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[1] In this study we estimate the radiative impact of wildfires in Alaska during the record
wildfire season of 2004 by integrating model simulations and satellite observations of the
top of the atmosphere (TOA) radiative fluxes and aerosol optical depth. We compare
results for the summer of 2004 to results for the summer of 2000 when fire activity in the
boreal zone was low. Both observations and model show a decrease in TOA clear-sky fluxes
over the Alaska fire region during summer 2004 of �7 ± 6 W m�2 and �10 ± 4 W m�2,
respectively. About two thirds of the change occurs in the longwave, and one third in the
shortwave, spectral range. On the bases of detailed model analysis we estimate that the
changes in the longwave flux are predominantly explained by a higher surface
temperature in summer 2004 compared to 2000. The change in the shortwave flux is
largely caused by scattering of solar radiation on organic carbon aerosols emitted from the
2004 fires. This cooling is somewhat mitigated by the warming effect due to absorbing
black carbon aerosols emitted from the fires and to a lesser extent by ozone and other
greenhouse gases produced and released from the fires. Sensitivity studies with varying
aerosol emission scenarios indicate that the ratio of black to organic carbon aerosol
emissions of the boreal fires used in this study needs to be increased considerably to
match both observations of aerosol optical depth and TOA radiation fluxes, or the
biomass burning aerosols must be considerably more absorbing than parameterized in the
model. While this study cannot resolve the cause of this discrepancy, it presents a
powerful methodology to constrain aerosol emissions. This methodology will benefit
from future improvements in measurements and modeling techniques.
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1. Introduction

[2] The boreal zone contains a large amount of biomass
and accounts for about 25% of the global forest area. Fires
in this region emit high amounts of trace gases (e.g., CO2,
CO and CH4) and smoke aerosol into the atmosphere, which
influence the Earth’s ecosystem, environment and climate.
With climate change, fire activity in this region is expected
to increase in frequency and intensity [Mollicone et al.,
2006] emphasizing the importance of understanding the
interactions of boreal forest fires with current climate and
its impacts on future climate.
[3] Randerson et al. [2006] estimate that biomass burning in

the boreal zone has negative feedbacks to global warming on a
long-term scale (30-year period) because of sustained
increases in surface albedo. On a shorter timescale, the
radiative forcing is mostly due to a combination of (1) green-
house gases directly emitted (e.g., carbon dioxide or methane)

or produced (e.g., ozone) from fires, and (2) smoke aerosols.
The magnitude and sign of the aerosol radiative forcing is
complex and dependent on the aerosol composition and the
surface albedo.
[4] On a global scale, anthropogenic tropospheric aero-

sols are assumed to have a cooling effect that has partially
balanced anthropogenic greenhouse gas warming over the
past century [Hansen et al., 1993; Houghton, 1994;Mitchell
et al., 1995]. Studies by Penner et al. [1992], Ramaswamy
et al. [2001], and Hansen et al. [2002] have demonstrated
the negative forcing (cooling) at the top of the atmosphere
(TOA) due to sulfate, nitrate, and organic aerosols and the
positive forcing (warming) due to black carbon aerosols.
Hansen et al. [2005] show that biomass burning black and
organic aerosols have a negative forcing, while fossil
fuel black and organic aerosols have a positive forcing.
Ramaswamy et al. [2001] give a factor of 3 uncertainty and
a very low level of understanding for the global annual
mean direct radiative forcing from biomass burning aero-
sols. In the latest IPCC report [Forster et al., 2007] the
direct radiative forcing from all aerosols is given as �0.5 ±
0.4 W m�2 with a medium-low level of understanding. The
direct forcing of individual aerosol species is considered
less certain, with an estimate of 0.03 ± 0.12 W m�2 for
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biomass burning aerosols. In comparison, the CO2 radiative
forcing is stated as 1.66 ± 0.17 W m�2 with a high level of
scientific understanding.
[5] The poor understanding of aerosols is in part due to

the complexity of their physical, chemical and optical
properties and their high variability in time and space, but
also because the emission factors and source estimates
themselves are highly uncertain [Penner et al., 2002; Conny
and Slater, 2002]. Observations of aerosol amounts and
their optical characteristics are sparse complicating a com-
plete understanding of their radiative impact.
[6] In this study we apply the concept of radiative forcing

[Ramaswamy et al., 2001] to fires in the boreal zone, a
region where few studies have been performed so far. The
objective of this study is to determine how changes in
atmospheric constituent loading attributable to high-latitude
biomass burning influence the TOA radiation budget over
the timescale of the fires. We focus on the 2004 fire season
when extreme drought conditions caused a record fire year
in Alaska [Pfister et al., 2005; Turquety et al., 2007] and
compare it to summer 2000 when fire activity in this region
was low. Our analysis includes satellite observations and
model simulations of TOA radiation fluxes and of aerosol
optical depth. The Alaska and Canada fire emissions used in
the model are based on the top-down inversion of Measure-
ments of Pollution in the Troposphere (MOPITT) CO data
[Pfister et al., 2005] providing a substantive constraint on
the emissions of aerosols, radiatively active gases and their
precursors.

2. Model Simulations and Evaluation

2.1. Model Simulations

[7] The model simulations have been performed with the
National Center for Atmospheric Research (NCAR) Com-
munity Atmosphere Model with Chemistry (CAM-Chem,
Version 3). This model includes the most recent chemistry
parameterizations from the Model for Ozone and Related
Tracers (MOZART) [Horowitz et al., 2003]. The chemistry
includes 97 compounds, with an updated isoprene oxidation
scheme [Tyndall et al., 2001], and an improved treatment of
anthropogenic nonmethane hydrocarbons (NMHCs). The
treatment of aerosols has been extended from MOZART
[Tie et al., 2001, 2005] to include a representation of
ammonium nitrate, sulfate, black or elemental carbon,
primary organic aerosols, secondary organic aerosols
(SOA), dust and sea salt [Lamarque et al., 2005]. The
effects of aerosols are included in the calculation of pho-
tolysis rates [Tie et al., 2003] and of atmospheric heating
rates. Here we use the offline version of CAM-Chem, where
6 hourly meteorological fields are imported from the Na-
tional Centers for Environmental Prediction (NCEP) NCAR
reanalysis [Kalnay et al., 1996]. The offline version of the
model uses the techniques developed in the MATCH model
[Mahowald et al., 1997; Rasch et al., 1997].
[8] The model spatial resolution is set to 1.9 degrees

latitude by 2.5 degrees longitude with 28 hybrid levels in
the vertical between the surface and 2 hPa. Global fossil fuel
and biofuel emissions for 2000 and 2004 are from the
European Union project Precursors of Ozone and their
Effects in the Troposphere (POET) [Olivier et al., 2003]
and for carbon monoxi O) from Pétron et al. [2004].

Biomass burning emissions, except for Alaska and Canada,
are based on GFED-v2 [van der Werf et al., 2006]. The fire
emissions for Alaska and Canada for 2004 for CO are
derived from an inverse modeling study [Pfister et al.,
2005]. The top-down emissions in this study were about
doubled from the a priori bottom-up inventory (an increase
from 13 Tg CO to 30 Tg CO). Most of this increase is
thought to be due to peat burning which was not considered
in the a priori estimate. This assumption is supported by the
study by Turquety et al. [2007], who used a bottom-up
approach to estimate the total fire emissions as 30 Tg CO
with a contribution from peat burning of 11 Tg CO.
[9] The emissions for other trace gases and aerosols have

been scaled to the CO emissions by using emission factors
from literature [Andreae and Merlet, 2001]. The emission
factors (in gram species per kg dry matter burned) applica-
ble to extratropical boreal biomass burning used in this
study are: 1569 ± 131 for CO2, 107 ± 37 for CO, 8.6–9.7
for organic carbon (OC), and 0.56 ± 0.19 for black carbon
(BC). The resulting BC:OC ratio is then about 1:15 (0.06).
We assume in our standard simulations that most of the
emissions are from the burning of the boreal forests and we
do not separate between flaming and smoldering fires or
consider properties of peat burning.
[10] The BC:OC ratio is difficult to measure [Huebert

and Charlson, 2000; Novakov et al., 2005], and a wide
range of BC:OC emission ratios (ER) can be found in the
literature. According to Andreae and Merlet [2001] the
amount of BC released from burning biomass relative to
the amount of OC is �0.06 for extratropical forest, �0.08
for grass and savannah, �0.127 for tropical forest and
�0.15 for biofuel burning. Liousse et al. [1996] use a value
of 0.12–0.14 for different types of vegetation, and Chin et
al. [2002] use a value of 0.14. Reid et al. [2005a] state a
range from 1:8 to 1:12 (0.08–0.13) based on a review of
available literature. BC content from 2% to as high as 30%
has been found in tropical forest fires [Ferek et al., 1998;
Reid and Hobbs, 1998]. Few studies have been carried out
specifically for fires in the boreal region. Conny and Slater
[2002] measured the ratio of BC to total carbon (TC) for
controlled burns in Canada and give values of 0.085 ± 0.023
for the flaming phase and 0.0087 ± 0.0033 for the smol-
dering phase. Values derived by Mazurek et al. [1991] are
0.051 ± 0.092 and 0.011 ± 0.0045, respectively. Since most
of the TC is either in the form of OC or BC, the BC:TC ratio
can be considered close to the BC:OC emission ratio.
Laboratory measurements report much higher values for
this emission ratio; e.g., Currie et al. [1999] report values in
the range 0.86–0.94 for burning of pine and oak wood, and
Patterson and McMahon [1984] report values of 0.29–0.45
for the burning of pine needles. As mentioned above, a large
part of the emissions from the 2004 fires is attributed to peat
burning. This has not been taken into account in the scaling
of the aerosol emissions, because to the best of our
knowledge there are no measurements available of the
emission ratios for BC and OC from boreal peat fires.
However, as half of the emissions from the Alaska fires
might be attributed to burning of peat, this could have a
significant impact on the specified emission ratios.
[11] In order to investigate the sensitivity of modeled

changes in TOA radiation fluxes to the emission ratio, we
have performed additional sensitivity simulations with al-
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tered ER values ranging from 0.04 to 0.48. Increasing the
emission ratio is equivalent to making the total simulated
aerosol more absorptive. The fire emissions for the Alaska
fires are released in the model uniformly between the
surface and 8 km to approximate effects of thermal buoy-
ancy. Studies have shown that the injection height is an
important parameter in modeling fire plume characteristics
[Colarco et al., 2004; Kahn et al., 2007], and the use of a
single injection height is a simplified approach for capturing
the full complexity of these large wildfires. Monthly aver-
aged emissions are used with linear interpolation between
the months. We do not account in the model for fire
emissions of carbon dioxide (CO2) or methane (CH4),
because these species are specified as mixing ratios at the
model surface. Instead we estimate their radiative forcing
effects on the basis of relationships between perturbations in
concentrations and radiative forcing as specified by
Ramaswamy et al. [2001].
[12] The distribution and chemistry of the aerosols in

CAM-Chem is calculated within the tropospheric chemistry
module. Aerosol optical properties link the atmospheric
aerosol loading to their radiative effects and the different
aerosol species are assumed externally mixed. Following
Cooke et al. [1999], we assume that 80% of the BC and
50% of the OC are emitted hydrophobic, the rest being
hydrophilic. The optics for black and organic carbon aerosols
are identical to the optics for soot and water-soluble aerosols
in the Optical Properties of Aerosols and Clouds (OPAC)
data set [Hess et al., 1998]. OPAC assumes a lognormal size
distribution with a mode radius of 0.0118 mm for soot and
0.0212 mm for water-soluble aerosols. The width of the
distribution is 2.0 and 2.24, respectively. Hygroscopic
growth is considered for water-soluble aerosols, while the
optics for soot do not vary with relative humidity.
[13] Model assumptions of aerosol optics can have a

strong impact on the radiative forcing, Because of the lack
of observational constraints on the aerosols emitted, the
assumptions built into any aerosol model will add a high
level of uncertainty to the simulated results. The treatment
of aerosols we use is highly simplified, but is consistent
with the treatment used in most state-of-the-art climate
models. Reid et al. [2005b] reviewed literature concerning
measurements and modeling of optical properties and state
that global estimates of direct radiative forcing vary from
near-zero to �1 W m�2 dependent on the varying assump-
tions of the optical properties of smoke. Grant et al. [1999]
and Penner et al. [1998] used a global climate model to

model the radiative forcing from biomass aerosols and
derive a globally averaged RF of �0.16 W m�2 and
�0.23 W m�2dependent on the size distribution assumed.
Jacobson [2001] examines the impact of the mixing state
and find that treating BC as coated core instead of an
external mixture leads to twice the direct radiative forcing.
That work also suggests that a single distribution coated-
core assumption appears to be a better approximation of BC
radiative forcing than assuming an external mixture. An-
other possible source of error in the modeled aerosol optics
is that we do not differentiate between forest and peat
burning. Peat fires for example, are assumed to produce
particles that are larger and more hygroscopic than other
fuels [Reid et al., 2005a].
[14] We use the simulated shortwave (SW) and longwave

(LW) TOA radiative fluxes to determine the radiative
impact of different constituents augmented by the fires
and for different fire scenarios. We note that since the
meteorological fields are fixed in this study, changes in
the TOA radiative fluxes do not feedback on the meteorol-
ogy. Tables 1a and Table 1b provide a list of the different
simulations performed for this study. The aerosol indirect
effect is not considered in our simulations. The simulations
Yr2000 and Yr2004 represent a base case using emissions
and meteorological fields for the corresponding years and
considering aerosol-cloud-radiation interactions. These sim-
ulations are compared with satellite observations of TOA
radiation fluxes. In additional simulations the 2004 meteo-
rological fields were used with the 2000 emission inventory
(Yr2004_emis2000). The difference in TOA clear-sky
fluxes between Yr2000 and Yr2004_emis2000 simulations
isolates the meteorological effect on TOA radiative fluxes
between these years, the difference between Yr2004 and
Yr2004_emis2000 acts to isolate the radiative effect of the
fires. The remaining model simulations serve as sensitivity
studies with respect to the aerosol emissions and the ratio of
BC to OC. The corresponding model simulations are

Table 1a. Model Simulation Performed for This Study With Radiative Transfer Calculations Performed on

Actual Trace Gas Fields

Simulation Name Meteorology Emissions Comments

Yr2000 year 2000 year 2000 Simulation for reference year
Yr2004 year 2004 year 2004 Base simulation for year 2004
Yr2004_emis2000 year 2004 year 2000 Simulation to estimate temperature/fire effect
Yr2004_BC2OC2 year 2004 year 2004 Simulation with altered BC and OC emissionsa

Yr2004_BC3OC3 year 2004 year 2004 Simulation with altered BC and OC emissionsa

Yr2004_BC6OC3 year 2004 year 2004 Simulation with altered BC and OC emissionsa

Yr2004_BC6OC2 year 2004 year 2004 Simulation with altered BC and OC emissionsa

Yr2004_BC6OC1 year 2004 year 2004 Simulation with altered BC and OC emissionsa

Yr2004_BC4OC1 year 2004 year 2004 Simulation with altered BC and OC emissionsa

Yr2004_BC1OC2 year 2004 year 2004 Simulation with altered BC and OC emissionsa

aBCxOCy with x and y being the scaling factors for black carbon and organic carbon fire emissions, respectively.

Table 1b. Simulations for 2004 With Radiative Transfer Calcula-

tions Performed on Climatological Trace Gas Fields

Simulation Name Emissions

Yr2004_fire all fire emissions
Yr2004_nofire no fire emissions
Yr2004_BC BC fire emissions only
Yr2004_OC OC fire emissions only
Yr2004_OCBC BC and OC fire emissions only
Yr2004_O3 NOx fire emissions only

D02204 PFISTER ET AL.: RADIATIVE IMPACTS OF BOREAL FIRES

3 of 13

D02204



defined as Yr2004_BCxOCy with x giving the scaling factor
for the BC fire emissions and y the scaling factor for the
OC fire emissions relative to the base case simulation
(Yr20004).
[15] The individual contributions of black carbon, organic

carbon, and ozone (O3) were determined in simulations
where prescribed trace gas and aerosol fields are used in the
radiative transfer calculations to assure an identical climate

in all simulations. The radiative effects of fire emissions of
BC, OC, and O3 are then calculated separately. The
corresponding model simulations are referred to as
Yr2004_O3 for the radiative effect of O3, Yr2004_BC for
BC, Yr2004_OC for OC and Yr2004_OCCB for BC and OC
combined. We only investigate the impact of carbonaceous
aerosols from the fires which account for the major part of
the emitted particle mass. According to Reid et al. [2005a],

Figure 1. Monthly mean aerosol optical depth (AOD) in the visible range for July through August 2004
for Moderate Resolution Imaging Spectroradiometer (MODIS) Collection 5, Multiangle Imaging
Spectroradiometer (MISR) (screened data), and Community Atmosphere Model (CAM). Diamond
symbols indicate the location of the Aerosol Robotic Network (AERONET) station that has been
included in the model evaluation, and the box indicates the extent of the Alaska (AK) region.
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fresh smoke particles are composed of �50–60% organic
carbon and 5–10% black carbon, the rest being inorganic
trace species. The latter are ill-defined and their contribution
to absorption and scattering is uncertain; for this reason we
did not account for them in our simulations. A simulation
with all fire emissions set to zero is performed as a
reference. Each model simulation was started in March of
the corresponding year using identical initial conditions for
the atmospheric constituents.

2.2. Model Evaluation of Aerosol Optical Depth

[16] The evaluation of modeled fields of CO and O3 from
the Alaskan fires is presented by Pfister et al. [2005, 2006].
A different model (MOZART) was used in those studies,
but the CAM simulations presented here use identical
emission inventories, offline meteorological fields, and
chemistry resulting in comparable model output fields.
For the evaluation of modeled aerosol loading we compare
our simulations against aerosol optical depth (AOD) data in
the visible range provided by two space-borne sensors
(Moderate Resolution Imaging Spectroradiometer (MODIS)
and Multiangle Imaging Spectroradiometer (MISR)) and
AOD measurements from the Aerosol Robotic Network
(AERONET). For the latter, we selected a station within
the impact range of the fires. As stated by Penner et al.
[2002], AOD is a good measure for aerosol radiative
forcing. However, the relative contribution between absorb-
ing and scattering aerosols is a relevant parameter as well
and this will be shown in section 3.2.1.
[17] We include the daily MISR and MODIS AOD Level-

3 retrievals in the model comparison. Monthly averages for
MODIS were calculated only from grid boxes for which
MODIS observations were available at least 50% of the
time in order to avoid a too large sampling bias. MISR AOD
data were taken from the monthly averaged L-3 data
provided on a 0.5 � 0.5 degrees grid. The MISR data have
a less complete coverage (MODIS observes the entire Earth
about once in 2 d, MISR about once per week) and to
achieve sufficient information, pixels with 5 or more data
points available for the calculation of the monthly average
value have been included. For the comparison with the
model the satellite data were regridded to the model grid.
[18] Figure 1 shows maps of monthly AOD for June

through August 2004 from MODIS and MISR observations
and from the Yr2004 simulation. Optical depth errors can

occur in the satellite data over snow/ice fields such as
Greenland because of low spatial contrast and also as a
consequence of inadequate cloud screening. Northernmost
parts of Alaska and Canada are impacted by this effect
primarily during the early summer months; later in summer
less of the study area is covered in snow and ice and this
becomes less of an issue. The MODIS data set is screened
for these effects, but not the MISR data set. We apply our
own screening to the MISR AOD using the MISR Direc-
tional Hemispheric Reflectance (DHR) data set and exclude
values with a high reflectance (DHR > 40%).
[19] All three data sets feature a clear signal from the fires

in Alaska maximizing in July, but the individual data sets
show large differences in the magnitude of AOD. In
general, MODIS gives the highest values and CAM the
lowest. These differences are to some extent due to sam-
pling errors caused by different temporal and spatial reso-
lution between the space-borne sensors and the model, but
as the main biases are persistent in time and space this
suggests an actual bias between the different data sets.
[20] In Table 2 we list the monthly averaged AOD over

the Alaska fire region (AK). AK is defined as ranging from
160–120�W and 60–70�N and is indicated in Figure 1.
This region has been selected because it gives the largest
signal in the TOA clear-sky radiation fluxes in both the
observations and the model. The results are somewhat
sensitive to the area selected, but the conclusions remain
the same. We have to expect that the inclusion of monthly
emissions in the model smoothes the variability in the
simulated signal and suppresses the high-AOD scenes.
The uncertainty for MODIS AOD over land is estimated
as 0.05 ± 0.2 [Chu et al., 2002], but the errors might be
larger over some particular regions [Remer et al., 2005].
The MISR AOD retrievals have been validated against
AERONET by Kahn et al. [2005] who found that 63% of
the samples agree within 0.05 or 20%.
[21] Comparison of global models to observed AOD

frequently show an underestimate in AOD with differences
often larger than a factor of 2 [Cooke et al., 2002; Kinne et
al., 2003; Reddy et al., 2005]. Our simulations underesti-
mate the measured AOD, but model evaluation is compli-
cated by the large differences between the two observational
data sets. This reflects the challenges associated with
retrieving AOD from space-based sensors [King et al.,
1999]. Discrepancies in AOD retrievals are due to different

Table 2. AOD Averaged Over the Alaska Region for MODIS, MISR and Various CAM Simulations for May

Through August 2004 and for July 2000a

May 2004 June 2004 July 2004 August 2004 July 2000

MODIS 0.24 ± 0.10 0.29 ± 0.17 0.67 ± 0.24 0.41 ± 0.29 0.14 ± 0.10
MISR 0.22 ± 0.27 0.19 ± 0.10 0.46 ± 0.21 0.25 ± 0.14 0.15 ± 0.10
CAM Yr2004 0.04 ± 0.01 0.10 ± 0.05 0.15 ± 0.06 0.12 ± 0.05
CAM Yr2004_BC2OC2 0.05 ± 0.02 0.16 ± 0.08 0.25 ± 0.11 0.19 ± 0.09
CAM Yr2004_BC3OC3 0.06 ± 0.03 0.23 ± 0.12 0.35 ± 0.15 0.26 ± 0.12
CAM Yr2004_BC6OC3 0.06 ± 0.03 0.19 ± 0.10 0.38 ± 0.17 0.29 ± 0.13
CAM Yr2004_BC6OC2 0.05 ± 0.02 0.19 ± 0.10 0.29 ± 0.13 0.23 ± 0.10
CAM Yr2004_BC6OC1 0.05 ± 0.02 0.15 ± 0.08 0.24 ± 0.13 0.18 ± 0.08
CAM Yr2004_BC4OC1 0.04 ± 0.01 0.12 ± 0.06 0.18 ± 0.08 0.14 ± 0.06
CAM Yr2004_BC1OC2 0.04 ± 0.01 0.14 ± 0.07 0.21 ± 0.09 0.16 ± 0.07
CAM Yr 2000 0.02 ± 0.01

aAerosol optical depth (AOD); Moderate Resolution Imaging Spectroradiometer (MODIS); Multiangle Imaging
Spectroradiometer (MISR); Community Atmosphere Model (CAM).
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assumptions in the cloud clearing algorithms, aerosol mod-
els, different wavelengths and viewing geometries as well as
different parameterizations of surface reflectance. Errors in
satellite retrievals of AOD can be large when the observed
aerosol departs significantly from the properties adopted in
the retrieval.
[22] Table 3 summarizes mean biases between the CAM

simulations and the MODIS and MISR data sets. While the
values in Table 2 have been calculated individually for each
data set, the values in Table 3 are derived from grid boxes
where all three data sets are available. We do not list the
biases between the model and the observations for May
2004 but the values are of similar order for base and
sensitivity simulations: 0.17 ± 0.08 for MODIS and 0.10 ±
0.08 for MISR. As can be seen in Figure 1 and from Table 2,
the northern part of the AK region during May 2004 is
impacted by errors in the retrieval, which affects the
calculated bias to some extent. During summer 2004 the
low bias of the CAM base simulation toward MODIS AOD
ranges from 0.19 to 0.53 and toward MISR AOD from 0.09
to 0.32.
[23] The bias in AOD between MISR and MODIS and

CAM-Chem is to some extent explained by a generally
lower model background. Figure 1 shows that the model
underestimates the observed AOD outside the region and
time period of the fires. For example, comparing modeled
and observed AOD for July 2000 (Table 2) when fire
activity was very low, we estimate a bias of about 0.11 ±
0.04 compared to MODIS data and of 0.12 ± 0.10 compared
to MISR. Differences for June and August 2000 are of
similar order.
[24] The non-fire-related bias between MODIS and CAM

only explains part of the observed bias during the fire
period. The remaining bias changes with time and is largest
during times of intense burning (July 2004). This indicates
that the fire emissions are likely underestimated in the
model. It is interesting to note, however, that the difference
between MODIS and MISR also changes with time. While
the two data sets give similar AOD for the year 2000, the
differences in 2004 increase with increasing fire activity.
[25] Tables 2 and 3 also list results from the comparison

of MODIS and MISR with the different CAM sensitivity
simulations. Forest fires are expected to release more OC
aerosols than BC aerosols hence a relative increase in the
OC emissions has more impact on the AOD than the same
relative increase in BC emissions. The highest AOD is
calculated in the Yr2004_BC6OC3 simulation. In this case

the modeled AOD is close to MISR, but still too low
compared to MODIS.
[26] A comparison with AOD data for the AERONET

station Bonanza Creek (64.7�N, 148.3�W) is included in
Figure 2. It shows time series of daily AOD and monthly
averaged Sun photometer measurements as well as monthly
mean AOD for the nearest grid box for MODIS, MISR and
CAM. Comparing point measurements to global model
output or satellite observations is problematic because of
different spatial and temporal scales. We include this
comparison to demonstrate the large temporal variability
in the AERONET AOD over the burning period. Again, we
see a large discrepancy between the data sets with highest
values in MODIS and lowest in CAM-Chem. AERONET
lies in the midrange of all estimates. Considering the
pronounced temporal variability in AOD, the different
sampling rates of the instruments and the model are likely
to impact the comparison.
[27] The large uncertainties in AOD retrievals and the

differing sampling strategies complicate putting error bars
on the modeled AOD. The main conclusions that can be
drawn are (1) the CAM Yr2004 simulation underestimates
the non-fire-related (‘‘background’’) AOD by approximately
0.10–0.15 over Alaska and (2) the CAM Yr2004 simulation

Figure 2. Time series of AERONET AOD for Bonanza
Creek (64.7�N, 148.3�W). Color bars denote monthly mean
values for AERONET (blue), MODIS (yellow), MISR
(green), and CAM (red).

Table 3. Mean Biases in AOD Between CAM Simulations and MODIS and MISRa

CAM Simulation

June 2004 July 2004 August 2004

MODIS MISR MODIS MISR MODIS MISR

Yr2004 0.19 ± 0.14 0.09 ± 0.08 0.53 ± 0.20 0.32 ± 0.18 0.29 ± 0.27 0.13 ± 0.14
Yr2004_BC2OC2 0.13 ± 0.12 0.02 ± 0.09 0.43 ± 0.18 0.22 ± 0.16 0.22 ± 0.27 0.06 ± 0.15
Yr2004_BC3OC3 0.06 ± 0.11 �0.04 ± 0.10 0.33 ± 0.17 0.12 ± 0.16 0.15 ± 0.27 �0.02 ± 0.17
Yr2004_BC6OC3 0.04 ± 0.11 �0.06 ± 0.11 0.29 ± 0.16 0.08 ± 0.16 0.12 ± 0.27 �0.04 ± 0.17
Yr2004_BC6OC2 0.10 ± 0.12 �0.01 ± 0.09 0.38 ± 0.17 0.17 ± 0.16 0.18 ± 0.27 0.02 ± 0.15
Yr2004_BC6OC1 0.15 ± 0.13 0.05 ± 0.08 0.47 ± 0.19 0.26 ± 0.17 0.25 ± 0.27 0.09 ± 0.14
Yr2004_BC4OC1 0.17 ± 0.13 0.06 ± 0.08 0.49 ± 0.19 0.28 ± 0.17 0.27 ± 0.27 0.11 ± 0.14
Yr2004_BC1OC2 0.14 ± 0.13 0.03 ± 0.09 0.44 ± 0.18 0.23 ± 0.17 0.23 ± 0.27 0.07 ± 0.15

aBiases are calculated from pixels within the Alaska region where values from all three data sets are available.
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underestimates fire-related AOD with an absolute bias
depending on the fire activity. Additional constraints might
be put on the model simulations by observed TOA shortwave
radiation fluxes and this is described in section 3.2.2.

3. Results and Discussion

3.1. TOA Radiative Fluxes for Summer 2004
Compared to Summer 2000

[28] We estimate the radiative impact from the Alaskan
and Canadian fires by comparing the TOA radiation fluxes
for the record fire season in 2004 to TOA fluxes for 2000
when fire activity in the Northern Hemispheric boreal zone
was low. The summer 2000 has been chosen as a clean
reference year on the basis of analysis of observed fire
counts from the MODIS instrument [Giglio et al., 2003] and
tropospheric CO mixing ratios retrieved from the MOPITT
remote sensing instrument [Edwards et al., 2004].

[29] The modeled SW and LW TOA fluxes are compared
to corresponding observational estimates using data from
the Clouds and Earth’s Radiant Energy System (CERES)
instrument on board the Terra and Aqua satellites. We used
monthly averaged data on a 2.5 degree grid from the ES9
Edition2 data sets. CERES is a broadband scanner that
measures the TOA radiance in three bands (total (0.3–
>50 mm), shortwave (0.3–5 mm) and longwave (8–12 mm))
at a spatial resolution of 20 km at nadir [Wielicki et al.,
1996]. The measured broadband radiances are converted to
TOA fluxes using angular dependence models (ADMs) that
were developed as part of the Earth Radiation Budget
Experiment (ERBE) [Suttles et al., 1992]. The quality of
the TOA fluxes is affected by the time-and-space averaging,
the use of a limited number of ADMs, and inaccuracies in
scene identification [Young et al., 1998; Loeb et al., 2007].
Nevertheless, numerous studies have shown the value of
using the CERES/ERBE-like data in radiative forcing
calculations [e.g., Christopher et al., 2000; Li et al.,

Figure 3. Difference in the Top of Atmosphere (TOA) clear-sky longwave radiation (W m�2) between
summer 2004 and summer 2000. (left) CAM model simulations; (right) Clouds and Earth’s Radiant
Energy System (CERES) observations.

Figure 4. Difference in the TOA clear-sky shortwave radiation (W m�2) between summer 2004 and
summer 2000. CAM model simulations; (right) CERES observations.
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2004], but it must be noted that the ERBE ADMs do not
consider smoke aerosols, which could especially impact
biomass burning studies. Li et al. [2000] compared TOA
fluxes converted with ERBE ADMs to TOA fluxes con-
verted with an ADM developed for smoke aerosols and
found a mean bias of 0.48 W m�2 and a root-mean-square
error of 13 W m�2. In Figures 3 and 4 we show a
comparison of the seasonally averaged clear-sky TOA LW
and SW radiative fluxes for 2004 minus the fluxes for 2000.
We only compare clear-sky radiation fluxes between the
years 2000 and 2004 because cloud differences between
these 2 years would not allow us to assess the importance of
the 2004 fires. CERES observations and CAM-Chem model
simulations match reasonably well and both show a radia-
tive cooling over Alaska of up to �17 W m�2 calculated
from the net TOA fluxes. The mean difference over AK is
�6.9 ± 6.2 Wm�2 for CERES and �10.1 ± 4.0 Wm�2 for
CAM. This is composed of a longwave difference of �4.4 ±
2.5 Wm�2 for CERES and �6.6 ± 2.6 W m�2 for CAM
results, and a shortwave difference of �2.5 ± 5.6 Wm�2 for
CERES and �3.5±2.5 Wm�2 for CAM (see Table 4).
[30] Despite the scatter in the data, cooling in both model

and data matches well in location and overall magnitude
(Figures 3 and 4). The strong positive shortwave difference
seen in CAM and CERES at the higher latitudes is due to a
higher surface reflectance in 2004 compared to 2000, the
absolute difference in the reflectance between the 2 years is
�4% in the model.
[31] The region of strong cooling coincides with the

region of high fire activity in 2004. However, surface
temperatures (Tsrf) in summer 2004 over this region were
higher by about 5K than during summer 2000 (Figure 5)
strongly impacting the TOA radiation budget. The strong
connection between surface temperature and outgoing LW
radiation is reflected by the correlation between spatial
patterns in TOA LW radiative flux differences (Figure 3)
and Tsrf differences (Figure 5) between the years 2004 and
2000 over North America as further discussed in the
following section.

3.2. Contributions to TOA Flux Changes

[32] On the basis of analysis of total TOA radiative fluxes
alone one cannot determine to what extent trace gases and
particles from the fires and to what extent Tsrf effects
account for the decrease in TOA fluxes over the fire region.
Fire-caused increases in atmospheric greenhouse gases and
changes in Tsrf affect the LW fluxes. The shortwave fluxes
are predominantly affected by aerosols, ozone, and by
changes in surface albedo. In the model simulations we
do not account for changes in the surface characteristics due
to burn scars. We assume that changes in the surface albedo
between the two summ g., burned areas in 2004 were

forested in 2000) introduce a spatial variability into the
TOA signal but do not introduce a regional bias.
[33] The temperature contribution to TOA radiation flux

changes in the model is estimated by comparing TOA
radiation fluxes between the simulations Yr2004_emis2000
and Yr2000, i.e., by differencing simulations with identical
emissions (Figure 6), but different meteorology. On aver-
age, the resulting difference in the modeled LW component
is negative over AK. The average difference is �6.7 ±
2.6 W m�2 with a maximum difference of �9 W m�2. This
suggests that the change in surface temperature accounts for
most of the observed and modeled total longwave differ-
ences (see Table 4), and that changes in greenhouse gases
have comparatively less impact.
[34] The change in the TOA radiative flux due to fires is

investigated by subtracting the Yr2004_emis2000 from the
Yr2004 TOA flux. These two simulations use the same
meteorology but different emissions. It must be kept in
mind that even though the offline meteorological fields are
identical, the cloud fields between these simulations are
somewhat different. This is because in each time step the
radiative impact of the fire emissions is allowed to feedback
on the meteorology. This affects washout rates and photo-
lysis rates and adds a level of uncertainty to the estimated
fire impact. The difference between these simulations gives
a clear-sky shortwave cooling of �4.5 ± 2.9 Wm�2 aver-
aged over AK with maximum values of �11 W m�2. The

Figure 5. Difference in the National Centers for Environ-
mental Prediction (NCEP) Re-Analysis surface temperature
(K) fields between summer 2004 and summer 2000.

Table 4. Difference in TOA Clear-Sky and All-Sky Net, Shortwave, and Longwave Fluxes Between the Summers 2004 and 2000a

Net SW LW

CERES �6.9 ± 6.2 (�17.2) �2.5 ± 5.6 (�9.4) �4.4 ± 2.5 (�8.2)
Yr2004–Yr2000 �10.1 ± 4.0 (�17.3) �3.5 ± 2.5 (�8.6) �6.6 ± 2.6 (�9.2)
Yr2004_emis2000–Yr2000 effect of surface temperature �5.7 ± 2.4 (�8.7) 1.0 ± 0.8 �6.7 ± 2.6 (�9.3)
Yr2004–Yr2004_emis2000 effect of fire emissions �4.4 ± 2.8 (�11.0) �4.5 ± 2.9 (�11.2) 0.1 ± 0.1

aResults are given for Clouds and Earth’s Radiant Energy System (CERES) and CAM (rows 1 and 2) and CAM simulations for 2004 and 2000 compared
to 2004 using 2000 fire emissions (row 3 and 4). Units are W m–2; numbers in parentheses represent maximum values. Top of Atmosphere (TOA);
shortwave (SW); longwave (LW).
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change in longwave fluxes is small supporting our conten-
tion that most of the LW effect is related to Tsrf. The
shortwave cooling is expected to be mostly due to aerosols,
because greenhouse gases generally absorb and emit in the
LW spectral range [Ramaswamy et al., 2001]. However, it
must be taken into account that ozone also has absorption
bands in the SW. We estimate the contributions of individ-
ual radiatively active constituents to the difference in TOA
fluxes through a series of sensitivity experiments. In these
experiments we difference simulations without fire emis-
sions for the considered constituent from simulations with
fire emissions. Results are given in Table 5.
3.2.1. Carbonaceous Aerosols
[35] The effect of the black carbon aerosol alone leads to

a slight clear-sky difference of +0.7 ± 0.4 W m�2 between
Yr2004 and Yr2004_emis2000, while the organic carbon
aerosols alone lead to a cooling on the order of �3.9 ±
1.9 W m�2 (Table 5, rows 1 and 2). The combined effect of
black and organic aerosols results in a negative modeled
clear-sky SW TOA difference of �4.4 ± 2.4 W m�2

averaged over AK and explains most of the net SW
difference (Table 4, row 4, Table 5, row 3, and Figure 7).
The difference in the net flux at the surface due to the
carbonaceous aerosols from the fires is calculated as �9 ±
5 W m�2. At the surface the impact is larger than at the
TOA, and the contribution of BC is more important. OC
aerosols account for about 60% of the surface effect, BC

aerosols for about 40%. Collins et al. [2002] explain the
higher aerosol impact at the surface by the fact that at the
TOA the effects of absorption and scattering are subtractive,
while at the surface the effects are additive.
[36] In Table 5 we also give the all-sky difference

between the sensitivity simulations. This is feasible because
radiative feedback is precluded in these simulations. The
consideration of clouds versus cloud-free scenarios usually
reduces the aerosol radiative impact. In our case we simu-
late an increase in the TOA radiative impact of BC aerosols
during all-sky conditions and a decrease in the impact of
OC aerosols which results in a small negative TOA radia-
tive flux change (Table 5). The relative height of the aerosol
layer and the clouds is an important factor when considering
the impact of aerosols during all-sky conditions. Clouds
below aerosols brighten the aerosol’s underlying surface
and can change the sign of TOA aerosol forcing [Keil and
Haywood, 2003]. This sign change is due to a highly
reflective surface. Such a change in sign can be seen in
Figure 4, where besides the strong negative clear-sky
aerosol impact over Alaska and Canada, a slight warming
is evident over the highly reflective ice shield of Greenland.
This suggests that the location and timing of boreal fires can
be a crucial factor in determining the radiative impact.
3.2.2. Uncertainties in Carbonaceous Aerosols
[37] There is a recent concern in the literature about

underestimation of aerosol absorption in global aerosol
models and the implications for global warming [Reddy et
al., 2005]. Emissions of carbonaceous compounds from
biomass burning remain a major source of uncertainty
[Penner et al., 1998; Ramanathan et al., 2001; Kaufman
et al., 2002]. For example, Sato et al. [2003] concluded
from a comparison of AOD from two global models with
AERONET measurements that BC absorption has to be
increased by a factor of 2 to 4 in the models to match
measured AOD absorption.
[38] As shown in section 2.2, our simulated AOD is

underestimated when compared to satellite observations of
AOD, while we slightly overestimate the observed SW
TOA flux. From a model point of view, differences between
the simulations and the observations are mostly due to
model assumptions of aerosol optical properties on the
one hand, and in aerosol emissions on the other hand. In
this study we explicitly change the aerosol emissions, and
particularly the BC:OC emission ratio. However, changing
the aerosol emission ratio may be taken as a surrogate
for changing the aerosol optical properties. For example
explicitly changing the BC:OC ratio is equivalent to
making the aerosols collectively more absorbing. The
observations of both AOD and TOA radiative fluxes add
additional constraints on the aerosol emissions. In Table 6
we give the TOA radiative changes for the different aerosol

Figure 6. Estimated changes in the TOA clear-sky net
radiation (W m�2) due to the higher surface temperature in
2004 compared to 2000. Shown is the difference in the TOA
net radiation fluxes between the year 2004 simulation and
the year 2000 simulation with fire emissions for 2000.

Table 5. Contributions From Different Factors to the Clear-Sky and All-Sky Radiative Fluxes at TOAa

Clear Sky All Sky

Net SW LW Net SW LW

Yr2004BC 4 0.7 ± 0.4 (2.4) 0.7 ± 0.4 (2.4) - 1.7 ± 0.6 (3.2) 1.7 ± 0.6 (3.2) -
Yr2004OC 4 �3.9 ± 1.9 (�8.2) �3.9 ± 1.9 (�8.2) - �1.4 ± 0.6 (�2.8) �1.4 ± 0.6 (�2.8) -
Yr2004OCBC 4 �4.4 ± 2.4 (�9.9) �4.4 ± 2.4 (�9.9) - �0.2 ± 0.6 (�1.4) �0.2 ± 0.6 (�1.4) -
Yr2004O3 6 15 ± 4 10�3 11 ± 4 10�3 3 ± 1 10�3 29 ± 5 10�3 2 ± 0 10�3 27 ± 5 10�3

aThe radiative impact from the fires is calculated from model simulations with and without fire emissions.
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emission scenarios. Doubling both the OC and BC fire
emissions improves the agreement with observed AOD but
decreases the average modeled shortwave change to �5.7 ±
3.5Wm�2, with maximum differences reaching�13Wm�2.

This clearly overestimates CERES observations (compare to
Table 4, row 1).
[39] Increasing the aerosol loading but at the same time

keeping the change in the radiative flux relatively unaffected
can only be achieved by increasing the BC:OC emissions
ratio. Equivalently the same effect could be achieved by
making the aerosols more absorptive. In this way we
increase the AOD while at the same time counteracting
the cooling effect of the increased OC emissions with the
warming due to a larger increase in BC emissions. This is
evident in Figure 8, which gives the dependencies between
TOA RF, AOD, BC:OC emission ratio and the aerosol
burden by combining results from the Yr2004 and the
sensitivity simulations. We used a linear regression analysis
to calculate isolines for TOA RF and AOD with varying ER
and total burden of carbonaceous aerosols. In Figure 8 we
have included data points for observations of TOA RF and
AOD. Since we are dealing with fire-related changes, the
mean AOD observed for 2000 has been subtracted from
the 2004 summertime average AOD, in conformity with the
way the CERES data have been prepared.

[40] The TOA radiative change decreases with increasing
aerosol burden, but increases with increasing ER (or aerosol
absorptivity). This is due to the increased impact of BC
aerosol and the resulting warming. Because of the domi-
nance of OC emissions over BC emissions, the AOD shows
a weak dependence on ER and changes predominantly with
aerosol burden.
[41] An analysis of this type can be used to determine the

set of model parameters that best matches both the TOA
radiative flux changes and the AOD observations. Assum-
ing we try to match the CERES observations by only
changing the modeled ER in the base simulation (assuming
no change in aerosol optical properties), it would have to be
increased by about a factor of 3 for MISR, and by a factor of
6 for MODIS. On the other hand, the base simulation
estimate of the total BC and OC burden is only modestly
smaller than MISR, but needs to be clearly increased to
match the MODIS data.
[42] While our results indicate the need for increased

aerosol emissions from the fires and for an increased
BC:OC emissions ratio (or increased aerosol absorptivity),
our simulations do not explicitly take into account a number
of the uncertainties given earlier: simplifications in the
treatment of aerosols and their optical properties, variability
in the fuel burned and the stage of burning or variations in
emission injection height. Exploring the full range of
uncertainties is beyond the scope of the current study. A
more comprehensive study including observations of aero-
sol speciation and fire behavior is needed to establish better
quantitative constraints and will be part of future works.
[43] The emission ratios of BC:OC required to match the

observations are between 0.25 (for MISR) and 0.5 (for
MODIS). Even the lower value exceeds the high end of the
emission ratios normally given in the literature for measured
biomass burning plumes (e.g., Reid at al. [2005a] give a
range between 0.08–0.13). Thus it is likely that the absorp-
tivity of our modeled aerosols is too low. Whether increas-
ing the absorptivity alone can explain the entire discrepancy
is not clear. We also need to increase our aerosol burden by
a factor of about 2 or 4 to match the AOD measurements. In
summary, it is our best guess that the absorptivity of our
biomass burning aerosols is likely too low and that our total
emissions are too low. We consider it likely that our
emission factor of BC:OC is also too low. However, we
do not have enough information available to distinguish
between changes in the emission factor and changes in the
aerosol optical parameters. The satellite data we use to
derive this best guess is subject to measurement errors, with
uncertainties that are difficult to quantify.

Figure 7. Changes in the TOA clear-sky net radiation
(W m�2) due to aerosols from the fires. See text for more
explanation.

Table 6. Changes in Clear-Sky Net, Shortwave, and Longwave TOA Fluxes Between Different Model

Simulationsa

Net SW LW

Yr2004_BC2OC2–Yr2000 �12.2 ± 4.8 (�21.7) �5.7 ± 3.5 (�13.2) �6.4 ± 2.6 (�9.1)
Yr2004_BC3OC3–Yr2000 �14.0 ± 5.6 (�25.4) �7.6 ± 4.4 (�17.0) �6.3 ± 2.6 (�8.9)
Yr2004_BC6OC2–Yr2000 �11.5 ± 5.0 (�21.3) �5.3 ± 4.0 (�13.3) �6.2 ± 2.6 (�8.8)
Yr2004_BC6OC2–Yr2000 �9.0 ± 4.1 (�16.0) �2.8 ± 3.1 (�8.2) �6.2 ± 2.6 (�8.9)
Yr2004_BC6OC1–Yr2000 �6.3 ± 3.3 (�11.4) 0 ± 2.4 �6.3 ± 2.6 (�8.9)
Yr2004_BC4OC1–Yr2000 �7.7 ± 3.4 (�13.7) �1.3 ± 2.2 (�5.3) �6.4 ± 2.6 (�9.0)
Yr2004_BC1OC2–Yr2000 �13.0 ± 5.1 (�23.0) �6.5 ± 3.7 (�14.3) �6.5 ± 2.6 (�9.1)

aResults are given for CAM simulations for the year 2004 with altered aerosol fire emissions, and the radiative impact is
estimated by su g simulations for the year 2000. Units are W m–2.
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3.2.3. Ozone and Other Greenhouse Gases
[44] The model results show that the warming due to

ozone from the fires is only a small factor in the budget
(Table 5), on the order of 10�3Wm�2. The largest shortwave
radiative changes is actually not observed over the Alaska
region where the largest ozone changes take place, but over
the Arctic region and Greenland. The high albedo of these
regions means that more sunlight is reflected that is then
absorbed by the ozone. Maximum values reach 90 mWm�2.
[45] We calculate a normalized TOA impact of 0.003 ±

0.001 W m�2 per Dobson unit (DU) change in ozone
averaged over AK. The values show a strong spatial
variation with values as high as 0.1 W m�2/DU. We
simulate the largest effect over regions with high surface
albedo, e.g., an average value over Greenland of 0.025 ±
0.01 W m�2/DU. Ramaswamy et al. [2001] summarize
globally and annually averaged clear sky tropospheric
forcing from different studies to be in the range from
0.041–0.059 W m�2/DU with the largest values in tropical
regions [Gauss et al., 2003]. We did not perform a model
analysis for other greenhouse gases from the fires such as
carbon dioxide and methane, but derive an estimate of their
radiative impact using the equations given by Ramaswamy
et al. [2001]. Assuming emission ratios given by Andreae
and Merlet [2001], we estimate that the fires released 450 Tg
CO2 and 1.4 Tg CH4. I istribute these amounts in the

atmosphere we calculate perturbations on the order of
0.08 ppm of CO2 and 4 ppm of CH4. This results in a
TOA change of +0.014 W m�2 and +0.0014 W m�2,
respectively, and demonstrates that over the time of the
burning greenhouse gases from the fires have a minor
impact compared to aerosols. This dominance of smoke
aerosols over ozone is in agreement with the findings by
Duncan et al. [2003] for fires in Indonesia.

4. Conclusions

[46] The radiative impacts from the 2004 Alaskan fires
have been quantified by integrating observations and model
simulations of aerosol optical depth and TOA radiation
fluxes through comparison of the record fire season of
2004 to a year of low fire activity. The advantage of a
relative comparison is that model-measurement biases such
as exist in non-fire-related aerosol concentrations have little
impact on the study. We have shown that by simultaneously
analyzing TOA fluxes and aerosol optical depth we are able
to extract additional information about the amount, the type
and the radiative characteristics of aerosols.
[47] Over the region of Alaska we find that the TOA

radiative cooling during the summer of 2004 compared to
the summer of 2000 is mostly explained by higher surface
temperatures in 2004 (�6.7 ± 2.6 W m�2) and the scattering

Figure 8. Dependence of fire-related TOA shortwave RF (color coded) and AOD (defined by symbol
size) on the atmospheric burden of carbon aerosols and the emissions ratio of CB to organic carbon (OC).
The latter is approximated by the ratio of the burdens of black carbon (BC):OC. Data points shown are
derived by subtracting Yr2000 monthly and summertime mean values from Yr2004 and Yr2004BCxOCy

monthly and summertime mean values. Isolines derived from linear regression analysis for TOA (solid
lines) and AOD (dotted lines) are indicated. Crosses symbolize the location of observations. They are
composed of summertime averaged TOA SW RF from CERES and MODIS and MISR AOD. MODIS
and MISR AOD have been averaged over summertime, and the mean summertime AOD for 2000 has
been subtracted.
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of solar radiation on organic aerosols emitted from the fires
(�3.9 ± 1.9 W m�2). The cooling effect is mitigated by
absorption of solar radiation by black carbon fire aerosol
(0.7 ± 0.4 W m�2), and to a lesser extent by greenhouse
gases from the fires. While on a short timescale aerosols have
a much stronger impact than greenhouse gases, on longer
timescales (�years) the effect of greenhouse gases becomes
relatively more important because of their longer lifetime.
[48] Our results indicate that the aerosol emissions from

the fires are underestimated. Further we find that the aerosols
need to be more absorptive than currently modeled. The
absorptivity can be increased by either enhancing the emis-
sions ratio of black carbon to organic carbon aerosols or by
increasing the absorptivity of the aerosols themselves. With
no change in aerosol properties, we estimate that the BC:OC
emissions ratio should be 0.25 when model simulations are
compared to MISR AOD and close to 0.5 for MODIS AOD.
Both estimates are on the higher end of values found in the
literature, but only a few studies have specifically focused on
boreal fires. Model uncertainties in assumptions of aerosol
optical properties, in aerosol transport and removal process-
es, and in observational data sets place rather large error bars
on the estimated emission ratio. For example, the increase in
ER can be seen as equivalent to an increase in aerosol
absorption that could be achieved when changing the repre-
sentation of aerosol optics in the model. Jacobson [2001]
found an increase in direct BC forcing by a factor of 2 when
treating black carbon aerosols as a coated core instead of
externally mixed as currently assumed in our model. Note
also that the 2004 wildfires in Alaska and Canada contained a
significant amount of peat burningwhose emission character-
istics have not been well documented in the literature. The
study demonstrates the complexity of the problem and points
out the need for additional observations of aerosol loading,
aerosol speciation and aerosol optical properties from bio-
mass burning as well as improved aerosol treatment in
climate models, so as to evaluate emission inventories and
model assumptions of aerosol optical properties. Measure-
ments are particularly needed for boreal fires, where the
impact of peat burning has been largely unexplored. The
observed and forecasted impacts of climate change are great-
est at northern latitudes, and recent research [Flannigan et al.,
2003] indicates that more frequent and severe fires are
expected as the climate changes. This will have a significant
impact on the ecosystems in the boreal/Arctic zones in
particular and on the globe in general.
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