and over southeastern Russia in association
with mega forest fires in the spring of 2003 (Edwards et al., 2004). The estimates of
forest fire emissions might be evaluated by using an atmospheric chemistry transport10

model (CTM) and observation of CO near the source regions. The Measurements
of Pollution in the Troposphere (MOPITT) product has been available for assessment
of tropospheric CO (Deeter et al., 2003). The MOPITT product has been extensively
validated using in situ CO measurements over a variety of geographical and seasonal
cases including both monitoring and intensive field campaigns (Emmons et al., 2004,15

2009; Deeter et al., 2010). As the most thoroughly validated satellite data set for CO,
the MOPITT product has been widely used to constrain regional emissions (Arellano
et al., 2004; Heald et al., 2004; Pétron et al., 2004).

The objective of this paper is to estimate the emissions from boreal forest fires based
on a combined satellite data and modeling approach. These emission rates are used to20

examine the relative importance of biomass burning sources of soluble iron compared
to those from dust sources. The focus of this paper is the deposition of soluble iron into
the western North Pacific Ocean, which is a region that is particularly sensitive to iron
fertilization (Tsuda et al., 2003; de Baar et al., 2005). In the following, Sect. 2 describes
the biogeochemical and atmospheric chemical modeling approaches. Sect. 3 provides25

an evaluation of the simulated CO enhancements due to intense fires against satellite
observations as well as implications of the mega fire emissions for future climate with
regard to the ocean fertilization. Section 4 presents a summary of the findings and
future remarks.
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2 Model approach

2.1 Biomass burning emission model

Satellite information of burned area, active fire, land cover and injection heights in con-
junction with a biogeochemical model are used to estimate daily fire emissions in high
latitude Northern Hemisphere regions (the extratropical, boreal and arctic areas north5

of 30◦ N latitude). The spatial (x,y,z) and temporal (t) variability in the atmospheric
emissions ([Q(i )]xyzt g-species day−1) for a specific species (i ) from open vegetation
fires can be described by the following equation:

[Q(i )]xyzt = [BA]xyt× [FL]xyt× [CF]xyt× [EF(i )]xyt× [IH]xyzt (1)

where BA is the burned area per day (m2 day−1), FL is the fuel load (kg-DM m−2) ex-10

pressed on a dry weight (DM) basis, CF is the combustion factor, EF is the emis-
sion factor (g-species kg-DM−1), and IH is the vertical profile of fire injection height.
The method follows a conventional bottom-up modeling approach (Seiler and Crutzen,
1980), with improvements summarized as follows:

1. Estimates of satellite-based area burned in forested regions were calibrated by15

using high spatial resolution data (Potapov et al., 2008, 2009).

2. Estimates of fuel load were calculated by using a biogeochemical model that was
calibrated for an eastern Siberian forest (Sato et al., 2007, 2009).

3. The combustion factor for organic soil carbon was calculated as a function of the
fire severity and fuel condition (Soja et al., 2004; Kasischke et al., 2005).20

4. The injection height for the Siberian fires was derived from satellite observations
(Kahn et al., 2008; Nelson et al., 2008).

5. Estimates of forest fire emissions are constrained by satellite measurement of CO
(Deeter et al., 2010) in conjunction with CTM (Ito et al., 2007a, 2009).
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The focus of this paper is the boreal forest fire, which is separately described in
Sect. 2.1.1. Emissions from temperate forests, grasslands/shrubs, wetlands, and
croplands fires are also estimated in the high latitude Northern Hemisphere region
(Sect. 2.2.2). The injection height of the fire emissions is described in Sect. 2.2.

2.1.1 Boreal forest5

Annual areas affected by stand-replacement fires at a 20-km resolution in boreal forests
are obtained from MODIS data calibrated by Landsat sample data (Potapov et al.,
2008). In addition, the MODIS burned area data set (Roy et al., 2008) is used to
identify the month of fires in boreal forests. In this study, the MODIS burned area data
at the 500 m grid corresponding to non-vegetated areas (mainly classified as water10

bodies) are removed from the burned area maps, due to the application of a land cover
map (Friedl et al., 2010). Day-to-day variations are obtained by using the Terra/MODIS
version 5 level 3 daily thermal anomalies (i.e., hotspots or fires) product (Justice et
al., 2002). The thermal anomalies that persist more than 12 days in a given year are
classified as industrial thermal anomalies (Kovacs et al., 2004) and are not used in15

this study. The daily fire detection data at the 1000 m grid is used to identify the date
of the fires. The analysis for the forest fires is separated into two fuel components,
the aboveground component, which includes trees and herbaceous biomass above
the ground surface, and the ground-layer organic material component, which includes
partially decomposed organic matter in the upper portion of the soil. The aboveground20

(ground-layer) fires are assumed to last 1 day (8 days).
The fuel consumption model considers the herbaceous vegetation, the trees and

the surface organic matter in forests. The carbon density is estimated from a global
ecosystem model, the Spatially Explicit Individual-Based Dynamic Global Vegetation
Model (SEIB-DGVM), which is described in detail in Sato et al. (2007). The model25

simulates the global terrestrial vegetation and soil dynamics in association with the
carbon and water cycle. Establishment, mortality and competition among neighboring
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individual trees are taken into account by explicitly calculating tree height, crown di-
ameter, crown depth, and light availability for each tree. The biogeochemical process-
based model was calibrated for an eastern Siberian forest, based on field observations
(Sato et al., 2009). The model includes a prognostic fire model, which could in prin-
ciple simulate the pyrogenic emissions (Thonicke et al., 2001). For this study, the fire5

component embedded in the model is not used for the stand-replacement disturbance,
but the simulated moisture content of the top soil layer is used as a fuel moisture index
for determining the seasonal variation of the ground-layer fuel consumed. The climate
data for the biogeochemical model were obtained from a previous simulation of the
coupled climate-terrestrial carbon cycle model on a model grid of about 2.8◦ longitude10

by 2.8◦ latitude (T42) and averaged to daily values (Kato et al., 2009). The biases in
the daily meteorological data were adjusted with monthly observation-based data from
the Climatic Research Unit (CRU) (New et al., 2000). The biogeochemical model was
run for 2000 years to bring the soil and vegetation carbon pools into equilibrium with
climate.15

The combustion factor (35%) for the aboveground biomass in boreal and temperate
forests is taken from the literature (Kasischke et al., 2005), and is in line with the mean
value (33%) measured in tropical forests (Ito and Penner, 2004). The combustion factor
for the organic soil carbon is based on literature values (Soja et al., 2004; Kasischke
et al., 2005), as a function of the fire severity and fuel condition, ranging from 8% to20

100% (Table 1). Fire severity is widely used to describe the various impacts of a fire.
In this paper, fire severity is directly related to the areas affected by fires per month
and the type of fires (i.e., surface or stand-replacement) within a 0.5◦ grid cell. During
the late burning season from August to October, it is assumed that the surface organic
layer is under a dry condition, resulting in deeper burning (Kasischke et al., 2005).25

Then, the combustion factor for stand-replacement fires is scaled exponentially to the
minimum value (23%) from the maximum value (100%) under high severity conditions,
based on the soil moisture index. Additionally, all fire events that consume more than
100 km2 month−1 are assumed to be a large and severe fire (Soja et al., 2004). Then,
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the combustion factor in areas less than high severity (>100 km2 month−1) is scaled
linearly based on the area burned to the minimum values under low severity conditions.

In estimating the contribution of each gas species and aerosol to the emissions,
the proportion of flaming and smoldering burning is considered for each fuel compo-
nent to account for differences in emission factors for these two combustion types.5

The emission factors of CO, nitrogen oxide (NO) and particulate matter less than
2.5 µm in diameter (PM2.5) for aboveground (116 g-CO kg-DM−1, 2.3 g-NO kg-DM−1

and 12 g-PM2.5 kg-DM−1) and ground-layer (193 g-CO kg-DM−1, 1.0 g-NO kg-DM−1 and
18 g-PM2.5 kg-DM−1) fires in forests are obtained from literature data (Kasischke and
Bruhwiler, 2002; Reid et al., 2005; Lapina et al., 2008). The emission factors for non-10

methane volatile organic compounds (NMVOCs) and coarse particles are calculated
using the emission factors in extratropical forests (Andreae and Merlet, 2001). The
averaged iron fraction measured over downwind regions of biomass burning is used
for coarse particles (3.4%) (Fuzzi et al., 2007), which is consistent with that in min-
eral dust of 3.5% (Duce and Tindale, 1991). For biomass burning aerosols, fine par-15

ticulate matter is primarily carbonaceous, while the dryer climate and the enhanced
convection during intense forest fires are expected to increase dust related elements
in the atmosphere (Gaudichet et al., 1995; Artaxo et al., 2002; Graham et al., 2003).
Thus the iron fractions in the fine particles are related to the combustion stages of
flaming (0.46±0.51%), which is consistent with the value for aged regional smoke20

(0.47±0.21%), and smoldering (0.06±0.03%) fires (Reid et al., 2005).

2.1.2 Temperate forest, grassland, wetland and cropland

Emissions from temperate forests, grasslands/shrubs, wetlands, and croplands fires
are estimated primarily based on the methods described in Sect. 2.1.1. The major
difference is that the MODIS data of stand-replacement burned area calibrated by the25

Landsat sample data were not available as a separate class in temperate forests. Thus
the combination of burned area data (Roy et al., 2008) and tree cover data calibrated
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by the Landsat sample data (Hansen et al., 2003, 2010; Potapov et al., 2009) is used
to estimate the amount of stand-replacement burned area in temperate forests. It is
assumed that the fractional tree cover that burns in a given time period may be ap-
proximated from the difference between tree cover data obtained from different years.
Thus the change in the tree cover percentage as determined from the satellite image5

interpretation is used to differentiate whether or not crown fires occur. The analysis
of forest cover loss due to fires is performed only for areas covered by forest, which
is defined as 500 m MODIS pixels with tree canopy cover greater than 25% based on
the tree cover data set for the year of 2000. For crown fires occurring in temperate
forests, the previous and current annual tree cover areas are regarded as the pre- and10

post-fire tree cover areas, respectively, when the area is associated with a non-zero
MODIS fire-affected area. The visual inspection of Landsat sample blocks reveals that
the majority of forest cover loss in temperate forests is due to mechanical forest cover
removal (78%) and, to a lesser extent fires (11%) and the combination of mechani-
cal clearing and fire (11%) (Potapov et al., 2009). Moreover, the forest cover loss is15

mostly observed within southern temperate forests in China. Therefore, the potential
underestimate in temperate forest fires is not expected to have a large influence on
the conclusions in this paper. The rest of the differences in the methods are briefly
described below.

While the forest fires are classified as crown and surface fires, other types of fires20

consume part of the carbon at the ground surface. The MODIS products of fire count
(Justice et al., 2002), burned area (Roy et al., 2008), and land cover (Hansen et al.,
2003, 2010; Potapov et al., 2009; Friedl et al., 2010) are used to estimate daily sur-
face area burned in boreal and temperate regions. Amounts of monthly burned areas
associated with each land cover (except where the fire-affected area overlaps with the25

forest cover loss) are calculated using the burned area and land cover. It is assumed
that the entire 500 m×500 m grid cell in which MODIS detects a fire-affected area is
subject to burning even though the fires that are detected might be smaller than this
grid cell. Then, the monthly burned area data are distributed to daily data using the fire
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counts. The fuel consumption model for the surface fires considers herbaceous vege-
tation in grasslands/shrubs, croplands, wetlands and forests. In addition, the surface
organic matter is taken into account as fuel in wetlands and forests. To account for the
spatial and seasonal variation in CF and EF (Ito et al., 2007b and references therein),
the CF and EF for the aboveground fuels are determined from the satellite observation5

of Normalized Difference Vegetation Index (NDVI) (Huete et al., 2002) except those for
forests and soil organic carbon, which are described in Sect. 2.1.1.

2.2 Atmospheric chemistry and aerosol transport model

The Integrated Massively Parallel Atmospheric Chemical Transport (IMPACT) model
was developed at the Lawrence Livermore National Laboratory (LLNL) (Rotman et al.,10

2004) but was extended to treat aerosols (Liu et al., 2005; Feng and Penner, 2007)
and detailed chemical reactions for a wider set of volatile organic compounds (Ito et
al., 2007a) at the University of Michigan. The detailed gas-phase chemistry version
of the IMPACT model (Ito et al., 2007a, 2009) is used to calculate atmospheric CO
mixing ratio. The model is driven by assimilated meteorological fields from the Goddard15

Earth Observation System (GEOS) of the NASA Global Modeling and Assimilation
Office (GMAO). Simulations were performed at three different horizontal resolutions:
low resolution (4◦×5◦), middle (2◦×2.5◦) and high (1◦×1◦). The emissions of precursor
gases, chemistry of gas-phase and heterogeneous reactions, dry and wet deposition,
are simulated.20

The global biomass burning emissions data set during 2001–2005 (except the high
latitude Northern Hemisphere) is as described in Ito et al. (2009), which is based on
the emissions data developed by Ito and Penner (2004) and Ito et al. (2007b). The
anthropogenic fossil fuel and biofuel emissions data are taken from the RETRO emis-
sion data set for 2000 (Schultz and Rast, 2007). It is acknowledged that the burning25

of biofuel for industrial or residential purposes and the burning of agricultural residues
are treated as part of the anthropogenic activities in the RETRO emission inventories.
Thus the biomass burning emission rates except for croplands that are estimated in
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this paper are added to these input data for the gas-phase chemistry transport model.
The chemical production of CO from the oxidation of hydrocarbons and the loss of CO
via the reaction of CO with OH are calculated from the online simulations of gas-phase
chemistry.

Four separate simulations of the CTM are performed: (Exp 1) uses monthly emis-5

sions at the coarsest CTM grid (4◦×5◦), (Exp 2) uses daily emissions at the coarsest
CTM grid, (Exp 3) uses daily emissions at the middle CTM grid (2◦×2.5◦), and (Exp 4)
uses daily emissions at the finest CTM grid (1◦×1◦). The standard simulation was
conducted (Exp 1) with monthly emissions from 2001 to 2005 after a 6-month spin-up
time. For the standard simulation, biomass burning emissions are assumed to take10

place in the lowest model-layer. Sensitivity simulations (Exp 2–4) with daily emissions
at the three different resolutions were performed for two large fires in August 2002 and
May 2003, with initial conditions taken from the standard simulation and a 3-month
spin-up time. In the sensitivity simulations, the median height for each plume derived
from MISR is used to determine the daily injection height for large fires (Kahn et al.,15

2007, 2008; Nelson et al., 2008). In this approach, when the height of a smoke plume
or cloud is more than 2 km above terrain, as observed by MISR, the emissions in the
model grid box containing the plume are released to the model layer corresponding
to the MISR-derived plume height (Chen et al., 2009). When a number of smoke
plumes were observed at different altitudes within the same model grid and for the20

same date, the relative amounts of emissions were calculated by weighting the con-
tribution from each plume by its digitized area (Nelson et al., 2008). The rest plumes
of the boreal forest fire emissions are assumed to be emitted near the surface and
quickly mixed throughout the planetary boundary layer (PBL). Therefore, other boreal
forest fire emissions are evenly distributed in mixing ratio throughout the PBL.25

Satellite observations of CO from the Terra/MOPITT version 4 level 3 product (Deeter
et al., 2010) are used to evaluate the model performance in simulating the spatial and
temporal patterns of the fire emissions. The MOPITT version 4 product embodies al-
gorithm enhancements which improve retrieval performance in very clean and also
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polluted conditions. To make a proper comparison between the MOPITT retrievals
with the model output, the modeled CO profile collected during daytime MOPITT over-
passes was transformed using the MOPITT a priori profile and the averaging ker-
nels. For comparison of pollutant burdens, the total column mass for CO in units of
(molecules cm−2) was calculated from the CO profile using the hydrostatic relation, as5

described by Emmons et al. (2004).
For the simulation of aerosols, the aerosol chemistry version of the IMPACT model

is used (Liu et al., 2005; Feng and Penner, 2007; Ito and Feng, 2010). Emissions of
primary particles and precursor gases, chemistry of gas-phase, heterogeneous, and
aqueous-phase reactions including a mineral dissolution scheme, and dry and wet de-10

position are simulated. A daily dust emission data set is used for the simulation of
mineral aerosols (Dentener et al., 2006). The emissions for Asian dust in April were
scaled to obtain a better agreement with aircraft observations by Ito and Feng (2010).
Thus the global and Asian dust emissions for April–May are 289 and 49 Tg, which are
comparable to those (321 and 33 Tg) simulated by Fairlie et al. (2007). The monthly15

emission data set (except the open biomass burning emissions data in the high latitude
Northern Hemisphere) is used for the simulation of combustion-generated aerosols as
described in Ito and Feng (2010). The initial conditions for soluble iron fractions from
the dust (0.45%) and combustion sources (4%) are prescribed (Luo et al., 2008). The
iron dissolution in dust aerosols due to atmospheric chemical processing is calculated20

from the online simulation of aerosol-phase chemistry, which quantitatively reproduces
higher iron solubility in smaller particles (Ito and Feng, 2010), as suggested by the
onboard cruise measurements over the Pacific Ocean (Chen and Siefert, 2003). To
examine the potential impact of extreme fire events on soluble iron deposition, the
biomass burning emission rates estimated in this paper are used as revised input data25

for the aerosol chemistry transport model. The transport and deposition of the fine
(coarse) iron particles from biomass burning sources are treated similarly to black car-
bon (coarse-mode dust aerosol). The combustion-generated iron particles are exter-
nally mixed with other aerosols in the model, assuming that the combustion-generated
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iron on the particle surface has a labile chemical form without atmospheric process-
ing by anthropogenic pollutants (Schroth et al., 2009). Simulations of the CTM are
performed (Exp 5) with the daily emissions from boreal forest fires using the 2◦×2.5◦

horizontal resolution. As described for the gas-phase chemistry model, the boreal for-
est fire emissions depend on the MISR-derived injection height. The model was spun5

up for two months before the production runs.

3 Results and discussion

3.1 Biomass burning emission

The burned areas estimates show large interannual variations in the areas burned in
forested regions during 2001–2005 (13–51×103 km2 yr−1), compared to the total areas10

burned (256–480×103 km2 yr−1) in the high latitude Northern Hemisphere (Table 2).
Fuel consumption in the model depends on the fuel load and combustion factor. The
spatial distribution of carbon consumption estimates (kg C m−2 of area burned) gen-
erally resembles the fuel load distribution, since land cover types with high biomass
density (i.e., forests) store more fuels available to burn than those with low biomass15

density (i.e., grasslands) (Fig. 1a). Additionally, the combustion factor for soil organic
carbon is increased in forested areas when high-severity crown fires occur in dry con-
ditions. As a consequence, significant interannual variation of carbon consumption is
found over boreal forests, especially east of Lake Baikal (Fig. 1b). Accordingly, the
spatial and temporal differences in carbon consumption estimates demonstrate the im-20

portance of describing the quantity and quality of fuels consumed in varying regions
and times for estimates of total direct carbon emitted.

The carbon consumption estimates in eastern Siberian forests (5–10 kg C m−2) are
about double those (2–5 kg C m−2) for the average over 1997–2009 as calculated by
van der Werf et al. (2010) but more similar to the observation-based estimates for high-25

severity fires by Soja et al. (2004) and Turetsky et al. (2010). This is primarily because
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the burned area data only quantifies those areas affected by stand-replacement fires
(Potapov et al., 2008). The intent of this study is the estimation of emissions from
extremely large fires, which are hypothesized to influence the ocean fertilization.

There is a significant spatial and interannual variability of annual CO emissions (12–
78 Tg CO yr−1) in the high latitude Northern Hemisphere (Fig. 2). The largest contribu-5

tion to emissions in 2002 and 2003 is from forest fires in eastern Siberia. In contrast,
the largest contribution to emissions in 2004 is from large fires, which include a large
contribution from peat burning, in Alaska and western Canada (Pfister et al., 2005;
Turquety et al., 2007). These differences emphasize the importance of determining the
amount of fuel consumed in the partially decomposed soil organic matter.10

The annual CO emission from Russian fires (40–90◦ N; 60–180◦ E) in 2003 (60 Tg)
is in the low range of the estimates reported in the literature (53–160 Tg) (Jaffe et al.,
2004; Kasischke et al., 2005; Yurganov et al., 2005; Generoso et al., 2007). Generoso
et al. (2007) increased their estimate at the lower end of the range in their model in
order to obtain a better agreement with the observations, which were influenced by the15

outflow from the boreal fires. The estimate of CO emissions in May 2003 (22 Tg) is in
the middle of their scaled estimates (15–30 Tg).

3.2 Spatial distribution and temporal variation of CO

In this section, simulated and observed CO columns are compared over the primary
region disturbed by the forest fires in eastern Siberia. To obtain sufficient MOPITT data20

for comparison purposes, the hourly data of model results and MOPITT observations
were collected for each month from 2001 to 2005 and over the domain, ranging from
40◦ to 70◦ N in latitude and from 100◦ to 140◦ E in longitude. Then, the averages and
standard deviations are calculated from the hourly values. The model simulates the
general seasonal and interannual patterns of CO columns over eastern Siberia (Fig. 3).25

The monthly averaged CO columns are generally low in summer due to enhanced
destruction of CO by the OH radical, except for the large fire seasons in 2002 and 2003.
The model result of CO (1.8±0.3×1018 molecules cm−2) is consistently lower than the
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MOPITT data (2.1±0.2×1018 molecules cm−2), which mainly reflects an underestimate
of the background CO mixing ratio in the model. Models (including the CTM used in this
study) typically show systematic underestimates of Northern Hemisphere extratropical
CO throughout the year, probably due to the underestimation of surface CO emissions
from anthropogenic sources (Shindell et al., 2006). A more recent modeling study uses5

an updated emission inventory, but still indicates the underestimates of CO (Lamarque
et al., 2010). Further investigation is required to fully understand the reason for the low
bias in background CO.

The model results of monthly averaged CO (×1018 molecules cm−2) are in reason-
ably good agreement with MOPITT observations during the large (1.8–2.0 vs. 2.3±0.2)10

and mega (2.2–2.3 vs. 2.8±0.4) fire months (Table 3). Enhancements due to the differ-
ent intensities of fire emissions are calculated from the differences in CO between the
two different months for large and mega fires. The modeled enhancement of CO due
to the intensified fires is consistent with that from observations (0.3–0.4 vs. 0.4±0.1).
This result suggests that the model using emissions estimated in this work is able to15

describe the interannual changes in CO due to different strengths of forest fires.
The simulated CO columns are compared between different numerical experiments

(Exp 1–4) to assess the uncertainties in the model response over eastern Siberia (Ta-
ble 3). The large differences between the finest resolution values (Exp 4) and the
other experimental values (Exp 1–3) are only found in the immediate vicinity of strong20

sources. The differences in CO columns at the grid cell level include both negative and
positive values which are mostly averaged out when comparing the regional values. As
a result, the differences in the averages between the Exp 4 and the others (Exp 1–3)
(<10% in Table 3) are less than those between the model results (Exp 1–4) and obser-
vations (13–22%). Since the Exp 3 uses the same spatial resolution of the CTM as the25

aerosol simulation (Exp 5), hereafter we use only the results from Exp 3 for comparison
with observations unless otherwise specified.

The model simulates the general spatial pattern of observed CO columns (Fig. 4), al-
though as noted above the modeled CO (×1018 molecules cm−2) tends to be lower than
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the MOPITT data (the monthly averaged differences are −0.2 (×1018 molecules cm−2)
in August 2002 and −0.4 in May 2003). Both the model result and MOPITT obser-
vation capture the high CO burdens (×1018 molecules cm−2) from Siberian forest fires
over northeastern Russia in August 2002 (2.5–3.5) and over southeastern Russia in
May 2003 (3–5). However, there are some spatial differences in the CO column be-5

tween model and observation near the strong source regions in May 2003, which are
discussed later.

The shape of simulated CO vertical profile is consistent with that of the MOPITT
data, although the value of the simulated CO mixing ratio is consistently lower than
the MOPITT data (Fig. 5). In August 2002, more elevated CO columns are seen over10

northeastern Russia (60◦–70◦ N; 120◦–140◦ E), while in May 2003, much more elevated
CO clumns are found over southeastern Russia (40◦–60◦ N; 110◦–140◦ E) than in other
eastern Siberian regions. The elevated levels of CO mixing ratio can be attributed to
the influence from intense fires. Thus the enhancements in the CO mixing ratio due to
strong fires can be calculated from the differences between the data averaged over the15

strong source areas and over the eastern Siberian regions excluding the strong source
areas. As a result, the regionally averaged enhancement of observed CO mixing ratio
due to forest fires is well captured by the model. The enhancements of CO at the
surface (model vs. observation) due to strong fires in May 2003 (67% vs. 66%) are
significantly higher than those in August 2002 (22% vs. 19%). These results suggest20

that the regionally averaged amount of fire emissions and vertical profile of CO mixing
ratio are well reproduced by the model. However, the model CO mixing ratio is lower
than observation at higher altitudes (by 25% at 700 hPa) in May 2003, although the
difference is within the observational standard deviation for the monthly and regionally
average.25

To investigate the underestimates in CO near the strong source locations at higher
altitudes in May 2003, the spatial distribution of CO mixing ratio is compared between
five different levels, ranging from the surface pressure to 600 hPa (Fig. 6). The high
mixing ratio of CO (i.e., hot spot) in the surface air due to Siberian forest fires is well
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reproduced by the model. However, the MOPITT observations show that hot spot
locations (>400 ppb) at higher altitude (700 hPa) are further from Lake Baikal than
those at lower altitude (900 hPa). These results may reflect that the timing of intense
fires is not correctly captured by the model. It should be noted that MOPITT detects the
different hot spot locations at 900 hPa and at 700 hPa on different days, since MOPITT5

only provides a near-global distribution of CO every 3 days. The modeled day-to-day
variation of intense fire emissions strongly depends on the MODIS fire count. The
hot spot locations at higher altitudes, as suggested by the measurements, are not
seen after extracting the simulated data from the raw model output for comparison with
the MOPITT data and monthly averaging the daily data. However, the pronounced10

increases in the CO mixing ratio at higher altitudes are seen from the raw data in the
same areas but for different days when there are no MOPITT data. Thus errors due to
the allocations of intense fire emissions to different times under different meteorological
conditions significantly contribute to the variation error in the spatial distribution of CO
on a daily basis in the vicinity of the strong source locations. The differences in monthly15

CO averages between the model results and observations become smaller as the air
masse ages.

3.3 Potential impact of intense fires on ocean fertilization

In this section, the potential effect of the Siberian fires in terms of atmospheric sol-
uble iron supply to the ocean is investigated by comparison with that of Asian dust.20

One might expect to validate the model results with the aerosol optical depths. How-
ever, there are many more factors that affect aerosol optical depths than simply the
emissions (Textor, et al., 2007). Therefore the model results are not discussed in the
context of the aerosol optical properties in this paper, but this is an important issue that
deserves future work.25

Asian dust-storm particles originating from the deserts and loess areas are often
transported over Japan and the Pacific Ocean in the boreal spring (Iwasaka et al., 1983;
Uematsu et al., 1983). Thus the simulated soluble iron deposition from dust sources in
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May is larger than that in August (Fig. 7). Compared with the dust sources, combustion
sources (with the MISR-derived injection heights of daily boreal forest fire emissions)
significantly contribute to deposition of soluble iron (10–40%) into the western North
Pacific Ocean in May. The soluble iron deposition from combustion sources in August
is more localized over the source regions than that in May. These results reflect the5

influence of the higher injection height for the simulation with intense emissions, since
the particles injected in the free troposphere are transported over longer distances,
because of the increased wind and reduced deposition. When the aerosols are injected
above the PBL, wet deposition is dominant removal process for the fine mode particles.
On the other hand, when the aerosols are emitted in the surface layer, the particles are10

efficiently scavenged via dry deposition near the source regions.
The injection of nutrients above the PBL due to forest fires has important implications

for the future climate (Flannigan et al., 2009) as well as for climate in the preindustrial
period (Marlon et al., 2008; Wang et al., 2010) when emissions from biomass burning
are considered to be significant. Also, global warming has been predicted to intensify15

the stratification of the upper ocean, reduce vertical mixing, and supply fewer nutri-
ents from the deep ocean to the surface ocean. This situation may make oceanic
primary production more dependent on the nutrient input from atmospheric aerosols.
Furthermore, sulfur dioxide emissions are projected to decrease over the next cen-
tury according to the Representative Concentration Pathways (RCPs) scenarios (Van20

Vuuren et al., 2010). Accordingly, iron dissolution due to the acid mobilization of the
iron-containing minerals could be reduced. Compared to the delivery of soluble iron
from dust sources without the atmospheric processing by acidic species, combustion
sources dominantly contribute to deposition of soluble iron (10–60%) into the western
North Pacific Ocean during extreme fire events (Fig. 8). It may imply that the supply25

of nutrients from large forest fires plays a role as a negative biosphere-climate feed-
back, due to increases in the amount of ocean uptake of CO2 and emissions of marine
biogenic aerosols and trace gases.
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4 Conclusions

Aerosols and trace gases emitted from large forest fires in eastern Siberia may affect air
quality and climate. Assessment of these effects needs an accurate characterization of
the spatial distribution and temporal variability of intense fire emissions. Improvements
in estimates of satellite-based burned area, fuel consumption using a biogeochemi-5

cal model, and injection heights derived from satellite observations in eastern Siberia
were examined together with improved accuracy of satellite measurements of carbon
monoxide in conjunction with an atmospheric chemistry transport model. Comparison
of modeled CO to satellite observations suggests that the methodology successfully
captured the atmospheric CO enhancements due to intense forest fires. The use of10

daily biomass burning emissions together with the injection of fire emissions above the
PBL slightly improved agreement with MOPITT CO measurements (Table 3).

The emission rates from the intense fires are applied to the aerosol chemistry trans-
port model to examine the relative importance of biomass burning sources of soluble
iron compared to those from dust sources. For the first time, the simulation results15

suggest that extreme fire events may be dominant sources of soluble iron over the
western North Pacific Ocean, especially when the emissions of acid gases are sup-
pressed. Given the large uncertainties in the quantification of dissolved iron in the sea
water, the forest fire as a potential supply of soluble iron should not be ignored. Also,
given the significant emissions from biomass burning in a warmer period, the fires may20

be important to simulate the effect of iron on ocean fertilization and need to be intro-
duced as a potential feedback in the models. While an attempt can be made to couple
the negative biosphere-climate feedback in Earth system models, fundamental work
is needed on iron speciation in mineral aerosols, transformation to soluble iron in the
atmosphere, and availability to ocean biota (Carslaw et al., 2010). The information on25

the spatial and temporal distributions of emissions associated with local meteorological
conditions is critical in improving the deposition rates of aerosols to the ocean. Further
works is required to improve quantitative, episodic, and predictive capabilities of the
aerosol simulation from forest fires. In particular, a model approach for predicting the
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vertical transport of smoke particles will be needed to integrate the fire module into
Earth system model for projecting an Earth system dynamics. It should be noted that
the iron fraction in biomass burning aerosols is highly uncertain, ranging from 0.02% to
1.2% for fine particles during flaming combustion (Reid et al., 2005). Clearly, field mea-
surements of the iron fraction in the fine particles are needed to improve the estimate5

of iron deposition from the intense forest fires to the ocean. Moreover, the iron solubil-
ity observed for biomass burning aerosols varies by more than an order of magnitude
from 0.5% to 6.5% (Guieu et al., 2005; Paris et al., 2010). Further research involving
laboratory experiments, modeling, and observations is desirable for understanding the
process that increases iron solubility from minerals in biomass burning air masses.10
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Grégoire, J. M., Tansey, K., and Silva, J. M. N.: The GBA2000 initiative: developing a global
burnt area database from SPOT-VEGETATION imagery, Int. J. Remote. Sens., 24, 1369–
1376, doi:10.1080/0143116021000044850, 2003.

Guan, H., Esswein, R., Lopez, J., Bergstrom, R., Warnock, A., Follette-Cook, M., Fromm, M.,
and Iraci, L. T.: A multi-decadal history of biomass burning plume heights identified using30

aerosol index measurements, Atmos. Chem. Phys., 10, 6461–6469, doi:10.5194/acp-10-
6461-2010, 2010.

Guieu, C., Bonnet, S., Wagener, T., and Loye-Pilot, M.-D: Biomass burning as a

1508

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/8/1483/2011/bgd-8-1483-2011-print.pdf
http://www.biogeosciences-discuss.net/8/1483/2011/bgd-8-1483-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1029/2005JD006741
http://dx.doi.org/10.1029/2006JD008344
http://dx.doi.org/10.5194/acp-6-957-2006
http://dx.doi.org/10.5194/bg-7-1171-2010
http://dx.doi.org/10.1029/2009JD012053
http://dx.doi.org/10.1029/2003JD004049
http://dx.doi.org/10.1080/0143116021000044850
http://dx.doi.org/10.5194/acp-10-6461-2010
http://dx.doi.org/10.5194/acp-10-6461-2010
http://dx.doi.org/10.5194/acp-10-6461-2010


BGD
8, 1483–1527, 2011

Mega fire emissions
in Siberia

A. Ito

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

source of dissolved iron to the open ocean?, Geophys. Res. Lett., 22, L19608,
doi:10.1029/2005GL022962, 2005.

Hansen, M. C., DeFries, R. S., Townshend, J. R. G., Carroll, M., Dimiceli, C., and Sohlberg, R.
A.: Global percent tree cover at a spatial resolution of 500 meters: First results of the MODIS
vegetation continuous fields algorithm, Earth Interact., 7(10), 1–15, 2003.5

Hansen, M. C., Stehman, V. S., and Potapov, P.: Quantification of global gross forest cover loss,
P. Nat. Acad. Sci. USA, 107, 8650–8655, doi:10.1073/pnas.0912668107, 2010.

Heald, C. L., Jacob, D. J., Jones, D. B. A., Palmer, P. I., Logan, J. A., Streets, D. G., Sachse, G.
W., Gille, J. C., Hoffman, R. N., and Nehrkorn, T.: Comparative inverse analysis of satellite
(MOPITT) and aircraft (TRACE-P) observations to estimate Asian sources of carbon monox-10

ide, J. Geophys. Res., 109, D23306, doi:10.1029/2004JD005185, 2004.
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D. P., Pétron, G., Gille, J. C., and Sachse, G. W.: Quantifying CO emissions from
the 2004 Alaskan wildfires using MOPITT CO data, Geophys. Res. Lett., 32, L11809,25

doi:10.1029/2005GL022995, 2005.
Reid, J. S., Koppmann, R., Eck, T. F., and Eleuterio, D. P.: A review of biomass burning emis-

sions part II: intensive physical properties of biomass burning particles, Atmos. Chem. Phys.,
5, 799–825, doi:10.5194/acp-5-799-2005, 2005.

Rotman, D. A., Atherton, C. S., Bergmann, D. J., Cameron-Smith, P. J., Chuang, C. C., Connell,30

P. S., Dignon, J. E., Franz, A., Grant, K. E., Kinnison, D. E., Molenkamp, C. R., Proctor, D. D.,
and Tannahill, J. R.: IMPACT, the LLNL 3-D global atmospheric chemical transport model for
the combined troposphere and stratosphere: Model description and analysis of ozone and

1513

http://www-misr2.jpl.nasa.gov/EPA-Plumes/suggestions4UsingData.cfm
http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/8/1483/2011/bgd-8-1483-2011-print.pdf
http://www.biogeosciences-discuss.net/8/1483/2011/bgd-8-1483-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://www-misr2.jpl.nasa.gov/EPA-Plumes/suggestions4UsingData.cfm
http://www-misr2.jpl.nasa.gov/EPA-Plumes/suggestions4UsingData.cfm
http://dx.doi.org/10.5194/acp-10-4273-2010
http://dx.doi.org/10.1029/2004GL020560
http://dx.doi.org/10.1117/1.3283904
http://dx.doi.org/10.1029/2005GL022995
http://dx.doi.org/10.5194/acp-5-799-2005


BGD
8, 1483–1527, 2011

Mega fire emissions
in Siberia

A. Ito

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

other trace gases, J. Geophys. Res., 109, D04303, doi:10.1029/2002JD003155, 2004.
Roy, D. P., Boschetti, L., Justice, C. O., and Ju, J.: The collection 5 MODIS burned area product

– Global evaluation by comparison with the MODIS active fire product, Rem. Sens. Environ.,
112, 3690–3707, 2008.

Sato, H., Itoh, A., and Kohyama, T.: SEIB-DGVM: a new dynamic global vegetation model using5

a spatially explicit individual-based approach, Ecol. Model., 200, 279–307, 2007.
Sato, H., Kobayashi, H., and Delbart, N.: Simulation study of the vegetation structure and

function in eastern Siberian larch forests using the individual-based vegetation model SEIB-
DGVM, For. Ecol. Manage., 259, 301–311, doi:10.1016/j.foreco.2009.10.019, 2010.

Schroth, A. W., Crusius, J., Sholkovitz, E. R., and Bostick, B. C.: Iron solubility driven by10

speciation in dust sources to the ocean, Nat. Geosci., 2, 337–340, doi:10.1038/ngeo501,
2009.

Schultz, M. and Rast, S.: Emission datasets and methodologies for estimating emissions, avail-
able at: http://retro.enes.org (last access: 16 February 2011), RETRO Report D1-6, 2007.

Sedwick, P. N., Sholkovitz, E. R., and Church, T. M.: Impact of anthropogenic combustion emis-15

sions on the fractional solubility of aerosol iron: Evidence from the Sargasso Sea, Geochem.
Geophys. Geosyst., 8, Q10Q06, doi:10.1029/2007GC001586, 2007.

Seiler, W. and Crutzen, P. J.: Estimates of gross and net fluxes of carbon between the biosphere
and the atmosphere from biomass burning, Clim. Change, 2, 207–247, 1980.

Shindell, D. T., Faluvegi, G., Stevenson, D. S., Krol, M. C., Emmons, L. K., Lamarque, J. F.,20

Petron, G., Dentener, F. J., Ellingsen, K., Schultz, M. G., Wild, O., Amann, M., Atherton, C.
S., Bergmann, D. J., Bey, I., Butler, T., Cofala, J., Collins, W. J., Derwent, R. G., Doherty,
R. M., Drevet, J., Eskes, H. J., Fiore, A. M., Gauss, M., Hauglustaine, D. A., Horowitz, L.W.,
Isaksen, I. S. A., Lawrence, M. G., Montanaro, V., Muller, J. F., Pitari, G., Prather, M. J., Pyle,
J. A., Rast, S., Rodriguez, J. M., Sanderson, M. G., Savage, N. H., Strahan, S. E., Sudo,25

K., Szopa, S., Unger, N., van Noije, T. P. C., and Zeng, G.: Multimodel simulations of carbon
monoxide: Comparison with observations and projected near-future changes, J. Geophys.
Res., 111, D19306, doi:10.1029/2006JD007100, 2006.

Sholkovitz, E. R., Sedwick, P. N., and Church, T. M.: Influence of anthropogenic combustion
emissions on the deposition of soluble aerosol iron to the ocean: Empirical estimates for30

island sites in the North Atlantic, Geochim. Cosmochim. Acta, 73, 3981–4003, 2009.
Simon, M., Plummer, S., Fierens, F., Hoelzemann, J. J., and Arino, O.: Burnt area detection at

global scale using ATSR-2: The GLOBSCAR products and their qualification, J. Geophys.

1514

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/8/1483/2011/bgd-8-1483-2011-print.pdf
http://www.biogeosciences-discuss.net/8/1483/2011/bgd-8-1483-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1029/2002JD003155
http://dx.doi.org/10.1016/j.foreco.2009.10.019
http://dx.doi.org/10.1038/ngeo501
http://retro.enes.org
http://dx.doi.org/10.1029/2007GC001586
http://dx.doi.org/10.1029/2006JD007100


BGD
8, 1483–1527, 2011

Mega fire emissions
in Siberia

A. Ito

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Res., 109, D14S02, doi:10.1029/2003JD003622, 2004.
Soja, A. J., Cofer, W. R., Shugart, H. H., Sukhinin, A. I., Stackhouse, P. W., McRae, D. J., and

Conard, S. G.: Estimating fire emissions and disparities in boreal Siberia (1998–2002), J.
Geophys. Res., 109, D14S06, doi:10.1029/2004JD004570, 2004.

Tanimoto, H., Kajii, Y., Hirokawa, J., Akimoto, H., and Minko, N. P.: The atmospheric impact5

of boreal forest fires in far eastern Siberia on the seasonal variation of carbon monoxide:
observations at Rishiri, a northern remote island in Japan, Geophys. Res. Lett., 27, 4073–
4076, 2000.

Textor, C., Schulz, M., Guibert, S., Kinne, S., Balkanski, Y., Bauer, S., Berntsen, T., Berglen,
T., Boucher, O., Chin, M., Dentener, F., Diehl, T., Feichter, J., Fillmore, D., Ginoux, P., Gong,10

S., Grini, A., Hendricks, J., Horowitz, L., Huang, P., Isaksen, I. S. A., Iversen, T., Kloster,
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Table 1. Combustion factor of ground layer organic matter as a function of fire severity and
fuel conditions during the fire season used for emission estimations based on Kasischke et
al. (2005).

Wet Middle Dry

Low severity

Surface 0.08 0.15 0.31
Crown 0.12 0.23 0.50

High severity

Surface 0.15 0.31 0.62
Crown 0.23 0.46 1.00
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Table 2. Annual amounts of burned areas and biomass burning emissions in the high latitude
Northern Hemisphere (>30◦ N latitude) from 2001 to 2005.

Year Total BAa Forested BAa COb NOc PMd
2.5

2001 256 13 13 0.17 1.3
2002 331 38 56 0.64 5.6
2003 480 51 82 0.92 8.1
2004 364 33 33 0.36 3.3
2005 332 22 32 0.35 3.1

a Burned areas (103 km2 yr−1)
b CO emissions (Tg CO yr−1)
c NO emissions (Tg NO yr−1)
d PM2.5 emissions (Tg PM2.5 yr−1)
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Table 3. Modeled (Exp 1–4) and observed monthly averaged total column of CO
(×1018 molecules cm−2) in eastern Siberia (40◦–70◦ N; 100◦–140◦ E) (mean ± standard devi-
ation).

MOPITT Exp 1 Exp 2 Exp 3 Exp 4

Horizontal resolution 4◦×5◦ 4◦×5◦ 2◦×2.5◦ 1◦×1◦

Temporal resolution Monthly Daily Daily Daily
Injection height Surface MISRa MISRa MISRa

August 2002 2.3±0.2 1.8±0.1 1.8±0.1 2.0±0.1 2.0±0.1
May 2003 2.8±0.4 2.2±0.3 2.2±0.3 2.3±0.3 2.3±0.3

a Satellite-derived plume height from MISR is used for the injection height of a smoke plume.
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Fig. 1. Carbon consumption estimates (kg C m−2 of area burned) (a) 5-year means over 2001–
2005 and (b) standard deviations.
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Fig. 2. CO emissions (kg CO yr–1) over the high latitude Northern Hemisphere in (a) 
2001, (b) 2002, (c) 2003, (d) 2004, and (e) 2005. Fig. 2. CO emissions (kg CO yr−1) over the high latitude Northern Hemisphere in (a) 2001,

(b) 2002, (c) 2003, (d) 2004, and (e) 2005.
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Fig. 3. Modeled (red) and observed (blue) monthly averaged total column of CO (× 
1018 molecules cm–2) over eastern Siberian region (40˚–70˚ N; 100˚–140˚ E) during 
2001–2005. 

Fig. 3. Modeled (red) and observed (blue) monthly averaged total column of CO
(×1018 molecules cm−2) over eastern Siberian region (40◦–70◦ N; 100◦–140◦ E) during 2001–
2005.
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Fig. 4. Comparison of monthly averaged total column of CO (× 1018 molecules cm–2) 
between model results and observations in August 2002 and May 2003. 

Fig. 4. Comparison of monthly averaged total column of CO (×1018 molecules cm−2) between
model results and observations in August 2002 and May 2003.
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Fig. 5. Comparison of CO (ppb) between model results from different simulations and 
observations over strong source areas and eastern Siberian region excluding the strong 
source areas in August 2002 and May 2003. The differences in CO between the strong 
source areas and other areas in eastern Siberian region are also shown. The black circles 
represent the average of measurements over the selected regions and the periods of 
clear-sky days during daytime MOPITT overpasses. The dashed lines show the standard 
deviations of daily measured values. The different colors correspond to different 
experiments; green (Exp1), blue (Exp2), magenta (Exp3), and red (Exp4). 

Fig. 5. Comparison of CO (ppb) between model results from different simulations and observa-
tions over strong source areas and eastern Siberian region excluding the strong source areas
in August 2002 and May 2003. The differences in CO between the strong source areas and
other areas in eastern Siberian region are also shown. The black circles represent the average
of measurements over the selected regions and the periods of clear-sky days during daytime
MOPITT overpasses. The dashed lines show the standard deviations of daily measured values.
The different colors correspond to different experiments; green (Exp 1), blue (Exp 2), magenta
(Exp 3), and red (Exp 4).
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in May 2003 at five pressure layers (surface, 900 hPa, 800 hPa, 700 hPa, and 600 hPa). 

Fig. 6. Comparison of CO mixing ratio in ppb between model results and observations in
May 2003 at five pressure layers (surface, 900 hPa, 800 hPa, 700 hPa, and 600 hPa).
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Fig. 7. Comparison of monthly averaged soluble iron deposition (pg m–2 s–1) to the 
ocean from dust, combustion (Exp5) sources in August and May. The percentage of the 
total deposited soluble iron which comes from combustion is also shown. 

Fig. 7. Comparison of monthly averaged soluble iron deposition (pg m−2 s−1) to the ocean from
dust and combustion (Exp 5) sources in August and May. The percentage of the total deposited
soluble iron which comes from combustion is also shown.
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Fig. 8. Ratio of the deposited soluble iron from combustion (Exp5) to total deposition, 
which is the sum of combustion and dust sources without the atmospheric processing by 
acidic species. 

Fig. 8. Ratio of the deposited soluble iron from combustion (Exp 5) to total deposition, which is
the sum of combustion and dust sources without the atmospheric processing by acidic species.
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