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Abstract. The Global Fire Assimilation System (GFASv1.0)

calculates biomass burning emissions by assimilating Fire

Radiative Power (FRP) observations from the MODIS in-

struments onboard the Terra and Aqua satellites. It corrects

for gaps in the observations, which are mostly due to cloud

cover, and filters spurious FRP observations of volcanoes,

gas flares and other industrial activity. The combustion rate

is subsequently calculated with land cover-specific conver-

sion factors. Emission factors for 40 gas-phase and aerosol

trace species have been compiled from a literature survey.

The corresponding daily emissions have been calculated on

a global 0.5◦ ×0.5◦ grid from 2003 to the present. General

consistency with the Global Fire Emission Database version

3.1 (GFED3.1) within its accuracy is achieved while main-

taining the advantages of an FRP-based approach: GFASv1.0

makes use of the quantitative information on the combus-

tion rate that is contained in the FRP observations, and it

detects fires in real time at high spatial and temporal resolu-

tion. GFASv1.0 indicates omission errors in GFED3.1 due

to undetected small fires. It also exhibits slightly longer fire

seasons in South America and North Africa and a slightly

shorter fire season in Southeast Asia. GFASv1.0 has already

been used for atmospheric reactive gas simulations in an in-

dependent study, which found good agreement with atmo-

spheric observations. We have performed simulations of the

atmospheric aerosol distribution with and without the assimi-

lation of MODIS aerosol optical depth (AOD). They indicate

that the emissions of particulate matter need to be boosted

by a factor of 2–4 to reproduce the global distribution of

organic matter and black carbon. This discrepancy is also

evident in the comparison of previously published top-down

and bottom-up estimates. For the time being, a global en-

hancement of the particulate matter emissions by 3.4 is rec-

ommended. Validation with independent AOD and PM10 ob-

servations recorded during the Russian fires in summer 2010

show that the global Monitoring Atmospheric Composition

and Change (MACC) aerosol model with GFASv1.0 aerosol

emissions captures the smoke plume evolution well when

organic matter and black carbon are enhanced by the rec-

ommended factor. In conjunction with the assimilation of

MODIS AOD, the use of GFASv1.0 with enhanced emission

factors quantitatively improves the forecast of the aerosol

load near the surface sufficiently to allow air quality warn-

ings with a lead time of up to four days.

1 Introduction

Biomass burning occurs in all vegetated terrestrial ecosys-

tems. Humans ignite most fires in the tropics and subtrop-

ics. Lightning strikes are another important ignition mecha-

nism, particularly in remote boreal regions. Fires contribute

to the build-up of atmospheric carbon dioxide (CO2) through

deforestation and peatland fires. There are indications that

some areas are experiencing an increase in the fire frequency,

which would also lead to a rise in atmospheric CO2 (West-

erling et al., 2006). Fires also emit other greenhouse gases

and are a major source of aerosols, carbon monoxide (CO),

oxides of nitrogen (NOx) and other reactive trace gases, im-

pacting local and regional air quality. Overall, fires impact 8

out of 13 identified radiative forcing agents (Bowman et al.,

2009). In addition, they can indirectly impact the fluxes of

water and energy.
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Because of the large spatial and temporal variability of

biomass burning, emissions monitoring and forecasting must

be based on satellite observations of the currently active fires

(Kaiser et al., 2006). Several systems that monitor and fore-

cast global and regional air quality and visibility include

modules that calculate fire emissions from satellite-based ob-

servations of burnt area or hot spots (Freitas et al., 2005; Reid

et al., 2009; Sofiev et al., 2009).

The European Union (EU) is funding the development

and implementation of services for the Global Monitoring

for Environment and Security (GMES) atmospheric moni-

toring service in the Monitoring Atmospheric Composition

and Change (MACC) project. It provides global atmospheric

composition monitoring and forecasting services, alongside

European air quality forecasts (Hollingsworth et al., 2008).

In order to provide accurate estimates of aerosol, reactive

gas and greenhouse gas emission fluxes to the atmospheric

systems, a global fire assimilation system (GFAS) based on

satellite-based fire radiative power (FRP) products is being

developed. A preliminary version of the system that is de-

scribed in this study, GFASv0, has been operated in real time

by MACC and its predecessor project, GEMS, since October

2008 (Kaiser et al., 2009a,b). Figure 1 shows an example

product from the current system.

In this publication, we describe the global fire assimilation

system GFASv1.0, present an update to the emission factor

compilation by Andreae and Merlet (2001), and compare the

resulting emissions to those of the GFED3.1 inventory (van

der Werf et al., 2010). We also test the emissions of aerosols

with the MACC aerosol assimilation system (Benedetti et al.,

2009) and evaluate its performance during the Russian fires

of July–August 2010.

2 Methodology

2.1 Fire observation product processing

2.1.1 Fire observation input

The Moderate Resolution Imaging Spectroradiometer

(MODIS) instruments on the polar orbiting satellites Aqua

and Terra observe the thermal radiation from biomass

burning and other sources around 3.9 µm and 11 µm wave-

length. NASA is producing the fire product MOD14 (Justice

et al., 2002; Giglio, 2005), which contains a quantitative

observation of the fire radiative power (FRP) in addition to

the long established binary active fire flag. FRP has been

quantitatively linked to the combustion rate (Wooster et al.,

2005) and aerosol emission rate (Ichoku and Kaufman,

2005) of a fire.

Since thermal radiation cannot penetrate clouds, satellite

observations of active fires are limited to cloud-free areas.

The MODIS products also exclude observations over snow

and ice cover and over water bodies. Furthermore, their sam-

pling frequency is limited by the sun-synchronous orbit of

the Terra and Aqua satellites.

MACC has acquired the products in real time from NOAA

from June 2008 to February 2011 and from NASA from

March 2011 onwards. Re-processed Collection 5 products

have been downloaded from NASA for earlier dates.

2.1.2 Gridding and cloud correction

The FRP products generally represent the fires observed by

the satellite in units of Watt for each satellite pixel. The

global fire assimilation system (GFAS) aggregates all obser-

vations onto a global grid of 0.5◦ resolution. Finer grid res-

olutions are not yet produced because of the larger effort to

process such data.

In the first processing step, the observed FRP Fi , the area

Ai and the view zenith angle θi are calculated for all satel-

lite pixels i with valid observations of fire (Fi > 0) or no-fire

(Fi = 0). Satellite pixels without valid observations, mostly

due to water, ice or cloud cover, are ignored. The total ob-

served FRP and total satellite observed area in each global

grid cell j can be expressed as

< F >j =
∑

i∈j Fi cos2(θi)
∑

i∈j cos2(θi)
(1)

< A>j =
∑

i∈j Ai cos2(θi)
∑

i∈j cos2(θi)
. (2)

These equations are weighted summations, where the

weighting factor cos2(θi) partially compensates the bow-tie

effect of the MODIS scan geometry. The weighting is dis-

cussed in more detail below. Using these quantities, the ob-

served FRP areal density ̺j and fraction γj of satellite ob-

served area in each global grid cell j are calculated as

̺j = < F >j

< A>j

(3)

=
∑

i∈j Fi cos2(θi)
∑

i∈j Ai cos2(θi)
(4)

γj =
∑

i∈j Ai cos2(θi)

aj

, (5)

where aj denotes the area of the global grid cell j , γj ∈
[0,∞[ and ̺j ∈ [0,∞[. Grid cells without any valid obser-

vations have γj = 0 and ̺j = 0, whereby they will not have

any effect on the following calculations.

The approach implicitly assumes that the fire distribution

in the observed part of each grid cell is representative for

the entire grid cell. For partially cloudy grid cells, the as-

sumption is valid whenever the interactions between fires and

clouds are negligible. Thus partial cloud cover is automati-

cally corrected for. The approach also treats water bodies

and snow cover as if they could burn. The error introduced

for water bodies is subsequently corrected with a land frac-

tion mask, see Sect. 2.1.4. The error introduced in partly

Biogeosciences, 9, 527–554, 2012 www.biogeosciences.net/9/527/2012/
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Fig. 1. Daily average Fire Radiative Power (FRP) density [mW m−2] analysis of GFASv1.0 for 4 June 2011, based on observations from the

two MODIS instruments. Equidistant cylindrical projection, 0.5◦ resolution. Published at http://gmes-atmosphere.eu/fire on 5 June 2011.

snowy grid cells is neglected because there is generally very

little biomass burning in such grid cells.

The particular geometry of the MODIS scan with in-

creasing pixel areas towards the swath edges leads to a

scan-to-scan overlap for off-nadir pixels. It increases with

the viewing angle and is often called “bow-tie effect”

Wolfe et al. (2002), Freeborn et al. (2010, Fig. 1b). This

leads to oversampling of the off-nadir surface areas within

each MODIS granule. When calculating the total FRP of

a grid cell, the duplicate observations of an individual fire

should be corrected for. In Eq. (4), it is automatically cor-

rected for because the multiple observations of the non-

burning areas are included in the summations in just the same

way in which the multiple observations of burning areas are

included. Therefore, the FRP density ̺j of is not affected by

the scan-to-scan oversampling of the bow-tie effect.

The dependence on the viewing angle θi is important

in Eq. (5) because γj serves as weight when several

MODIS overpasses of a grid cell are merged as described

in Sect. 2.1.3. Without the factor cos2(θi), the multiple ob-

servations of off-nadir areas would increase the correspond-

ing γj , giving these observations more weight than those lo-

cated closer to the sub-satellite track. We find that the fac-

tor cos2(θi) reduces γj to similar values across the MODIS

scan. It thus gives the combined multiple observations near

the swath edges the same weight as the single observations

near the sub-satellite track. In this sense, it compensates the

bow-tie effect that is shown in Freeborn et al. (2010, Fig. 8c).

The factor does not compensate for the increase of the detec-

tion threshold towards the swath edges shown in Freeborn

et al. (2010, Fig. 8a, b).

In the presented dataset, the summations in Eqs. (1)–(5)

have been done for each individual MODIS granule, which

corresponds to time periods of five minutes. For such an indi-

vidual granule, the viewing angle θi is about constant within

each 0.5◦ grid cell and the observed areal FRP density could

consequentially be calculated as

̺j ≈
∑

i∈j Fi
∑

i∈j Ai

(6)

instead of Eq. (4). This formulation has been used in

GFASv0 (Kaiser et al., 2009b,a). In GFASv1.0, the de-

pendence on the viewing angle is implemented according to

Eqs. (1)–(5) to allow for a processing configuration in which

the summations cover another number of granules, even from

both instruments, see Sect. 2.1.3. Furthermore, this formula-

tion allows the consistent processing on a grid with coarser

resolution, where θi might vary considerably within one grid

cell.

The MOD14 product contains all required quantities for

the fire pixels and a bitmask that identifies the no-fire pixels.

The pixels areas Ai are calculated following the polynomial

approximation in Giglio (2005, Sect. 6.4.5). According to

this approximation, the nadir pixel area is 1.01 km2, imply-

ing a slight oversampling. Therefore, the fraction of satellite

observed area γj may be larger than unity. The pixel area

rises to 9.74 km2 at the swath edge. The geolocation and

www.biogeosciences.net/9/527/2012/ Biogeosciences, 9, 527–554, 2012
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Fig. 2. Effective number of satellite observations of grid cells (ηj γ̃j ) by MODIS on Terra (top) and Aqua (bottom) on 4 June 2011, 00:00–

24:00 UTC. Equidistant cylindrical projection, 0.5◦ resolution. (ECMWF experiment IDs fbl5 and fbl7)

view zenith angles θi are calculated with a custom parame-

terisation from the granule corner coordinates.

2.1.3 Merging

In order to obtain a combined representation of several grid-

ded satellite products, an estimate of the accuracies of the

products in each of the grid cells is needed. The assump-

tions made when observation gaps occur arguably introduce

the largest errors. Therefore, only the representativity error

is considered here. Its standard deviation ςj is assumed to

be inversely proportional to the square root of the weighted

fraction of observed area:

ςj = b
√

γj

(7)

ς−2
j = b−2γj , (8)

where b denotes the proportionality constant. Let an addi-

tional index k distinguish several different satellite products.

Then, these are merged using optimal interpolation as

˜̺j = ς̃2
j

∑

k

ς−2
j,k ̺j,k (9)

= γ̃ −1
j

∑

k

γj,k̺j,k (10)

ς̃−2
j =

∑

k

ς−2
j,k (11)

= b−2 γ̃j (12)

with γ̃j ≡
∑

k

γj,k . (13)

In the presented dataset, these equations are used to merge

the observations in each MODIS granule, as represented in

Eqs. (4)–(5), for each day (00:00–24:00 UTC). Since the de-

pendence on the viewing angle in Eq. (5) compensates the

multiple observations near the swath edge, the weighting in

Eq. (10) depends on the number of MODIS overpasses and

the cloud cover of each grid cell, but not on the grid cell’s

position in the swath of any of the MODIS overpasses.

Biogeosciences, 9, 527–554, 2012 www.biogeosciences.net/9/527/2012/
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The merging formalism accomplishes a combined repre-

sentation of simultaneous observations with separate geo-

graphical coverage on the one hand, and a temporally av-

eraged representation of repeated observations of any given

geographical area on the other hand. γ̃j may be interpreted

as effective number of observations of the entire grid cell j

and repeated observations will lead to γ̃j ≫ 1. For example,

two observations of a cloud-free grid cell or five observations

of a grid cell with 60 % cloud cover will both entail the same

γ̃j ≈ 2. The formalism will also be used in future versions of

GFAS to merge coincident observations from geostationary

satellite instruments with the MODIS observations.

Note that Eqs. (4), (5), (10), (12) and (13) constitute a con-

sistent framework in which the distribution of the individual

satellite pixels into the satellite products k does not influence

the gridded representation of the merged observations. This

becomes evident when Eqs. (4) and (5) are substituted into

Eqs. (10) and (12):

˜̺j =
∑

k

∑

ik∈j Fik cos2(θik )
∑

k

∑

ik∈j Aik cos2(θik )
(14)

ς̃−2
j =

∑

k

∑

ik∈j Aik cos2(θik )

aj

, (15)

where ik denotes pixel i of satellite product k, e.g. MODIS

granule k. Each nested summation over satellite products

k and their individual pixels ik can be rearrange as a sin-

gle summation over all satellite pixels of the satellite prod-

ucts. Consequently, these equations are equivalent to Eqs. (4)

and (5) with extended summation ranges. Therefore, the

merged GFAS products for any given day do not depend on

the grouping of the satellite products during the gridding in

Eqs. (4) and (5).

2.1.4 Static corrections

It is known a priori that water sub-grid cell areas cannot con-

tain biomass burning. However, since water satellite pixels

are excluded from the sums in Eqs. (3)–(5), the merged FRP

density ˜̺j erroneously assumes for any sub-grid water area

the same fire distribution as for the land area of the grid cell.

This is corrected with the unit-less land fraction ηj of each

grid cell j . Furthermore, observations that are known to con-

tain spurious FRP signals due to infra-red emissions of vol-

canic eruptions, gas flares and other industrial activity are

masked with a map δj that contains vanishing values in these

grid cells and unity elsewhere:

ρ̃j = ηj δj ˜̺j (16)

σ̃−2
j = ηj δj ς̃−2

j (17)

= b−2α̃j (18)

with α̃j ≡ ηj δj γ̃j (19)

where Eqs. (18)–(19) follow from Eq. (12).

The standard land sea mask of ECMWF’s Integrated Fore-

casting System (IFS) is used for ηj .

The achieved global sampling is illustrated in Fig. 2, which

shows the merged fractions ηj γ̃j of satellite observed area of

the two MODIS instruments for one 24-h interval. Each in-

strument performs typically 1–2 effective observations per

day of any grid cell. Taking both instruments into account

typically yields between 3 and 4 observations per day, from

which a single daily emission rate is derived for use in the

atmospheric models. We assume with Eq. (9) that the ob-

servations provide a sufficiently representative sampling of

the diurnal cycle of the fires. With this assumption, the daily

mean value of FRP is simply the mean of the FRP ≥ 0 ob-

servations. Thus any assumption on the diurnal fire cycle or

duration of the observed fires is avoided. The inaccuracy in-

troduced by assuming that the fire observations are represen-

tative would clearly be reduced by also taking geostationary

fire observations into account, which is planned for future

versions of GFAS. In any case, significant observation gaps

due to persistent cloud cover remain.

The spurious FRP mask δj removes all observations from

57 0.5◦ grid cells that were found to contain a strong signal

from volcanic eruptions, gas flares and other industrial activ-

ity. For the identification, the MODIS FRP observations of

2003–2009 were gridded on a 0.1◦ grid, observations gaps

were filled with a Kalman smoother based on the Kalman

filter in Eq. (32), and the field was temporally integrated to

yield a gridded map of the Fire Radiative Energy (FRE). The

grid cells of the map were ranked by magnitude. Aerial im-

agery on Bing Maps (http://www.bing.com/maps/) was used

to visually identify the source of the FRE signal in the top

80 grid cells. 65 % of these were identified either as gas

flaring signals or as other industrial signals (metallurgical or

crude oil processing plants). The latter produce 80 PJ FRE,

equivalent to 0.3 % of the global total FRE. Another 18 % are

identified as volcanic signals (namely the active volcanoes

Fuego, Kilauea, Klyuchevskaya Sopka, La Cumbre, Mount

Etna, Nyamuragira, Nyiragongo, Pacaya, Piton de la Four-

naise, Semeru, Shiveluch, Sierra Negra), making up in total

47 PJ. Finally, another 18 % are identified as biomass burn-

ing signals, making up in total 22 PJ. Interestingly, fires in

the peat swamp forests of Sumatra lead the ranking of fire

events in terms of FRE. This is not caused by the intensity

of one single observation, but due to persistent burning over

longer time periods.

2.1.5 Daytime and night-time fire radiative energy

The data assimilation and emission calculation described be-

low is based on daily merged observations from the two

MODIS instruments. Additionally, the merged daytime and

night-time observations are presented in Sect. 3. They are

derived by calculating merged hourly observations, setting

α̃j = 0 for all grid cells with local time in the time intervals

21:00–09:00 and 09:00–21:00, respectively, and averaging

www.biogeosciences.net/9/527/2012/ Biogeosciences, 9, 527–554, 2012
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Table 1. List of days in the period January 2003 to April 2011 with suspicious data in the MODIS MOD14 products.

26 Jan 2003 8 Mar 2006 7 Jul 2008 4 Apr 2009 15 Aug 2009 30 Jul 2010

14 Mar 2003 19 Nov 2006 22 Oct 2008 3 Mar 2009 3 Noc 2009 8 Feb 2011

2 Mar 2004 13 Dec 2007 30 Oct 2008 10 Mar 2009 25 Feb 2010

26 Dec 2004 16 Feb 2008 8 Dec 2008 5 Aug 2009 6 Jun 2010

all hourly observations in any 24-h period. The Fire Radia-

tive Energy (FRE) is subsequently calculated by integrating

the FRP over the respective time periods.

2.1.6 Quality control

Observation and processing errors in the input data can lead

to large errors in the GFAS fire products. This became appar-

ent in the evaluation of the preliminary GFASv0 data. There-

fore, a simple observation quality procedure, which anal-

yses the daily merged and corrected MODIS observations,

has been implemented. When the FRP density ρ̃j in any

grid cell j of the regular 0.5◦ latitude-longitude grid is larger

than 20 W m−2 or when the global mean of the field is larger

than 800 µW m−2, a suspicious quality flag is raised and no

observations are used in the data assimilation described be-

low. Typically, the extremely large values result from ex-

treme FRP values throughout all pixels of a MODIS gran-

ule, which are judged to be erroneous. The flag is raised no

more than two times per year for the re-processed MOD14

products, cf. Table 1, 2003–2007. The real time MOD14

products raise the quality flag six times in 2009 and less fre-

quently since, which indicates improvements in the real time

processing chain.

2.2 Fire data assimilation

Since the observations contain gaps, mostly due to cloud

cover, obtaining the best discrete estimate ρ̂t for the true,

continuous FRP density ρ(t) requires the use of additional

information. We use data assimilation to obtain the addi-

tional information from earlier observations. The best esti-

mate that can be made of the true state ρt at a specific time

step t , given the measurements up to and including t , is given

by a Kalman filter (Rodgers, 2000, p. 122–124).

Our system model of FRP density ρt at time step t as-

sumes persistence from the previous time step t −1 and the

observations yield FRP density ρ̃t at the time step t . Thus the

observation operator is a unity operator:

ρt = ρt−1 +ǫt (20)

ρ̃t = ρt + ǫ̃t , (21)

where ǫt and ǫ̃t represent the variations in the true FRP den-

sity, which are not modelled, and the observation error, re-

spectively. Let σt and σ̃t denote the corresponding error stan-

dard deviations. The system model is a scalar random walk,

except for allowing a time-dependence in the standard de-

viation σt of the model error ǫt . Then the model a priori

prediction for time step t is

ρ̆t = ρ̂t−1 (22)

σ̆ 2
t = σ̂ 2

t−1 +σ 2
t (23)

and optimal interpolation with the observation yields the as-

similated “analysis” field

ρ̂t = σ̂ 2
t

(

σ̆−2
t ρ̆t + σ̃−2

t ρ̃t

)

(24)

= σ̂ 2
t

(

ρ̂t−1

σ̂ 2
t−1 +σ 2

t

+ ρ̃t

σ̃ 2
t

)

(25)

σ̂−2
t = σ̆−2

t + σ̃−2
t (26)

= 1

σ̂ 2
t−1 +σ 2

t

+ 1

σ̃ 2
t

. (27)

Since the presented system implements a time step of one

day, the diurnal cycle of fires does not contribute to the error

term ǫt . The day-to-day variability has to be accounted for,

however. As little is known quantitatively about this term,

and in the interest of implementing a globally stable system,

we represent the FRP density uncertainty due to day-to-day

variability by inflating the variance of the last available FRP

density estimate threefold, i.e. σt = 3σ̂t−1:

ρ̂t = σ̂ 2
t

(

ρ̂t−1

10σ̂ 2
t−1

+ ρ̃t

σ̃ 2
t

)

(28)

σ̂−2
t = 1

10
σ̂−2

t−1 + σ̃−2
t . (29)

For the first time step, t = 0, of the assimilation, we as-

sume that no a priori information on the fire distribution is

available.

σ̂−2
−1 = 0 . (30)

Thus the FRP density field is solely determined by the obser-

vations.

The Kalman filter can be formulated with the corrected

weighted fraction α̃t of observed area instead of the variance

σ̂ 2
t of the FRP density estimate ρ̂t by defining the quantitative

confidence

α̂t ≡ b2 σ̂−2
t , (31)

Biogeosciences, 9, 527–554, 2012 www.biogeosciences.net/9/527/2012/
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Table 2. Land cover classes l used in GFASv1.0 (Col. 1), their

abbreviation in this manuscript (Col. 2), the associated conver-

sion factor βl [kg(dry matter) MJ−1] linking fire radiative power in

GFASv1.0 and dry matter combustion rate in GFEDv3.1 (Col. 3),

and fuel type used for species emission calculations in Eq. (36)

(Col. 4). βl is used in Eq. (35) to calculate the dry matter com-

bustion rate estimate of GFASv1.0.

land cover class abbrev. conv. factor fuel type

savannah SA 0.78 SA

savannah with organic soil SAOS 0.26 SA

agriculture AG 0.29 AG

agriculture with organic soil AGOS 0.13 AG

tropical forest TF 0.96 TF

peat PEAT 5.87 PEAT

extratropical forest EF 0.49 EF

extratropical forest EFOS 1.55 EF

with organic soil

Fig. 3. Land cover class map based on dominant fire type in

GFEDv3.1 and organic soil and peat maps. Gaps in land areas have

been filled. Equidistant cylindrical projection, 0.5◦ resolution.

which is based on the weighted observed area fractions, and

by using Eq. (18):

ρ̂t = 1

α̂t

(

α̂t−1

10
ρ̂t−1 + α̃t ρ̃t

)

(32)

α̂t = α̂t−1

10
+ α̃t (33)

α̂−1 = 0 . (34)

2.3 Combustion and species emission rates

Wooster et al. (2005) have proposed a universal conver-

sion factor of 0.368 kg MJ−1 that links the FRP to dry

matter combustion rate. The conversion factor was cal-

culated from ground-based experiments linking direct FRP

observations of small-scale fires to their fuel consumption.

Since the MODIS FRP observations miss some proportion of

small fires, and have no atmospheric correction implemented

within them, the corresponding factor linking the GFAS FRP

density to the true fuel consumption is expected to be higher.

Consequently, the preliminary version of the MACC global

fire assimilation system, GFASv0, was based on a univer-

sal conversion factor and its value that was chosen to be

1.37 kg MJ−1 following a comparison to the global emission

budgets of the GFED2 inventory (Kaiser et al., 2009a).

Heil et al. (2010, 2012) have analysed linear regressions

between the FRP of GFASv1.0 from Eq. (32) and the dry

matter combustion rate of GFEDv3.1. They find that the

conversion factor linking GFAS FRP and GFED dry mat-

ter combustion rate depends on the land cover type and have

determined conversion factor values βl for eight land cover

classes l. We assume that GFED describes the real fire activ-

ity sufficiently accurately to interpret the conversion factors

βl as link between the FRP of GFAS and the real dry matter

combustion rate. The dry matter combustion rate f (DM) for

each grid cell is thus calculated as

f (DM) =
8
∑

i=1

δi,lβi ρ̂ , (35)

where l ∈ [1,8] denotes the land cover class of each grid cell

and δ is Kronecker’s delta (e.g. Wüst, 2009, p. 370). The

land cover classes are derived from the dominant burning

land cover type in GFED3.1 and additional organic soil and

peat maps, see Heil et al. (2012). The land cover classes and

associated conversion factors are listed in Table 2, Col. 1–

3, and the geographical land cover distribution is shown in

Fig. 3.

It should be noted that systematic discrepancies between

the GFED and GFAS dry matter combustion rate distribu-

tions and budgets may occur because the conversion factors

βi have been derived using a linear regression, as opposed to

a simple scaling of budgets.

The emission rate densities f (s) [g(s) s−1 m−2] for 40

smoke constituents s are calculated with the emission fac-

tors κ(s) listed in Table 3 from the dry matter combustion

rate density f (DM) as

f (s) = κ(s)f (DM) , (36)

where the mapping of land cover classes into species emis-

sion classes listed in Table 2, Col. 4, is used to determine the

applicable emission factor κ(s) in Table 3.

The combustion rate density expressed in terms of burning

carbon [g(C) s−1 m−2] is finally calculated from the emission

rate densities of the five dominant species, using the atomic

masses of the involved elements:

f (C) = 12 ·f (CO2)

12+2 ·16
+ 12 ·f (CO)

12+16
+ 12 ·f (CH4)

12+4 ·1 +

f (OC)+f (BC) (37)
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Table 3. Emission factors [g(species) kg−1(DM)] for the different fuel types as defined in Table 2. Values are taken from Andreae and

Merlet (2001) with updates from the literature through 2009, unless otherwise marked. The most recent updates, which will be included in

the next version of GFAS, are given in bold font. Some values by Akagi et al. (2011) are given in italic font for comparison.

Species SA TF EF AG PEAT

CO2 1646 1626 1572 1308 1703g

CO 61 101 106 92 210g

CH4 2.2 6.6 4.8 8.4 20.8g

NMHC 3.4 7.0 5.7 9.9 12.1f

H2 0.98 3.5 1.8 2.7 3.5a

NOx 2.1 2.3 3.4 2.3 1.0g

N2O 0.21 0.24d 0.26 0.10 0.24a

PM2p5 4.9 9.1 13.8 8.3 9.1a

7.17 9.1 15.0 6.26–14.8

TPM 8.5 11.8 17.6 12.4 11.8a

TC 3.7 6.0 8.3 3.7c 6.1f

4.2

OC 3.2 4.3 9.1 4.2 6.0g

2.62 4.71 8.6–9.7 2.30–9.64 6.23

BC 0.46 0.57 0.56 0.42 0.04g

0.37 0.52 0.56 0.75–0.91 0.20

SO2 0.37 0.71 1.0 0.37c 0.71a

C2H6 (Ethane) 0.32 1.1 0.72 1.2 1.1a

CH3OH (Methanol) 1.5 3.0 1.9 3.7 8.5g

C2H5OH (Ethanol) 0.018b 0.018b 0.018 0.018b 0.018a

C3H8 (Propane) 0.087 1.0 0.27 0.16 1.0a

0.54

C2H4 (Ethylene) 0.84 1.5 1.2 1.3 2.6g

C3H6 (Propylene) 0.34 1.1 0.57 0.57 3.4g

0.76

C5H8 (Isoprene) 0.026 0.22 0.11 0.40 1.4g

Terpenes 0.014 0.12d 0.22 0.005 0.12a

Toluene lump 0.47 0.66 0.98 0.56 4.7f

Higher Alkenes 0.32 0.51 0.47 0.28 0.51a

Higher Alkanes 0.13 0.17 0.29 0.41 0.16a

CH2O (Formaldehyde) 0.71 2.2 2.2 2.1 1.4g

1.06

C2H4O (Acetaldehyde) 0.50 2.3 0.98 2.8 3.3g

C3H6O (Acetone) 0.48 0.63 0.67 1.1 1.5g

NH3 0.74 0.93 1.6 1.6 20g

0.90

C2H6S (DMS) 0.001 0.16 0.081e 0.001c 0.16a

C7H8 (Toluene) 0.18 0.24 0.40 0.18 1.6g

C6H6 (Benzene) 0.28 0.37 0.53 0.31 3.2g

C8H10 (Xylene) 0.015 0.043 0.049 0.067 0.043a

0.043 0.087 0.20 0.11

C4H8 (Butenes) 0.16 0.25 0.28 0.20 0.25a

C5H10 (Pentenes) 0.062 0.13 0.092 0.050 0.13a

0.02

C6H12 (Hexene) 0.090 0.11 0.094 0.028 0.11a

C8H16 (Octene) 0.006 0.012 0.005 0.003 0.012a

C4H10 (Butanes) 0.026 0.056 0.13 0.032 0.056a

C5H12 (Pentanes) 0.015 0.022 0.075 0.059 0.022a

C6H14 (Hexanes) 0.072 0.062 0.051 0.25 0.062a

0.12 0.07

C7H16) (Heptane) 0.020 0.026 0.032 0.070 0.026a

0.032

a Values from TF.
b Values from EF.
c Values from SA.
d Values from mean of SA and EF.
e Values from mean of SA and TF.
f Values from sum of other species.
g Values from Christian et al. (2003).
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Table 4. Average global and regional combustion budgets [Tg(C) a−1] during 2003–2008 in GFED3.1 and GFASv1.0.

region abbrev. GFED GFAS latitudes [◦ N] longitudes [◦ E]

Globe global 1991 2117 −90–90 0–360

North America NAme 76 102 30–75 190–330

Central America CAme 43 67 0–30 190–330

South America SAme 333 377 −60–0 190–330

Europe Euro 17 33 30–75 330–60

North Africa NHAf 461 430 0–30 330–60

South Africa SHAf 574 517 −35–0 330–60

North Asia NAsi 138 227 30–75 60–190

South Asia SAsi 107 131 10–30 60–190

Tropical Asia TAsi 119 97 −10–10 60–190

Australia Aust 119 131 −50–−10 60–190

East of Moscow EoMo 3.3 5.4 50–60 35–55

2.4 Emission factors

The emission factors in Table 3 are based on a version of

the compilation by Andreae and Merlet (2001), with addi-

tional information from a literature survey covering papers

published from 2001 to 2009. This data is complemented

by results from Christian et al. (2003) for peat fires, a cate-

gory not covered by Andreae and Merlet (2001). The emis-

sion factor estimates were obtained by converting the avail-

able literature data, which had been reported in a variety of

ways as emission factors or emission ratios to various species

in the original publications, into a common format as emis-

sion factors, i.e. the mass of species emitted per mass of dry

fuel combusted. Where necessary, appropriate assumptions

regarding fuel carbon content, emission ratios of reference

species to CO2, ratios of flaming to smouldering combustion,

etc., were made. In cases where no published emission data

exist, we extrapolated values based on available data from

other emission classes by scaling the emission factors with

appropriate reference species, usually CO. The accuracy of

the emission factor estimates is highly variable, depending

on the number and quality of original data that each value

is based on. An indication of the variance of the emission

values is given in Andreae and Merlet (2001), and it can be

assumed that the values given are more accurate than those in

Andreae and Merlet (2001) since they are based on a larger

number of samples. A further updated version of the com-

pilation by Andreae and Merlet (2001) is in preparation, and

future versions of GFAS will be implemented using those

values, as well as implementing spatial and temporal vari-

ability in emission factors following, e.g., van Leeuwen and

van der Werf (2011).

3 Results

3.1 Regional fire radiative energy

Temporally integrating the corrected FRP density ρ̃ from

Eq. (16) yields the observed fire radiative energy density

[J m−2]. Subsequent spatial integration gives regional bud-

gets of observed fire radiative energy [J]. Such budgets have

been calculated separately for the daytime and night-time ob-

servations, cf. Sect. 2.1.5. They are shown in Fig. 4 for the

months January 2003 to April 2011 and the regions defined

in Table 4. The fire radiative energy budgets based on the

quality-controlled and observation gap-filled best estimate ρ̂t

of the FRP density, which is used for subsequent emission

calculations, is also plotted.

The diurnal cycle of biomass burning leads to a clear sep-

aration of the observed energy release during daytime and

night-time. It is particularly pronounced in regions with sa-

vannah fires that are extinguished during the night, e.g. in

Africa, where our results are consistent with an earlier study

by Roberts et al. (2009), which was based on FRP observa-

tions from SEVIRI aboard Meteosat-8. In regions with fire

seasons that comprise large events burning for several days

and nights, e.g. Europe and the boreal regions of America

and Asia, an increase in the relative contribution of night-

time energy release is observed. Giglio (2007) has previously

characterised the diurnal cycle of tropical fires with fire count

observations from VIRS aboard TRMM and MODIS in great

detail. While our study does not achieve the same temporal

resolution, it provides global coverage and uses the quantita-

tive information of the FRP observations.

The best estimates of the daily fire radiative energy ap-

proximately equals the sum of the observed daytime and

night-time observations. This shows that the fires are rel-

atively well observed and supports the assumption of suffi-

cient representation of the diurnal variability of the fires in

Eq. (9), cf. Sect. 2.1.4. Differences arise due to the following

mechanisms:
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Fig. 4. Monthly fire radiative energy (FRE) observed by MODIS as used in GFASv1.0 for the entire globe and for several regions as defined

in Table 4. Also shown is the subsequent FRE analysis (“24 h assimilation”).
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Fig. 4. Continued.
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Table 5. Average annual emission [Tg] for the species defined in Table 3 in the regions defined in Table 4 from GFASv1.0 and GFED3.1.

The GFED values are set in italics below the value for GFASv1.0 where available.

Species global NAme CAme SAme Euro NHAf SHAf NAsi SAsi TAsi Aust EoMo

C 2068.8 98.4 66.5 348.9 33.1 425.5 514.4 215.7 131.8 102.9 130.1 5.6

1924.4 72.8 41.7 299.1 16.7 446.8 570.3 130.1 107.7 117.3 121.9 3.4

CO2 6906.7 321.7 222.0 1162.5 110.6 1449.1 1755.6 689.5 432.6 315.0 444.0 17.9

6508.3 241.2 141.0 1005.0 56.0 1531.9 1947.7 433.1 361.6 372.6 418.6 11.5

CO 351.520 19.492 11.424 60.903 5.579 58.413 68.859 50.942 26.224 32.096 17.432 1.271

331.115 15.727 7.338 55.068 3.048 64.829 87.192 26.711 20.019 33.710 17.473 0.646

CH4 19.042 0.877 0.634 3.460 0.343 2.439 2.721 3.257 1.687 2.951 0.666 0.108

17.555 0.722 0.410 3.195 0.215 2.861 3.990 1.340 1.207 2.915 0.699 0.051

NMHC 21.132 1.073 0.741 3.972 0.409 3.392 3.914 2.906 1.817 1.923 0.977 0.103

19.900 0.862 0.490 3.638 0.272 3.871 5.197 1.636 1.389 1.562 0.983 0.064

H2 7.565 0.331 0.314 1.759 0.115 1.125 1.226 0.875 0.878 0.653 0.287 0.029

7.405 0.272 0.191 1.594 0.077 1.295 1.836 0.499 0.580 0.759 0.303 0.018

NOx 9.529 0.632 0.308 1.589 0.159 1.891 2.293 1.179 0.607 0.272 0.594 0.025

9.431 0.505 0.203 1.428 0.084 2.058 2.700 0.837 0.517 0.517 0.582 0.017

N2O 0.948 0.050 0.031 0.162 0.013 0.191 0.230 0.105 0.062 0.045 0.058 0.002

0.847 0.039 0.018 0.127 0.006 0.195 0.252 0.064 0.045 0.045 0.055 0.001

PM2p5 29.734 2.250 1.012 5.359 0.467 4.800 5.646 4.667 2.362 1.695 1.465 0.092

29.438 1.876 0.669 4.994 0.274 5.517 7.695 3.013 1.813 2.044 1.543 0.056

TPM 44.570 3.167 1.456 7.600 0.737 7.874 9.421 6.486 3.138 2.222 2.447 0.137

43.645 2.589 0.968 6.982 0.412 8.822 11.914 4.235 2.545 2.696 2.483 0.085

TC 20.607 1.468 0.691 3.666 0.291 3.516 4.169 3.029 1.562 1.131 1.074 0.051

OC 18.157 1.582 0.553 2.836 0.282 2.960 3.575 3.235 1.154 1.016 0.957 0.052

17.652 1.323 0.378 2.682 0.146 3.391 4.715 2.047 0.964 0.999 1.008 0.028

BC 2.017 0.109 0.071 0.374 0.032 0.419 0.502 0.192 0.148 0.042 0.127 0.004

2.026 0.085 0.045 0.330 0.018 0.449 0.584 0.148 0.119 0.127 0.122 0.004

SO2 2.264 0.173 0.078 0.414 0.030 0.361 0.424 0.357 0.183 0.133 0.109 0.005

2.239 0.146 0.050 0.385 0.017 0.415 0.585 0.227 0.137 0.159 0.117 0.003

C2H6 2.540 0.130 0.103 0.569 0.046 0.369 0.404 0.327 0.284 0.209 0.097 0.012

CH3OH 9.397 0.372 0.310 1.673 0.170 1.453 1.676 1.349 0.761 1.219 0.412 0.048

C2H5OH 0.075 0.004 0.002 0.013 0.001 0.016 0.019 0.008 0.005 0.003 0.005 0.000

C3H8 1.568 0.047 0.078 0.460 0.011 0.174 0.159 0.165 0.252 0.193 0.029 0.004

C2H4 4.713 0.226 0.161 0.869 0.076 0.808 0.945 0.602 0.381 0.409 0.235 0.017

C3H6 2.952 0.106 0.103 0.578 0.037 0.383 0.420 0.457 0.285 0.484 0.098 0.012

C5H8 0.627 0.019 0.018 0.100 0.013 0.043 0.041 0.147 0.055 0.181 0.009 0.006

Terpenes 0.283 0.035 0.010 0.057 0.002 0.024 0.025 0.071 0.030 0.022 0.007 0.000

Toluene l. 3.289 0.176 0.080 0.420 0.048 0.434 0.520 0.684 0.173 0.617 0.135 0.015

H. Alkenes 1.638 0.089 0.057 0.307 0.023 0.300 0.354 0.194 0.130 0.095 0.089 0.004

H. Alkanes 0.690 0.052 0.022 0.111 0.016 0.121 0.146 0.107 0.045 0.031 0.039 0.004

CH2O 5.368 0.375 0.212 1.155 0.088 0.784 0.875 0.780 0.564 0.315 0.219 0.020

C2H4O 4.724 0.185 0.196 1.098 0.091 0.623 0.656 0.610 0.569 0.543 0.151 0.027

C3H6O 2.523 0.130 0.079 0.410 0.051 0.443 0.528 0.354 0.169 0.224 0.135 0.012

NH3 7.691 0.293 0.122 0.623 0.119 0.673 0.810 2.107 0.254 2.474 0.214 0.056

C2H6S 0.229 0.013 0.011 0.068 0.001 0.017 0.013 0.035 0.039 0.030 0.002 0.000

C7H8 1.200 0.071 0.030 0.156 0.017 0.163 0.196 0.247 0.064 0.204 0.051 0.005

C6H6 1.982 0.096 0.046 0.241 0.028 0.255 0.306 0.422 0.098 0.411 0.079 0.010

C8H10 0.115 0.008 0.004 0.023 0.002 0.016 0.018 0.019 0.011 0.008 0.005 0.001

C4H8 0.842 0.052 0.029 0.152 0.013 0.151 0.179 0.110 0.064 0.046 0.046 0.002

C5H10 0.359 0.017 0.013 0.074 0.004 0.062 0.071 0.040 0.034 0.025 0.017 0.001

C6H12 0.406 0.019 0.014 0.074 0.005 0.081 0.097 0.041 0.030 0.021 0.024 0.001

C8H16 0.032 0.001 0.001 0.007 0.000 0.006 0.007 0.003 0.003 0.002 0.002 0.000

C4H10 0.194 0.021 0.006 0.032 0.002 0.026 0.031 0.041 0.015 0.010 0.009 0.000

C5H12 0.104 0.013 0.003 0.015 0.002 0.014 0.017 0.024 0.006 0.004 0.005 0.000

C6H14 0.294 0.012 0.009 0.047 0.009 0.063 0.076 0.028 0.018 0.012 0.020 0.002

C7H16 0.099 0.006 0.003 0.017 0.003 0.018 0.021 0.013 0.007 0.005 0.006 0.001
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– Since the daily analysis fills in observation gaps, it is on

average larger than the daily observation fields, which

vanish in observation gaps. This effect is small due to

relatively good observational coverage.

– The analysis does not contain spurious observations that

are flagged by the quality control. The most pronounced

example is in December 2009, where the night-time ob-

servations in Euro, NAsi and EoMo contain extreme

values.

– The daytime and night-time observations contribute

with different weights to the analysis, depending on how

complete and frequent the individual observations have

been. This effect is small for averages over large regions

and long time periods, however.

3.2 Emissions

3.2.1 Budgets

The average global and regional emission budgets of the var-

ious species have been calculated for 2003–2008. They are

listed in Table 4, together with the corresponding values of

GFED3.1. The global budgets of the two inventories agree

within 12 %, with generally larger values in GFAS. The emis-

sion budgets of 6907 Tg(CO2) a−1 and 18 Tg(OC) a−1 are

6 % and 3 % larger in GFAS than in GFED, respectively. On

the other hand, these values are 4 % and 24 % lower than their

counterparts for 2005–2009 in the biomass burning emission

inventory FINNv1 (Wiedinmyer et al., 2011). The disagree-

ment for OC, even at global level, gives an indication of the

uncertainties in the knowledge of individual species emis-

sions.

The regional budgets show much larger discrepancies be-

tween GFAS and GFED. GFAS detects less carbon emissions

in Africa and tropical Asia and more everywhere else.

3.2.2 Geographical distribution

The geographical distribution of the average carbon combus-

tion rate density calculated with Eq. (37) for the years 2003–

2008 is shown in Fig. 5 along with the corresponding field

from GFED3.1. The locations of the major biomass burning

regions agree well in both maps. The grid cells with extreme

emissions in Borneo and South America also agree.

GFAS has, however, many more grid cells with low inten-

sity fires on all continents. The detection of small fires with

burnt area observations is limited by the pixel resolution;

when a fire burns less than half of one of the 500 m × 500 m

MODIS SWIR grid cells that underly the GFED inventory

it is not detected (Giglio et al., 2009). On the other hand,

FRP observations require at least emission of 4.5–40 MW

of thermal radiation in order to be detected in the MODIS

MIR channel, depending on their distance to the sub-satellite

track (Freeborn et al., 2010). Figure 5 shows that there

are many grid cells with small combustion rate densities of

1–10 g(C) a−1 m−2 in GFAS but vanishing combustion rate

densities in GFED. The more quantitative analysis by Heil

et al. (2012) confirms this and also shows that GFAS has fire

emissions in virtually all GFED grid cells with fire emissions.

Since the grid cells with small combustion rate densities in

GFAS are not arbitrarily distributed they are thought to con-

tain a real signal, which is missing in GFED. Consequently,

the underlying MODIS FRP observations have a lower detec-

tion threshold than the MODIS burnt area observation prod-

uct by Giglio et al. (2010), which is used in GFEDv3.1. Even

though the effect appears globally, it is most pronounced in

North America and Eastern Europe, where agricultural waste

burning might play a role.

The regional budgets of the average carbon combustion

rate are listed in Table 4, Cols. 3–4. The global carbon budget

of GFAS is 6 % higher in GFAS than in GFED even though

the conversion factors β have been derived such that they

reproduce the proportionality to the GFED dry matter com-

bustion rate (Heil et al., 2012). This may be a consequence of

forcing the regression line through zero, which allows the al-

gorithm to increase the number of grid cells with small emis-

sions. The combustion budgets are consequently larger in all

regions but Africa and Tropical Asia.

The differences in Tropical Asia are linked to the large

uncertainties that are intrinsic to any large-scale combustion

rate estimation for peat fires, because the observations (FRP

or burnt area) are necessarily restricted to the surface while

the bulk of the combustion occurs underground.

3.2.3 Temporal evolution

The temporal evolutions of monthly regional combustion

rates of GFED3.1 and GFASv1.0 are compared in Fig. 6.

Since GFAS is only available since 2003 but produces data

in real time, the time range includes periods with only GFED

data (1997–2002) and with only GFAS data (2010–April

2011). The global annual cycle is less pronounced in GFAS

than in GFED. This is partially due to a reduction in the

emission peaks in Southern Africa. North and Central Amer-

ica exhibit at least some combustion throughout the year in

GFAS while their combustion rates virtually vanish outside

of the fire season in GFED.

The annual cycles of the major fire regions compare well

in GFAS and GFED, with a couple of subtle differences: the

fire seasons in South America and North Africa appear to

consistently last longer and the one in South Asia seems to

start later in GFAS.

The regional interannual variabilities of GFAS and GFED

are compared in Fig. 7. Minima and maxima are gener-

ally consistently detected by GFAS and GFED. The interan-

nual variability of GFAS appears to be smaller for North and

South America, and South and Tropical Asia. Conversely, it

appears somewhat larger for Europe, South Africa and Aus-

tralia.
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Fig. 5. Average distribution of carbon combustion [g(C) a−1 m−2] during 2003–2008 in GFED3.1 (top) and GFASv1.0 (bottom). Equidistant

cylindrical projection, 0.5◦ resolution. (ECMWF experiment IDs fhhi and ffxr)

The positive bias of GFAS with respect to GFED discussed

in Sect. 3.2.2 is consistent throughout 2003–2009 for Central

America, Europe and North Asia and consistent except for

one and two individual years for North and South America.

The particularly high combustion rates in South Asia for

the years 2004 and 2007 are comparable, but the values of

GFAS drop only about half as much in between.

Europe evidently experienced extremely high combustion

rates in 2010 caused by the catastrophic forest and peat fires

in the region east of Moscow, see Sect. 3.3.2.

3.3 Atmospheric aerosol simulations

The aerosol model and assimilation system with which the

real time MACC aerosol analyses and forecasts are produced

since July 2008 (Morcrette et al., 2009; Benedetti et al.,

2009) is being used to link the smoke emissions to atmo-

spheric aerosol observations. Dust and sea salt are repre-

sented in three size bins each. Organic matter (OM) and

black carbon are (BC) represented as two types (hydrophilic

and hydrophobic) each. Another type represents sulphate

aerosols. The two types of OM and BC are differentiated

because they have different physical properties; prominently,

hydrophilic aerosols can grow depending on the humidity

of the air. This leads to an increased optical depth and to

and increased deposition rate in more humid conditions. Hy-

drophobic aerosols are converted to their hydrophilic coun-

terparts during ageing of the aerosols.

The system performs a data assimilation with all input data

used by ECMWF’s operational numerical weather prediction

plus total aerosol optical depth (AOD) observations from the

MODIS instruments. Every 12 h, a forecast/hindcast is ini-

tialised from the analysis and run for several days. During

the forecast/hindcast, persistence of the biomass burning as

prescribed at the initial date is assumed.

We present results from runs covering 15 July–31 Decem-

ber 2010, with a 14-day spin-up period before. In some

of the runs, all MODIS AOD products are withheld (“pas-

sive”, “blacklisted”). Concerning aerosols, this is equiva-

lent to a “model” run without aerosol assimilation. The run

with MODIS AOD observations (“active”) yields the aerosol

“analysis” fields. Its total aerosol mass column and AOD are
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Fig. 6. Monthly carbon emissions in GFASv1.0 and GFED3.1 for the entire globe and several regions as defined in Table 4.

strongly constrained by the assimilated AOD observations.

The relative partitioning of the aerosols is, however, pre-

scribed by the aerosol model through the transport processes,

the aerosol microphysics, and emission and sink rates of the

different aerosol species. Therefore, the analysis may be in-

terpreted as continuous representation of the MODIS obser-

vations under the assumption that the partitioning of aerosol

species in the model is realistic (Benedetti et al., 2009).

The aerosol modelling system uses the black carbon (BC)

emissions directly, while converting organic carbon (OC) to

organic matter (OM) and SO2 to sulphate, both with a scaling

factor of 1.5. This value may be a conservative estimate.

3.3.1 Global comparison to analysis with MODIS AOD

In order to relate the biomass burning emissions to the

MODIS AOD observations on a global scale, two runs with

daily biomass burning emissions prescribed by GFASv1.0

have been performed: “model” and “analysis” with passive

and active AOD assimilation, respectively.
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Fig. 6. Continued.

Figure 8 shows the average distributions of the sum of the

AODs from organic matter and black carbon (OM + BC) in

the analysis and model. The model represents well the spatial

patterns of the analysis in the major biomass burning regions

in southern hemispheric America and Africa. However, it is

biased low on the entire globe.

The average AOD of OM + BC values for the globe and the

five major biomass burning regions during the investigated

time window are listed in Table 6. The model is biased low

in southern hemispheric America and Africa by factors of 4.1

and 3.0. These regions dominate the global average AOD of

OM + BC and the model is biased low by a factor of 3.4 on a

global average.

When enhancing the model OM and BC concentrations by

the factor of 3.4, the global pattern of the AOD of OM + BC

in the analysis is generally matched, see lowest panel in

Fig. 8. However, a few systematic differences remain: the

“enhanced model” generally has a slightly lower background
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Fig. 7. Annual carbon emissions in GFASv1.0 and GFED3.1 for the entire globe and several regions as defined in Table 4.

and slightly more pronounced peaks than the analysis field.

The values in boreal fire regions are much more pronounced

in the enhanced model field than in the analysis. This may

be attributed to an underestimation in the analyses, which

partially aliases the observed total AOD signal into wrong

aerosol species when the a priori information from the model

has incorrect species partitioning. The underlying reason is

that the observation of total AOD alone does not discriminate

different aerosols types. Therefore, the assimilation always

maintains the relative aerosol partitioning that is prescribed

by the model.

The temporal evolution of the average OM + BC fields of

the analysis, model, and enhanced model is shown for the

globe and the five major biomass burning regions in Fig. 9.

It confirms that the day-to-day variability of the analysis is

very well represented by the model and the annual cycle is

reasonably well represented. In terms of absolute values, the

enhanced model fits the analysis much better than the stan-

dard model. Nevertheless, significant second-order differ-

ences between model and analysis remain, minimising which

will require a detailed multi-parameter fitting study. Pending

the outcome of such a study, the enhanced model with OM
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Fig. 7. Continued.

and BC fields increased by a factor of 3.4 appears to give

the best consistency with the analysis in biomass burning re-

gions, and consequently the MODIS AOD observations. The

accuracy of the enhanced model will be explored at the ex-

ample of western Russia in Sect. 3.3.2 below.

The mean budget of OM + BC from Table 5 is 29 Tg a−1.

Applying the global enhancement factor of 3.4 to all emis-

sions yields 99 Tg a−1. This value is in reasonable agreement

with other atmospheric aerosol forecasting systems that

are validated against satellite observations of AOD: the

FLAMBE program uses a smoke source function with a

global average of 110 Tg a−1 in 2006–2008 (Reid et al.,

2009). Colarco (2011) find that enhancement factors of

1.8 (savannah and grasslands), 2.5 (tropical forest) and 4.5

(extra-tropical forest) are needed to raise the AOD in the

NASA GEOS-5 aerosol forecasting system to the AOD val-

ues observed by MODIS. Sofiev et al. (2009) have derived

empirical emission coefficients for smoke particulate matter

valid in Europe using MODIS FRP and ground-based AOD

and particulate matter concentration observations in conjunc-

tion with the SILAM air quality forecasting system. They

conclude that 35 g smoke aerosols are emitted per MJ FRP by

forest fires and 18 g MJ−1 by grassland and agricultural fires.

This is even more than the enhanced values of 24 g MJ−1 and
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Fig. 8. Average distribution of the sum of the aerosol optical

depths (AODs) at 550 nm of black carbon and organic matter

(OM+BC) during 15 July–31 December 2010 in the analysis (top),

the model (middle) and the model enhanced by a factor 3.4 (bot-

tom). (ECMWF experiment IDs fi92 and fi93)

Table 6. Regional average sums of the aerosol optical depths

at 550 nm of black carbon and organic matter during 15 July–

31 December 2010 in the analysis and the model. The ratio of the

two values is also given.

region analysis model analysis/model

global 0.050 0.015 3.4

NAme 0.031 0.014 2.2

SAme 0.073 0.018 4.1

Euro 0.030 0.012 2.4

SHAf 0.129 0.043 3.0

NAsi 0.038 0.017 2.3

14 g MJ−1 found in our study for extratropical forest and sa-

vannah, respectively.

Inversion studies have also found relatively large smoke

emissions. By analysing the FRP and smoke plume AOD

of individual fires that are observed by MODIS, Ichoku

and Kaufman (2005) find that the smoke emission in West-

ern Russia is 80–100 g MJ−1, which is much larger than

the values found by Sofiev et al. (2009) in the same re-

gion. For tropical forest and savannah, they find val-

ues of 40–80 g MJ−1, which is much larger than the value

found in our study. Using a global aerosol source inver-

sion, Huneeus et al. (2011) estimate the global emission of

OM + BC from both biomass burning and fossil fuel combus-

tion to be 134 Tg a−1. The contribution of biomass burning

is 96 Tg a−1 (N. Huneeus, personal communication, 2011),

which is in excellent agreement with the budget of 99 Tg a−1

proposed in this manuscript. Given that Ichoku and Kauf-

man (2005) consider that their values are “probably overes-

timated by 50 %”, there is a reasonable agreement between

the aerosol forecasting systems and the inversion studies.

3.3.2 Russian fires

The Russian fires of 2010 are used to further test the biomass

burning emissions and the recommended enhancement factor

in conjunction with the MACC aerosol monitoring and fore-

casting system. Four additional simulations have been per-

formed, in which the biomass burning emissions of OC/OM

and BC are enhanced by a factor of 3.4, following the find-

ings of Sect. 3.3.1. One analysis and one model are based

on an average monthly emission climatology derived from

GFEDv2 (van der Werf et al., 2006). They are referred to

below as “climatological”. Another analysis and model are

based on the daily GFASv1.0 emissions. They are referred

to below as “NRT” since GFASv1.0 is available in near real

time.

Following anomalously high temperatures, large wildfires

devastated parts of Russia to the east of Moscow in July and

August 2010. Because of the dry conditions, fires also burnt

into the peat layer of the soil and emitted large quantities of

smoke (e.g. Konovalov et al., 2011).

The daily fire radiative energy (FRE) observed by the

MODIS instruments during local daytime and night-time

over the region east of Moscow as defined in Table 4 is shown

in Fig. 10. The fires built up during a 4-day time period

starting on 23 July and abated during another 4-day period

following 14 August. During the main burning event, the

fires burnt with the same intensity throughout day and night,

corresponding to a radiative energy release of 1.0–1.5 PJ per

day. This is a distinct characteristic of underground peat fires

that are hardly influenced by the diurnal cycle of the atmo-

sphere. The daily 24 h FRE analysis of GFASv1.0 is also

shown. As in Fig. 4, the 24 h analysis is approximately the

sum of the observed daytime and night-time data. However,

in such daily data the corrections to this general behaviour in-

troduced by the data assimilation become more evident than

in the monthly data. Additionally, the quality control has re-

moved the observations on 30 July and the assimilation con-

sequently repeats the FRE value of the previous day, which

www.biogeosciences.net/9/527/2012/ Biogeosciences, 9, 527–554, 2012
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Fig. 9. Daily sums of the average aerosol optical depths (AODs) at 550 nm of black carbon and organic matter (OM + BC) during 15 July–

31 December 2010 in the analysis, the model and the model enhanced by a factor 3.4.

happens to be the maximum of the entire period with a very

pronounced peak of 4.6 PJ.

The geographical distribution of the calculated carbon

combustion rate is shown at the example of 4 August in

Fig. 11. It shows that the most severe fires were located in

five 0.5◦ grid cells with carbon combustion rates of more than

50 g d−1 m−2.

Figure 12 shows a comparison of the simulated AODs with

independent, ground-based AOD observations at the Mete-

orological Observatory of Moscow State University (MSU

MO), and in Zvenigorod, Minsk, Bucarest and Sevastopol

during August 2010. The observations have been taken by

CIMEL sun/sky photometers as part of AERONET world-

wide network (Holben et al., 2001). In addition to the stan-

dard cloud-screening procedure a special cloud filter on the

base of hourly cloud observations is used for Moscow data

(Uliumdzhieva et al., 2005). Direct sun measurements are

made with a 1.2◦ full field of view collimator at 340, 380,

440, 500, 675, 870, 940 and 1020 nm every 15 min dur-

ing daytime. The direct sun measurements (excluding the

940 nm channel, which is used to estimate the total water

content) are used to compute the aerosol optical depth (AOD)

and the Ångstrom exponent. The uncertainty of AOD mea-

surements with level 2 processing does not exceed 0.01 in

the visible range and 0.02 in the UV spectral range. We use

level 2 data for Moscow, Minsk and Sevastopol and Bucarest,
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Fig. 11. GFASv1.0 combustion rate [g(C) m−2 d−1] on 4 August

2010.

which are available for download from the AERONET home

page. The data from Zvenigorod have kindly been provided

by Mikhail A. Sviridenkov. The presented period includes

the first part of August with a dramatic increase in AOD

due to fire smoke aerosol advection from forest and peat

fires near Moscow and other regions of Central Russia. The

maximum AOD observed in Moscow on 7 August reached

a value of 4.6, which is the absolute maximum ever ob-

served in this location. After relatively low AOD values on

11 and 12 August, another aerosol plume is observed starting

from 13 August onwards. However, after the intensive rain-

falls and change of atmospheric circulation, the AOD around

Moscow dropped to 0.06 on 20 August. A very similar be-

haviour is observed in Zvenigorod, which is located at a dis-

tance of about 55 km of Moscow State University. The ob-

servations in Minsk, Bucharest and Sevastopol document a

distinct aerosol plume passing through around 17 August, al-

beit with much lower AOD values than in Moscow.

The D + 0 (3–24 h) hindcasts depicted in the top row of

Fig. 12 represent the monitoring capabilities of the different

simulation setups. The climatological model captures neither

temporal evolution nor the magnitude of the smoke plumes at

any of the five AERONET stations. This is expected because

it is based on GFED2 fire emissions from earlier years. The

climatological analysis uses additional information from the

MODIS AOD observations. In Minsk, Bucharest and Sev-

astopol, where the smoke plume arrives after several days of

transport – and observation by MODIS – the observed AOD

is well represented despite the lack of adequate emission in-

put. In Moscow and Zvenigorod, which are located closer to

the fires, the climatological analysis captures the first smoke

period, albeit with a negative bias. This shows that the assim-

ilation of MODIS AOD was partially able to correct for the

missing emissions. The fact that the climatological analysis

misses the second smoke period highlights the limitations of

an assimilation without accurate a priori information on the

emissions.

The NRT model, which is based on the GFASv1.0 emis-

sions enhanced by a factor 3.4, captures the timing of all el-

evated AOD episodes well. The AOD values are also mostly

well reproduced, but with a clear overestimation during the

second smoke period in Moscow and Zvenigorod and some

underestimation in Bucarest and Sevastopol. The compar-

ison clearly confirms the applicability of the enhancement

factor of 3.4 for the usage of GFASv1.0 (and GFED) emis-

sions in the global MACC aerosol system.

The NRT analysis is almost identical to the climatolog-

ical analysis in Minsk, Bucharest and Sevastopol. This

confirms that, far downwind of the fires, the total AOD

in the MACC analyses are dominated by the assimilated

MODIS AOD products rather than the modelled emission

rates. This conclusion does not apply to the AOD of the in-

dividual species, though, because the relative partitioning of

the aerosol species is prescribed by the model. Therefore,

overly wrong emission rates lead to aliasing of the MODIS

AOD signal into the wrong aerosol type; typically sulphate

in the presented situation.

During the first smoke period in Moscow and Zvenigorod,

the NRT analysis combines the information on high aerosol

load from the GFASv1.0 emissions and the MODIS AOD

product and yields the largest and most realistic AOD val-

ues. This is the ideal operation mode of the MACC system.

During the second smoke period in Moscow and Zvenigorod,

the NRT analysis is very close to the NRT model, and biased

high. In this case the assimilation did not produce significant

increments to modify the first guess provided by the model,

presumably due to a lack of suitable AOD observations.

The D + 3 (75–96 h) hindcasts depicted in the bottom row

of Fig. 12 represent the forecasting capabilities of the dif-

ferent simulation setups. Since the fire emissions that are

valid on the day of the initialising analysis, D−1, are per-

sisted throughout the entire hindcast, the fire emissions are

kept constant for an extended time period in these calcula-

tions. This persistence of the extreme fire activity observed

on 29 July, cf. Fig. 10, is thought to lead to the extremely

www.biogeosciences.net/9/527/2012/ Biogeosciences, 9, 527–554, 2012
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Fig. 12. Simulated AOD at 550 µm (lines) compared to AERONET AOD observations at 500 µm (black symbols) for five locations affected

by the Russian fires in August 2010. Hindcasts with lead times of 3–24 h (D+0, top), 27–48 h (D+1, 2nd row), 51–72 h (D+2, 3rd row)

and 75–96 h (D+3, bottom). Climatological analysis in blue (fj5a), NRT analysis in red (fj5b), climatological model in yellow (fj5c),

NRT model in green (fj5d). (Zvenigorod: AERONET data courtesy Mikhail A. Sviridenkov. Others: AERONET level 2 data from http:

//aeronet.gsfc.nasa.gov).

overestimated AOD hindcast for Moscow and Zvenigorod on

2 and 3 August. On the other hand, smoke from fires that ig-

nite only during the hindcast period is necessarily missing

from the hindcasts. This might be the reason for the failure

to predict the plume over Bucharest on 16 and 17 August.

Apart from these cases, the NRT model and analysis are pre-

dicting the periods of elevated AOD remarkably well. The

climatological analysis is still able to predict the plumes of

Minsk and Sevastopol, but not those nearer the fires, i.e. in

Moscow and Zvenigorod.

Generally, both analyses are closer to their corresponding

models than in the case of the D + 0 hindcasts. This stresses

the importance of accurate emission rates for the AOD fore-

casts, in addition to their importance for the relative aerosol

partitioning.

Biogeosciences, 9, 527–554, 2012 www.biogeosciences.net/9/527/2012/
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Fig. 12. Continued.

The time series of in-situ observations of PM10 in Fig. 13

show that the air quality of Virolahti in Finland was affected

by smoke around 8 August, which caused a transgression

of the EU threshold of 50 µg(PM10) m−3 for the 24-h aver-

age. The D + 0, D + 1, D + 2 and D + 3 hindcasts of the total

aerosol concentration near the surface are compared to the

in-situ observations. The climatological model shows some

variability with a small amplitude and incorrect timing. The

NRT model forecasts elevated aerosol concentrations with

the correct timing within half a day for all lead times. It is,

however, biased low by at least 50 % in most cases. The anal-

ysis agree relatively well with each other. This shows that

they are strongly constrained by the MODIS AOD products.

Their hindcasts with 27–72 h lead time predict the timing and

PM10 load of the smoke plume well. The D+0 hindcasts cap-

ture the maximum of the plume extremely well but miss the

onset of the plume overpass, apparently due a misleading as-

similation of the MODIS AOD products on 6 and 7 August.

The D + 3 hindcasts by the two analysis simulations still give

a reasonable indication of the timing and typical aerosol con-

centration of the plume.
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Fig. 12. Continued.

4 Conclusions

The Global Fire Assimilation System GFASv1.0 is calcu-

lating global biomass burning emission estimates for forty

species from fire radiative power (FRP) observations by the

MODIS instruments aboard the Terra and Aqua satellites. It

achieves higher spatial and temporal resolutions than most

inventories, and can estimate emissions in real time. As-

sumptions on the diurnal variability of fires are avoided by

including observations of FRP = 0. The effect of observa-

tion gaps due to partial cloud cover in the global grid cells is
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Fig. 13. In-situ observations of PM10 and hindcasts of atmospheric

aerosol concentrations [µg m−3] near the surface in Virolahti, Fin-

land for 4–11 August 2010. Hindcasts with lead times of 3–24 h

(D+0), 27–48 h (D+1), 51–72 h (D+2) and 75–96 h (D+3). Clima-

tological analysis in blue (fj5a), NRT analysis in red (fj5b), clima-

tological model in yellow (fj5c), NRT model in green (fj5d). (ob-

servations courtesy Finnish Meteorological Institute)

corrected by assuming the same FRP areal density through-

out the grid cell. Observation gaps are further filled with

a Kalman filter and a system model that assumes persis-

tence of FRP. The strongest spurious FRP signals from vol-

canoes, gas flaring and industrial activity are masked, and
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a quality control system filters out observations with suspi-

ciously large observations over large areas.

GFASv1.0 makes use of the quantitative information in

FRP by calculating the biomass combustion rate with land-

cover-specific conversion factors. The emission factor com-

pilation by Andreae and Merlet (2001) has been updated.

Species emission rates are calculated with emission fac-

tors for five land cover classes. The carbon (C) combus-

tion/emission rate is calculated from the emission rates of

CO2, CO, CH4, organic matter (OM) and black carbon (BC).

The FRP to dry matter combusted conversion factors de-

rived by Heil et al. (2012) result in a distribution and magni-

tude of the C combustion rate of GFASv1.0 that is consistent

with the GFED3.1 inventory within its accuracy. However,

distinct differences exist, most notably more widespread

biomass burning with low combustion rates. Some of the ad-

ditional signal is spuriously caused by remaining gas flares,

industrial activity and, possibly, occasional MODIS FRP val-

ues of doubtful quality. Nevertheless, the main effect is at-

tributed to a lower detection threshold of the FRP-based ap-

proach than the approach based on burnt area.

Simulations of atmospheric aerosols using the global

MACC system with and without MODIS AOD assimilation

show that a model based on the GFASv1.0 emissions of OC

and BC can be made consistent with the analysis, and conse-

quently the MODIS AOD observations, when the AOD due

to the OM and BC fields is enhanced by a factor of 3.4.

Since all aerosol sink processes are linear, the average AOD

of an aerosol species scales linearly with its source strength.

Therefore, we recommend to correct the OM and BC emis-

sion estimates of GFASv1.0 with a factor of 3.4 when using

them in the global MACC aerosol forecasting system. The

recommendation would equally apply to GFED3.1 since its

budgets are consistent with GFASv1.0.

The recommended enhancement of the aerosol emissions

in the MACC systems is consistent with findings in recent

major top-down emission estimates but inconsistent with

bottom-up estimates. Under the assumption that the MODIS

AOD observations are sufficiently accurate, the inconsis-

tency between the two approaches can originate from er-

rors in the biomass combustion estimates, inaccuracies in the

emissions factors, an inadequate representation of aerosols

and their source and sink processes in the models, or erro-

neous optical properties of smoke in the models.

The uncertainty related to the estimate of biomass combus-

tion amounts can be tested using CO, since the CO budget is

fairly well constrained. For example, Huijnen et al. (2011)

validate atmospheric chemistry simulations of the western

Russian fire episode of 2010 that use the GFASv1.0 emis-

sions. They find good consistency with MOPITT CO and

SCIAMACHY CH2O observations. This indicates that the

apparent low bias in the bottom-up emission inventories is

specific to aerosols. It is therefore unlikely that the incon-

sistency is caused by a systematic inaccuracy in the biomass

combustion estimates.

An underestimation of the mass extinction of smoke

aerosols by a factor of 3.4 would lead to the observed dis-

crepancy. The global MACC system uses OPAC (Hess et al.,

1998) to calculate the optical properties of aerosols, account-

ing for hygroscopic growth. For example, the extinction

coefficient of organic matter at 555 nm wavelength varies

between 3.2 and 20 m2 g−1 for relative humidities between

0 % and 95 %, with a value of 4.9 m2 g−1 at 40 %. This is

in reasonable agreement with the value of 5.3 m2 g−1 ob-

served for 545 nm wavelength by Chand et al. (2006) in

smoke near the surface in air of 40 % relative humidity. It is

also consistent with the mass scattering coefficients of 3.5–

5.2 m2 g−1 and absorption coefficients of 0.21–0.57 m2 g−1

retrieved from selected AERONET observations by Reid

et al. (2005a). Furthermore, Sofiev et al. (2009) have ob-

tained similar smoke aerosol emission coefficients to our

recommendation by scaling against AOD and PM10 observa-

tions, thus ensuring consistency between the physical and op-

tical properties. The consistency assumption is further sup-

ported by the presented validation against independent PM10

observations in Virolahti (Fig. 13). Finally, a 3.4-fold in-

crease of extinction coefficient would be unphysical, given

the well-determined size range of the particles.

The representation of smoke aerosols as OM (=1.5 × OC),

BC and sulphate (=1.5 × SO2) in the MACC model appears

to be not entirely adequate in view of Table 3: for example,

adding up the emission factors for OM, BC and sulphate for

savannah yields 5.8 g kg−1 while the emission factor for total

particulate matter is 8.5 g kg−1. As a consequence, a scaling

factor of 2.2 instead of 1.5 might be used for the calculation

of the OM and sulphate emissions. Values around 2.2 for the

OM/OC ratio have also been proposed for aged pollution and

biomass burning aerosols by Turpin and Lim (2001), Pang

et al. (2006) and Chen and Yu (2007). This would still leave

an unexplained discrepancy by a factor of 2.3.

The similarity of the smoke outflow from Africa and South

America into the South Atlantic in the analysis and the en-

hanced model in Fig. 8 is an indication that the aerosol sink

processes are adequately implemented in the atmospheric

model. Furthermore, it is unlikely – but possible – that

all four atmospheric aerosol models (Morcrette et al., 2009;

Reid et al., 2009; Sofiev et al., 2009; Colarco, 2011) drasti-

cally overestimate the smoke aerosol sinks.

The aerosol emission factors appear to be well established:

those compiled by Akagi et al. (2011), which are partially

reproduced in Table 3, are within 20 % of the values used

in GFASv1.0. The extensive review of Janhäll et al. (2010)

is also consistent. The emission ratio PM2.5/CO can be

even more robustly measured than the aerosol emission fac-

tor. Janhäll et al. (2010) show that it is 0.09 ± 0.04 for all

fires, which agrees excellently with the corresponding value

of 0.084 derived from Table 3. However, there are also stud-

ies that find significantly larger values. Reid et al. (2005b) re-

port average PM emission factors of 9 and 34 g kg−1(DM) for

flaming and smouldering combustion, respectively, and point

www.biogeosciences.net/9/527/2012/ Biogeosciences, 9, 527–554, 2012
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out that the duration of the smouldering phase may be un-

derestimated. Particularly large emission factors have been

found by Patterson et al. (1986) with optical absorption mea-

surements instead of the more widely used thermal oxidation

techniques. A comparison of thermal and optical BC mea-

surements reveals that thermal methods generally yield lower

emission factors. There are indications for a systematic un-

derestimate by thermal measurements (Martins et al., 1998).

Chin et al. (2002) use emission factors of 2 and 14 g kg−1

for BC and OC, respectively, based on Patterson et al. (1986)

and Andreae et al. (1988). These values are within the range

of the top-down estimates mentioned above.

The physical and chemical properties of smoke particles

rapidly change with age. In addition to coagulation, there are

various interactions with the gas-phase chemistry and clouds.

Reid et al. (1998) observed in Brazil that biomass burning

aerosol mass increases by about 20 % to 40 % during ageing

over several hours to days. Reid et al. (2005b) find a vol-

ume median diameter of 0.25 to 0.30 µm for freshly gener-

ated smoke particles and an increase by about 0.05 µm during

ageing into regional haze. This correspond to a mass increase

of 59 % to 73 %. This might explain part of the discrepancy.

Up to now, the interaction of aerosols with the gas-phase

chemistry are not included in the MACC aerosol model.

However, developments in this direction are ongoing. They

should contribute to closing the gap between the bottom-up

emission estimates and the atmospheric aerosol representa-

tion.

Further investigations are required to resolve the discrep-

ancy by a factor of 3.4 between the bottom-up and top-down

aerosol emission estimates. To our knowledge no single as-

pect allows for a such a large correction. However, an in-

crease of 43 % in the conversion rate of OC to OM can be jus-

tified and ageing has also been shown to increase the smoke

aerosol mass by up to 73 %. Applying these two corrections

can thus reduce the unexplained discrepancy to a factor of

only about 1.4. The individual contributions of OM and BC

to the discrepancy still needs to be established.

Climate models that use fire emissions derived from the

existing bottom-up inventories might experience an underes-

timation of the smoke AOD by a factor similar to the iden-

tified discrepancy between bottom-up and top-down aerosol

fire emissions, i.e. about threefold. If this was the case, the

climate forcing of biomass burning aerosols could potentially

be severely misrepresented. We recommend to investigate

whether it is occurring in current climate models and what

the implications are.

The Russian fires of July and August 2010 were observed

by the MODIS instruments with almost the same fire ra-

diative power during daytime and night-time. This is a

strong indication that the fires were predominantly peat fires,

which is consistent with the land cover map from Heil et al.

(2012). Four atmospheric aerosol simulations with enhanced

aerosol emissions have been performed; two based on av-

eraged historical fire emissions and the other two based on

daily GFASv1.0 emissions of 2010; two with and the other

two without MODIS AOD assimilation. Comparisons to in-

dependent AOD and PM10 observations show that the anal-

ysis and hindcasts with enhanced GFASv1.0 emissions and

AOD assimilation are overall the most realistic and allow

quantitative smoke plume forecasting with lead times of up to

96 h. The accuracy of such multi-day forecasts is, however,

intrinsically limited by the poor predictability of the evolu-

tion of wildfires. Thus even the occurrence of a plume may

be wrongly predicted or not predicted at all in situations with

extreme variability in the fire activity. At locations close to

the wildfire, accurate estimation of the fire emissions is more

important for the forecast accuracy than the AOD assimila-

tion. After several days of transport, on the other hand, the

AOD assimilation provides most of the AOD forecast accu-

racy. The fire emission estimates determine the aerosol par-

titioning of the forecast in all cases.

The daily global biomass burning emission estimates

GFASv1.0 described in this manuscript are produced in real

time with 0.5◦ resolution. The ongoing development focuses

on improving the spatial and temporal resolutions, includ-

ing geostationary FRP observations and predicting the evo-

lution of the observed fires over several days. The GFASv1.0

emissions will be used in the next upgrade of the real time

atmospheric monitoring and forecasting systems of MACC,

using the recommended enhancement factor for the OM and

BC emissions. All data are publicly available, see http://

gmes-atmosphere.eu/fire and http://macc.icg.kfa-juelich.de:

50080.
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