www.biogeosciences-discuss.net/5/3623/2008/ - .
© Author(s) 2008. This work is distributed under Discussions
the Creative Commons Attribution 3.0 License.

Biogeosciences Discuss., 5, 3623-3663, 2008 —6\;—»\ Biogeosciences

Biogeosciences Discussions is the access reviewed discussion forum of Biogeosciences

Annual and diurnal African biomass
burning temporal dynamics

G. Roberts, M. J. Wooster, and E. Lagoudakis

King’s College London, Environmental Monitoring and Modeling Research Group, Department
of Geography, Strand, London, WC2R 2LS, UK

Received: 20 June 2008 — Accepted: 5 August 2008 — Published: 9 September 2008
Correspondence to: G. Roberts (gareth.j.roberts @kcl.ac.uk)

Published by Copernicus Publications on behalf of the European Geosciences Union.

3623

BGD
5, 36233663, 2008

Annual African
biomass burning
temporal dynamics

G. Roberts et al.

Title Page
Abstract Introduction

Conclusions References

Tables Figures
1< >l
< >
Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/5/3623/2008/bgd-5-3623-2008-print.pdf
http://www.biogeosciences-discuss.net/5/3623/2008/bgd-5-3623-2008-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

Abstract

Africa is the single largest continental source of biomass burning emissions. Here we
conduct the first analysis of one full year of geostationary active fire detections and
fire radiative power data recorded over Africa at 15-min temporal resolution and a 3 km
sampling distance (at the sub-satellite point) by the SEVIRI imaging radiometer on-
board the Meteosat-8 satellite. We use these data to provide new insights into the rates
and totals of African open biomass burning, particularly into the extremely strong sea-
sonal and diurnal cycles that exist across the continent. We find peak daily biomass
combustion totals are 9 and 6 million tonnes per day in the Northern and Southern
Hemispheres respectively, and total fuel consumption between February 2004 and Jan-
uary 2005 is at least 855 million tonnes. Analysis is carried out with regard to fire pixel
temporal persistence, and we note that the majority of African fires are detected only
once in consecutive 15 min imaging slots, indicating the importance of optimizing the
fire pixel detection strategy performance. An investigation of the variability of the diur-
nal fire cycle is carried out with respect to 20 land cover types, and whilst differences
are noted between land covers, the diurnal characteristics for a given land cover type
are similar in both African hemispheres. We compare the FRP-derived biomass com-
bustion estimates to burned-areas, both at the scale of individual fires and over the
entire continent at a 1-degree spatial scale. Fuel consumption estimates are found to
be less than 2 kg/m2 for almost all land cover types, and for savanna grasslands where
literature values are commonly reported the FRP-derived median fuel consumption es-
timate of 309 g/m2 appears reasonable. From mid-2008, geostationary FRP data of
the type presented here will become available to interested users continuously and in
near real-time from the EUMETSAT Land Surface Analysis Satellite Applications Facil-
ity (LandSAF), allowing the types of analysis presented in this paper to be undertaken
on multi-year datasets where relationships between climate variables, active fires and
fuel consumption can be further examined.
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1 Introduction

Biomass burning is a key Earth system process, a major element of the terrestrial car-
bon cycle and a globally significant source of atmospheric trace gases and aerosols
(Hao et al., 1990; Andreae and Merlot, 2001). Varying with their size, location and tim-
ing, fires significantly modify land surface properties, influence atmospheric chemistry
and air quality, and perturb the radiation budget (IPCC, 2001). Millions of square km of
the African landscape are burned each year, and fire in Africa is characterized by strong
variability, particularly diurnally and seasonally (Giglio et al., 2006b). African fires are
responsible for an average of perhaps 30 to 50% of the total amount of vegetation
burned globally each year, making Africa, on average, the single largest biomass burn-
ing emissions source (Andreae, 1991; van der Werf et al., 2003; van der Werf et al.,
2006). Burning of biomass is accompanied by a wide variety of characteristic spectral
signatures that can be detected by remote sensing, including those related to thermal
emissions from actively burning fires, to the albedo and spectral reflectance changes
induced by newly burned surfaces, and to the presence of smoke plumes containing
trace gas and aerosols in highly elevated concentrations (Trentmann et al., 2002; Jost
et al., 2003). For these reasons, and because of the widespread and variable na-
ture of global biomass burning, observations from Earth observation (EO) satellites
are considered pivotal to better characterizing the extent and influence of this global
phenomenon. Observations of actively burning fires probably represent the longest du-
ration application of satellite EO in the detection and quantification of biomass burning
(Dozier, 1981). Most studies of active fires have relied on data from polar-orbiting satel-
lites, but their restricted overpass frequency, coupled with the diurnal fire cycle, means
that the information provided typically represents a limited temporal sample that may
not be fully consistent with the need to link emissions estimates to models of atmo-
spheric transport and chemistry (Moula et al., 1996; Wittenberg et al., 1998, Hyer et
al., 2007). For these reasons the use of geostationary systems has received a signif-
icant amount of attention (Prins and Menzel, 1994; Prins et al., 1998; Govaerts et al.
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2002; Roberts et al., 2005). In particular, active fire detections derived from the GOES
satellite have been used by Reid et al. (2004) and Holben et al. (1996) to parameter-
ize the lower boundary condition of atmospheric process models in order to determine
smoke emissions longevity, transport, effects and fate. Despite their relatively coarse
spatial resolution, the GOES-derived active fire data has significant impact on forecasts
of atmospheric aerosol loading (Reid et al., 2004).

The Meteosat-8 and -9 satellites of the Meteosat Second Generation system, were
launched in 2002 and 2005 respectively, and offer the potential of geostationary active
fire detection across Africa, Earth’s most fire-affected continent. Both satellites carry
the SEVIRI instrument, an imaging radiometer with a 3km sampling distance at the
sub-satellite point and a repeat cycle that provides measurements in eleven channels
covering the 0.6—14 um spectral range every 15 min. The reader is referred to Aminou
et al. (1997) for a full technical description of SEVIRI, and to Roberts et al. (2005)
for an introduction on how the multi-spectral radiance measures it provides can be
used to identify pixels containing actively burning fires. At each such pixel the rate
of Fire Radiative Energy (FRE) release, also called the Fire Radiative Power (FRP),
can also be retrieved from the instruments infrared radiance measures, a parameter
that is highly correlated to the rate of fuel consumption and thus smoke emissions
production (Wooster et al., 2005; Freeborn et al., 2008). Temporal integration of FRP
provides a measure of a fire’s FRE, which can be converted to an estimate of total fuel
consumption using the relations of Wooster et al. (2005).

This paper concentrates on exploiting the first full year of active fire detections, FRP
and FRE data recorded by SEVIRI over the African continent in order to investigate the
seasonal and diurnal cycle of biomass burning in Northern and Southern Hemisphere
Africa (NHA and SHA), the pattern and amounts of fuel consumed, and how these vary
with land cover. Over selected fires, comparisons are also made to measurements of
fuel consumption derived via the alternative burned area based approach, for which
data on pre-fire fuel load are estimated from net primary production datasets.

3626

BGD
5, 36233663, 2008

Annual African
biomass burning
temporal dynamics

G. Roberts et al.

Title Page
Abstract Introduction
Conclusions References
Tables Figures
1< >l
< >
Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/5/3623/2008/bgd-5-3623-2008-print.pdf
http://www.biogeosciences-discuss.net/5/3623/2008/bgd-5-3623-2008-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

2 Dataset description and continental scale fire dynamics

The data used in this work were produced via application of the fire detection algorithm
described in Roberts and Wooster (2008) to SEVIRI level 1.5 imagery covering Febru-
ary 2004 to January 2005 (the data for January 2004 still being part of the SEVIRI
instrument commissioning phase). Figure 1 shows the spatial and temporal pattern of
fires across the African continent derived from the more than 35 000 images processed
as part of this study. It is apparent that in NHA, burning occurs primarily in the Sahel,
and moves from the northern to the southern Sahel between November and February,
whilst in SHA fires occur primarily between June and October, generally moving from
the northeast to southwest of this hemisphere. Fires are much less common in the
equatorial areas of the “woodland” landcover class, which is dominated by generally
moist tropical forest that is resistant to burning when in an undisturbed state (Bucini
and Lambin, 2002).

Notable exceptions from the gross patterns apparent in each hemisphere occur in
NHA in Algeria and Morocco, where fires are evident in June and July in agricultural
areas close to the coast. There are also some fires in the interior of Algeria at this
time, mixed with signals from oil and gas refineries. In SHA, South Africa also displays
a longer fire season than most other areas, with some burning occurring throughout
the year.

Three months (February, May and August) of the SEVIRI-derived dataset shown in
Fig. 1 were compared in detail to active fire data derived from the polar orbiting MODIS
sensor, in order to quantitatively understand the geostationary dataset uncertainties.
Being of significantly higher spatial resolution and with a wide dynamic range MIR
spectral channel, MODIS is well suited to act as a reference sensor for the SEVIRI
FRP measures, and this comparison is reported in Roberts and Wooster (2008) and
a summary repeated here due to its relevance for the interpretations made in the cur-
rent study. Figure 1 shows that over these months African fire activity is extremely
widespread and traverses the entire continent, and the comparison between the geo-
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stationary and polar-orbiter derived active fire datasets indicates that SEVIRI has a
false alarm detection rate of 6-8% in terms of fire pixels, with these misclassified fire
pixels being responsible on average for only 4—6% of the per-scene FRP. This false
alarm rate is comparable to that of other active fire detection products where such
data have been published (e.g. Giglio et al., 2003a; Feltz et al., 2003). Neither SE-
VIRI nor MODIS can detect fires through cloud, though fortunately cloud coverage is
minimized during the African fire season in both hemispheres. When a fire is detected
near contemporaneously (£6 min) by both SEVIRI and by MODIS, the FRP measures
from each sensor show a high level of agreement (r2=0.87, p<0.0001) despite the
not insignificant time difference. Thus, provided that a fire is large and/or sufficiently
intensely burning to be detectable, SEVIRI should provide a measurement of its en-
ergy emission rate suitable for estimating its fuel consumption. At the regional scale,
SEVIRI underestimates total area-based FRP by approximately 40% due to the nu-
merous lower intensity/smaller fires that remain undetected in the coarser resolution
geostationary data. Over the three months examined, specific levels of FRP underes-
timation were 39% (February), 37% (May) and 44% (August) (Roberts and Wooster,
2008).

For the purposes of this study the raw SEVIRI-derived active fire data were gridded
to 1° spatial resolution and adjustments made for the undetected fires and the per-
centage cloud-cover within each grid cell, using the methods reported in Roberts et
al. (2005) and Roberts and Wooster (2008). The FRP data were corrected for the ef-
fects of atmospheric attenuation using the MODTRAN 4.0 radiative transfer code and a
tropical atmospheric profile (23 km ground-level visibility), informed by three hourly wa-
ter vapor concentration estimates provided by the European Center for Medium Range
Weather Forecasting (ECMWF) reanalysis product, interpolated to the SEVIRI tempo-
ral frequency (Berk et al., 1999). The GTOPO30 DEM was used to define the surface
height for each grid cell.

Using the gridded FRP data, Fig. 2 illustrates the temporal dynamics of biomass
consumption across Northern and Southern Hemisphere Africa. The impact of the
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cloud-cover adjustment on the FRP data is apparent and becomes more so on either
side of the dry season. May and October represent the times of transition between
burning in NHA and SHA, and burning is overall weakest at these times due to the
shift in wet and dry seasons between hemispheres. In NHA, peak burning occurs in
January where up to 9Tg (9 million tonnes) of biomass burn each day, whilst in SHA
burning peaks in July at 6 Tg per day. The mean daily combustion rate of biomass over
Africa is 2 Tg (observed) and 2.3 Tg (cloud weighted).

Estimates of the total amount of biomass consumed by fire in NHA and SHA made
using the FRE approach are 414 Tg and 440 Tg respectively. The marginally greater
amount found to be consumed in SHA mirrors the findings of van der Werf et al. (2004),
who also found that whilst a larger area is burned in NHA (129><1O4 km? as compared
to 75x10*km? in SHA) the generally greater fuel loads in the latter result in greater
overall fuel consumption. The 855 Tg FRE-derived estimate for total fuel consumption
is, however, significantly lower than that derived by certain bottom-up emissions inven-
tory schemes. van der Werf et al. (2004) estimate the figure to be approximately three
times this over the same period, whilst estimates for the year 2000 made by Ito and
Penner (2004) vary between 1824 and 2705 Tg. Using a similar modeling approach
to van der Werf et al. (2004), although using burned area estimates directly to drive
the SPITFIRE model within a DGVM, Lehsten et al. (2008) estimate that 1400 Tg of
biomass combusted in 2004. However, lower figures also exist, such as for the peak
period of burning (May—October) in SHA where Scholes et al. (1996) derived an esti-
mate of 90-264 Tg and Korontzi et al. (2004) 174 Tg (April—-October). Over the same
timeframe (although different years), our estimate is 263 Tg (observed FRP only) to
290 Tg (FRP weighted by cloud cover fraction).

Figure 3a (SHA) and 3b (NHA) presents a first annual country-by-country analysis
of total consumption as derived via the FRE method. Across, NHA burning appears
relatively evenly distributed, with Central African Republic (CAR), Chad and Sudan the
greatest sources (50-100 Tg burned each). In SHA the vast majority of burning oc-
curs in Angola, Democratic Republic of Congo (DRC) and Zambia (40-150Tg burned
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each). The magnitude of the cloud cover correction, illustrated temporally in Fig. 2 and
on a country-based in Fig. 3, is largest apparent over DRC, Angola, Sudan and CAR,
but its impact is relatively minor. The burning fuel is ~48% carbon, and such data on
biomass burning carbon emissions maybe of relevance to the information requested by
the United Nations Framework Convention on Climate Change (UNFCCC), to which the
majority of African countries are signatories (Braatz et al., 1995). Currently, African na-
tions are unable to readily benefit, either financially or technologically, from emissions
mitigation schemes implemented under the Clean Development Mechanism (CDM) of
the Kyoto Protocol, which focus primarily on more easily quantified industrial emissions
from fossil fuel burning (Williams et al., 2007). Improved quantification of other carbon
sources (and sinks), and how these might be made to vary with altered land use prac-
tices for example, may offer the potential to enable African nations to derive improved
benefits in future.

3 FRP temporal dynamics and relationship to landcover

Information on the fire timing, land-cover type affected and amount fuel burned is use-
ful for parameterising emissions sources and for linking these to atmospheric chemi-
cal transport models. For example, earlier dry season fires tend to more incomplete
combustion due to the higher fuel moisture contents, and consequently emit a greater
proportion of less oxidized trace gas products such as CO than do later dry season
events (Korontzi, 2005). Figure 4a presents the temporal trajectories of daily FRE cal-
culated on a decadal (i.e. mean of 10 daily values) basis, together with the equivalent
biomass combustion for the four main land cover classes, derived through aggregation
of the 21 individual landcover types of the Global Land Cover 2000 (GLC2000) spa-
tial database (Mayaux et al., 2004; shown in Fig. 1). According to this categorization,
Northern (and Southern) Hemisphere Africa is 19(46)% woodland, 17(25)% grassland,
7(15)% shrubland, and 12(9)% cropland by area. The remaining areas are desert and
water (45% and 5% for NHA and SHA). African biomass burning appears dominated
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by fires in woodland (72% of all fire pixels), followed by shrubland (14%), cropland (8%)
and grassland (6%). In NHA, areas of shrubland and cropland experience a short fire
season limited to between November and January when agricultural residue (stubble)
is burnt after harvest (Yevich and Logan, 2003). In SHA woodland burning dominates
the first half of the dry season (May—June), but becomes less dominant later on (July—
October) when burning in shrubland and grassland becomes more significant. This
corresponds to the southward movement of fire activity from the south-central African
woodlands into the shrublands and grasslands of South Africa, as can be seen in Fig. 1.

Fig. 4b presents the time-series of decadal mean per-pixel FRP to match the data
on mean decadal FRE shown in Fig. 4a. In NHA, around the onset of the main burning
season (October/November) there is correspondence between increasing mean per-
pixel FRP (Fig. 4b) and the increasing daily FRE (Fig. 4a). Conversely, from the start of
the time-series (February 2004), the mean per-pixel FRP of shrubland, grassland and
woodland tends generally to increase until the end of the dry season, with the greatest
values occurring around the end of the dry season (March—April), even though the daily
FRE has already decreased substantially by this time. The inference is that there is
less fuel being burned at this time compared to earlier in the dry season, but where
fires are occurring the combustion rates are high. One reason maybe that much of the
standing dry fuel has already been burned by this time, but what is left has been drying
for many months and so burns rapidly and extensively where available.

The situation is somewhat similar in the Southern Hemisphere. Between June and
September as the dry season progresses, grassland and shrubland cover types, and
to a lesser extent woodland, display increasing mean per-pixel FRP values, probably
related to the decreasing vegetation moisture content and resultant increasing combus-
tion completeness. This is consistent with the findings of Hoffa et al. (1999) deduced
from experimental burning, where decreasing vegetation moisture content and increas-
ing fire line intensity were noted as the dry season progressed. Fires in grasslands,
shrublands, and to a lesser extent woodlands, have the highest mean per-pixel FRP
magnitudes in August and September.
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Figure 5a shows the total amount of fuel burned across a series of more finely re-
solved land cover classes adapted from those in the GLC2000 database, whose pro-
portional surface areas across Africa are shown in Fig. 5b. As expected, due to differing
fuel loads and degree of combustibility between each class, the amount of fuel burned
is not simply proportional to its relative area. For example, deciduous forest covers the
largest surface area, more than twice that of deciduous woodland, but around three
times more fuel burns in deciduous woodland. Figure 5¢ shows the mean, median,
10th and 90th percentiles of the per-pixel FRP measures for each land cover class.
The highly skewed nature of the per-pixel FRP distribution for many classes is evident
from the fact that the mean frequently falls towards the bottom end of the distribu-
tion. The mean per-pixel FRP shows a 70 MW range (from 30 to 100 MW) across
the classes, and in general it is the land cover classes that would be expected to
have higher proportions of herbaceous finer fuels, for example grasslands, that show
greater values. Fine fuels dry most readily and are thus likely to be dominated by
flaming combustion and high combustion completeness. In contrast, forest cover types
typically exhibit the lowest mean per-pixel FRPs, agreeing with the findings of Giglio
et al. (2006) using MODIS-derived FRP measures, and this is likely to be related to
the higher vegetation moisture contents and lower combustion completeness found in
forests when compared to senescent grasses.

Information on fire pixel duration, calculated from the number of consecutive 15 min
imaging slots that a fire pixel is detected at the same location for, is shown in Fig. 6.
To a first approximation, the temporal pattern of fire pixel duration in the Northern and
Southern Hemispheres appears to be the inverse of one another, corresponding to
durations being greatest during the period of peak burning in each hemisphere and
to the fact that outside of this period the majority of fire pixels are detected in only a
single consecutive imaging slot. This pattern of short duration fires outside of the peak
fire periods is likely to be relate to a combination of the following factors, (i) fires at
this time may indeed last for shorter durations than at peak times, due to the non-ideal
burning conditions; (ii) per-pixel FRPs tend to be lower at these times (Fig. 4) and so
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more fire pixels approach the limit of detectability where they maybe detected on one
slot but not the next, even though they may actually still be burning; and (iii) cloud
cover obscuration of fire pixels will increase outside the main burning periods and so
may also lead to more intermittent detections. It should also be remembered that fires
move across the landscape as they consume fuel, and so in any case will not persist in
one pixel indefinitely until they are extinguished. The fact that so many fire pixels fail to
be detected in more than one consecutive imaging slot suggests that harsh temporal
filtering of the fire pixel results is not an appropriate method for minimising false alarms
over Africa. Instead detailed spectral and spatial filtering tests such as those used to
derive the dataset used here should be employed (Roberts and Wooster, 2007). The
GOES ABBA fire products covering South America (Prins and Menzel, 1992; Prins et
al., 1998) do use a temporal filter to remove all fires pixels detected only once, but
the conditions found over this extensive and highly-cloud effected tropical forest region
may make this method more appropriate.

4 Comparison to independent data sources

In addition to active fire detections, two other types of remotely sensed data sources are
commonly used to investigate open biomass burning, namely burned area measures
(e.g. Roy et al., 2002; Tansey et al., 2004; Zhang et al., 2003) and trace gas/aerosols
column concentrations (e.g. Edwards et al., 2006; Jost et al., 2002). In relation to the
current work, both these sorts of data can provide independent information to which
the SEVIRI-derived active fire data can be compared.

4.1 Comparison to MOPITT CO retrievals

Lui et al. (2005) previously demonstrated a strong agreement between AVHRR-derived
active fire pixel counts and MOPITT-derived CO column concentrations over fire-
affected regions of North America. However, for southern Africa a number of re-
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searchers have reported a mismatch in seasonality between these types of data,
with measured CO amounts and the resultant “top-down” source emissions invento-
ries derived from inverse modeling with such data peaking between August and Oc-
tober (Pétron et al., 2004; Edwards et al., 2006), whilst those derived from fire-count
or burned-area driven “bottom-up” schemes, such as the commonly used Global Fire
Emissions Database (GFEDv2) of van der Werf et al. (2003, 2006) generally peak
in July or August (as do the SEVIRI-derived combustion estimates shown in Fig. 2).
To help demonstrate this disagreement, Fig. 7 provides a direct comparison between
CO concentrations retrieved at five different atmospheric levels from MOPITT, and the
SEVIRI-derived biomass combustion estimates for the same period. For SHA, the
shape of the CO time series at the lowest atmospheric level (1000 hPa) closely matches
that of the SEVIRI-derived FRE profile, but with a temporal shift of around two months.
CO profiles at the higher atmospheric levels show a similar trend, but with damped
amplitude. Swap et al. (2003) proposed that the seasonality discrepancy between
emissions inventories derived via “top-down” and “bottom-up” methods maybe a result
of local meteorological conditions that serve to locally trap and recycle smoke pollution
over the region. However, Edwards et al. (2006) used an atmospheric chemical trans-
port model to demonstrate that three quarters of fire-emitted CO would be transported
out of the region within 8 days, which is too short to explain the seasonality differences
observed. As an alternative explanation, van der Werf et al. (2006) suggest the tem-
poral lag may result from increased combustion of woody material towards the end of
the dry season. This may in part be supported by Fig. 7b, which indicates that mean
per-pixel FRP (a potential indicator of combustion completeness) peaks at the same
time as the atmospheric CO concentrations. Figure 4b indicates that this apparent
southern African combustion completeness maxima is associated with simultaneous
peaks in the per-pixel FRP data of grasslands and shrublands, though the former are
burning a more significant amount of fuel (Fig. 4a). The agreement between the trends
in mean per-pixel FRP, or the rate of biomass combustion, and the MOPITT CO data
suggests that there maybe additional value in this parameter which, with further refine-
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ment of the analysis, may enable better parameterisation of the temporal evolution of
emissions factors.

For completeness, Fig. 7c and 7d illustrate the MOPITT CO and SEVIRI FRP data
for Northern Hemisphere Africa. Compared to SHA, the CO concentrations over NHA
show far less temporal variability, and appear to have a much weaker relationship to
the FRP data than for SHA.

4.2 Comparison to burned area-derived measures

At the scale of individual large fires, the amounts of fuel burned as estimated from SE-
VIRI FRP timeseries were compared to calculated pre-fire fuel loads based on time-
integrated net primary production (NPP) measures and an observation of the area
burned. A baseline region for this comparison was selected using a burned area
map from the ESA Globcarbon project (Plummer et al., 2007), and areas of decidu-
ous woodland, shrubland and grassland that burned during the 2003 southern African
dry season (May—October) were highlighted. Whilst burned area products such as this
are known to generally miss some fire-affected areas (i.e. errors of omission), they are
believed to be less perturbed by errors of commission and so were believed to provide
a suitable mask for identifying fire-affected regions in 2003. Since combustion com-
pleteness is recorded to reach 83—98% in these areas (Scholes et al., 1996; Hoffa et
al.,, 1999; Sa et al., 2005), we assumed that the majority of fuel capable of burning
was removed during the 2003 fires and started the fuel consumption calculation for the
region using NPP data measured after the 2003 fires had ceased.

Within the fire-affected 2003 region, SEVIRI active fire detections were used to iden-
tify large fires that burned in the same area in August 2004 over periods of between
1 and 5 days. Eighteen such fires were identified, and MODIS level 1b imagery taken
immediately before and after each fire was used to delineate the burned area of each
event. Smith et al. (2007) have previously indicated that NIR wavelengths offer amongst
the greatest spectral separability between burned and unburned areas in the southern
African environment, and for the MODIS sensor the NIR (and red) spectral channels
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are available at the highest (250 m) spatial resolution. The burned areas were de-
lineated using image temporal differencing and careful manual analysis, with derived
areas ranging from 2 to 40 km?.

At each fire the pre-fire fuel load was calculated from the NPP time-series. NPP
measures the production of new terrestrial vegetation, where carbon is allocated to
plant stems, leaves and roots. As a result NPP represents a measure of the difference
between carbon uptake during photosynthesis and carbon expenditure during respira-
tion (Fensholt et al., 2006). NPP data derived from SPOT VGT reflectance imagery
and available from http:/geofront.vgt.vito.be were used in this work. The data are cal-
culated using a VGT-derived estimate of the fraction of absorbed photosynthetically
active radiation (fAPAR) at each pixel, and the simplified carbon exchange model of
Veroustraete et al. (1996). Estimates of NPP (mgC/mz/d) are provided as a 10-day
mean at 1 km? spatial resolution via:

GPPy =5, 4-fAPARy -Fy-C (1)
NPP, = GPP,4(1 - A,) (2)

where GPP,=daily Gross Primary Production (GPP; g C/m?/d), S, is the daily incom-
ing solar radiation (MJ/mz/d), fAPAR, is derived from the NDVI according to Myneni
and Williams (1994), F; expresses the dependency of GPP on incoming solar radia-
tion, C is a factor (unitless) to account for the dry matter conversion efficiency, and A,
is the autotrophic respiratory fraction modeled using a linear function of daily mean air
temperature (unitless).

NPP data for each burned area was temporally integrated between the times of the
2003 and 2004 fires, in order to calculate the total fuel load available to burn in the 2004
events (in tonnes). Fuel was assumed to be on average 47% carbon, and calculated
fuel load densities lay between 129 and 295 gC/mz, with an average of 217g/m2. This
compares with values of 267 to 294 g/m2 for the same areas as recorded in the widely
used GFEDv2 database.
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For comparison to the pre-burn fuel load of each fire, the time-series of SEVIRI-
derived FRP observations were used to calculate total FRE and actual fire-related fuel
consumption for each fire event, using the relationships of Wooster et al. (2005). An
example is shown in Fig. 8, where it can be seen that the combustion rate is highly vari-
able in time and falls to zero at night. Evidently the fire was actually still burning, but
was below the SEVIRI detection limit, since the next day the fire signal returns. Similar
diurnal patterns were observed for all fires examined, and during the course of this par-
ticular 16 km? fire, 18.25x10° MJ of FRE was detected by SEVIRI, equivalent to 6700
tonnes of fuel burned. The pre-fire fuel load density was calculated as 420 g/mz, mak-
ing the total available fuel also 6700 tonnes and thus providing a combustion complete-
ness of 100%. The majority of the other fires examined has combustion completeness
values somewhat lower than this theoretical maximum (Fig. 9), though in two cases it is
very slightly higher due to some errors in the parameterizations made here, potentially
including fire pixel errors of commission, an overestimated FRP atmospheric correc-
tion, NPP or burned area underestimations, or to the fact that significant fuel did in fact
remain after the 2003 events and that this subsequently burned in the 2004 fires.

4.3 Continental-scale fuel consumption densities

In order to examine fuel consumption densities over much larger areas than the eigh-
teen fire examined in detail in the previous section, the 1° gridded FRE-derived total
fuel consumption measures were combined with burned area estimates made for the
same grid cell resolution. The burned area measures used were taken from the widely
used GFEDv2 database, and were themselves derived and validated with a combina-
tion of MODIS fire pixel counts and MODIS burned area maps as described in detalil
by Giglio et al. (2006a). Calculations to derive the fuel consumption density estimates
were made at a monthly timestep, and recorded for the dominant GLC2000 landcover
class within each the 1° grid cell. The results shown in Fig. 10 indicate that fuel con-
sumption densities generally increase with increasing landcover class woody cover. It
is difficult to validate these estimates for all landcover classes, although grassland fuel
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loads in particular have been quite widely measured and so provide a point of compar-
ison. From the current dataset the median fuel consumption for savanna grasslands
is 309 g/m2, which agrees quite favorably with that reported in the literature: 221-—
477 g/m? (Shea et al., 1996), 296-397g/m? (Govender et al., 2006) and 221-700 g/m?
(Ward et al., 1996). Tree crops have a larger estimate of the fuel load than other cover
types due to there being only 5 gridcells where this cover type dominates. Two grid-
cells had very high estimates of the amount of biomass combusted and low estimates
of burned area. It is likely that a combination of false detections in the SEVIRI dataset
and an underestimation of burned area in the GFED dataset contribute to overestimat-
ing the fuel load for this cover type.

5 Diurnal biomass burning dynamics

A great deal of research has been carried out monitoring the spatial and temporal
distribution of African biomass burning (e.g. Giglio et al., 2006b; Giglio, 2007; Cooke
et al., 1996; Dwyer et al., 2000; van der Werf et al., 2004; Pack et al., 2000), but
with the exception of Giglio (2007) and Pack et al. (2000) investigations into the diurnal
variability remains rare, in part due the relative difficulty of investigating these variations
with polar orbiting sensors. Giglio (2007) has, however, provided a clear indication that
a strong diurnal fire cycle exists across Africa, and that it may vary regionally across the
continent. The most notable feature of geostationary systems is their frequent imaging
capability, and this is here exploited to further investigate Africa’s diurnal fire cycle at
unprecedented temporal resolution. Further understanding of these diurnal patterns
may help the temporal partitioning of fire emissions in atmospheric transport models,
and might assist in better understanding the mechanisms of land use and land cover
change induced by fire. Furthermore, it is often vital to consider diurnal variations when
considering the sampling biases potentially induced by the use of multiple polar orbiting
datasets that may have varying and different sensor overpass times.

Figures 11 and 12 present the analysis of the fire diurnal cycle of active fire detec-
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tions and FRP respectively for Northern and Southern Hemisphere Africa, categorized
by the GLC2000 land cover type and calculated from the full 2004 SEVIRI-derived
active fire dataset. We follow the method of Giglio (2007), displaying the normalized
temporal cycle, and the location of the cumulative percentile range of 25%, 50% and
75% as vertical dashed lines. Figure 11 indicates that a strong diurnal variability in
fire pixel detections clearly exists, and for most landcover types exhibits the form of a
skewed distribution with reduced fires between midnight and 7am local time, followed
by a rapid increase that peaks around 2pm local time. In most cases the distribution
for a particular landcover type is rather similar in both hemispheres. Afternoons are
mostly characterized by decreasing burning, but with a slope that is less steep than
the increase seen in the morning period. Similar characteristics were noted by Giglio
(2007) using TRMM data. The diurnal cycle of FRP is shown in Fig. 12, and for most
landcover classes is rather similar to that of fire pixel detections. Both parameters typi-
cally peak at the same time, although during the afternoon FRP typically decreases at a
slower rate than fire pixel detections. The difference between these parameters is more
evident in some landcover types than others. For example, swamp bushland/grassland
displays a decrease in the number of fire detections around midday, something that is
not evident in the FRP trajectory.

From the data of Fig. 11 it is clear that differences exist in the diurnal fire cycle of
the different broad land cover types (e.g. forest, shrublands/woodlands, grasslands and
croplands). These differences were analysed with respect “width” of the diurnal distri-
bution, taken as the 25 and 75 cumulative percentiles of the active fire pixel detections
(Fig. 11) and FRP (Fig. 12). The full duration at half maximum (FDHM) was not used,
since this is more appropriate for gaussian distributions (Giglio, 2007). Results are
shown in Fig. 13a (NHA) and b (SHA), and in general most land cover types can be
seen to have a diurnal “width” of less than 5h. The narrowest distributions occur for
woodland, shrubland and closed grassland, typically between 2 and 4 h. This is con-
sistent with Giglio (2007), who suggest the increased woody vegetation content limits
the periods of the day when combustion can occur. In contrast, open and sparse grass-
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lands have a more uniformly distributed biomass burning diurnal cycle, with a diurnal
width of 5 to 8 h. Such herbaceous cover types contain a high proportion of finer fuels
that are capable of drying rapidly, most likely enabling fires to persist in an intense man-
ner over a longer period of the day. The diurnal distribution of biomass burning for the
more herbaceous land cover types actually suggests two peaks, particularly so in the
case of open grassland where mid-morning and mid-afternoon peaks are separated by
a dip around midday (Figs. 11 and 12). To some extent this phenomena is seen with
regard to fire pixel detections in the previous work of both Pack et al. (2000) and Giglio
(2007), and a possible cause is the specific land management practices followed in
both hemispheres and both parts of the day (i.e. reduced burning around midday, pos-
sibly due to reduced anthropogenic ignitions around this time). Another possibility is
bias introduced by the fire detection algorithm, though the latter seems unlikely since
the phenomena is limited to only this land cover class. It should also be noted that in
the case of two land cover types, lowland forest and mangrove, the results do indeed
appear to be biased due to these particular landcover types being unusually strongly
affected by daytime cloud cover, such that the retrieved diurnal cycles tend toward the
inverse of those of all the other landcover classes.

Finally, Fig. 14 presents the diurnal distributions of mean per-pixel FRP for each
land cover type. For most cover types, maximum per pixel FRP occurs in the early
afternoon, and is typically around twice that of the nighttime value. Cover types with
a greater proportion of herbaceous material typically have the highest per-pixel FRP,
consistent with the data of Fig. 5¢c. Generally, results are similar for both hemispheres,
although closed lowland forest and swamp/bushland/grassland are notable exceptions.
In these cases, the hemisphere with the greatest number of fire pixel detections in that
cover type shows the greatest mean per-pixel FRP.
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6 Discussion and conclusion

We have conducted an analysis of the spatial and temporal dynamics of African
biomass burning using the first full year of geostationary FRP data, calculated from
over 35000 individual SEVIRI imaging slots. Using the geostationary observations,
patterns of active fire activity have been quantified on a continental scale and at tem-
poral frequency previously unavailable for investigation. African biomass burning is
shown to involve periods of extreme fuel consumption, but also to be highly variable
in space and time. Peak daily biomass combustion totals are 9 and 6 million tonnes
per day in the Northern and Southern Hemispheres respectively, but with values close
to zero at periods outside of the key dry season of each hemisphere. The fire diur-
nal cycle is shown to be strong for both hemispheres and for most landcover types,
with combustion rates peaking early in the afternoon in most cases and with relatively
little combustion at night. Peak combustion rates in the Northern and Southern Hemi-
spheres reach 170 and 200 tonnes of fuel per second respectively.

This manuscript also presents some of the first estimates of the amount of vegetation
fuel consumed annually by open biomass burning in Africa, calculated using a common
methodology for all African countries. Over 60% of the total fuel burned across Africa
is consumed by fires in Angola, DRC, Sudan and the Central African Republic, and
over the continent as a whole we estimate that a minimum of 855 million tonnes of
biomass was burned in 2004. In both hemispheres, the majority of fire detections
occur in woodland and shrubland cover types and, perhaps surprisingly, according to
the geostationary data and the GLC2000 landcover map areas classed as croplands
contribute more (8% of the total) to biomass burning than do grasslands (6% of the
total). Analysis of active fire persistence in a pixel indicates that Southern hemisphere
Africa contains a marginally greater number of fires which burn for longer than those in
the Northern Hemisphere, and in both hemispheres the fire pixel persistence increases
during the peak of the biomass burning season. However, overall the majority of fire
pixels in Africa are detected in only one or two consecutive imaging slots.
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We have compared the SEVIRI-derived biomass combustion estimates to burned-
area based measures, both at the scale of individual fires and over the entire continent
at a 1-degree spatial scale. Fuel consumption estimates were less than 2kg/m2 for
all land cover types, apart from tree crops. In this case the fuel load is overestimated
which is believed to result from SEVIRI false detections and an underestimate of the
burned area. Over savannas, we calculate median biomass combustion measures of
309 g/m2, which agrees quite well with literature values of ~220-700 g/m2.

In order to be of maximum use to atmospheric scientists and those involved in mod-
eling carbon-climate interactions over Africa, the datasets presented here must ideally
be extended to include multi-year observations. In part to meet this requirement, the
European Organisation for the Exploitation of Meteorological Satellites (EUMETSAT)
has instigated a process to operationalise the production of the SEVIRI FRP product,
both at the pixel scale and at a reduced spatial and temporal resolution with appro-
priate bias adjustments for the limitations induced by geostationary data sources (i.e.
the non-detection of smaller/less intense fires), as discussed briefly in Roberts and
Wooster (2008). These datasets will be produced at the EUMETSAT Land Surface
Analysis Satellite Applications Facility (LandSAF) and the first product versions are ex-
pected to be disseminated in near-real time from mid-2008 onwards, and to continue
for at least the duration of the Meteosat Second Generation mission.
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Fig. 1. Geostationary active fire detections over Africa for 2004, colored by day of detection.
Multiple fires in the same grid cell are given the date of the last burning event. Inner map:
Global Land Cover 2000 land cover map aggregated into 4 broad land cover classes.
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Fig. 2. Temporal dynamics of daily FRE release for Northern Hemisphere (NH) and South-
ern Hemisphere (SH) Africa, together with the equivalent daily amount of biomass that must
be combusted to release that energy calculated using the conversion factors of Wooster et
al. (2005). Observed and cloud-weighted data are shown and these data have been corrected
for atmospheric effects and for missing small/low intensity fires.
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Fig. 3. Total annual amount of biomass consumed in open vegetation fires, calculated using
the geostationary-derived data shown in Figs. 1 and 2 and shown on a per-country basis for
SHA (a) and NHA (b). The whiskers (red) indicate the amount of biomass combusted when the
data are corrected for cloud obscuration.
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Fig. 4. Temporal dynamics of African biomass burning in the four key land cover classes
depicted in Fig. 1, calculated separately for Northern Hemisphere (NH; a and ¢) and Southern
Hemisphere (SH; b and d) Africa. Top row shows the 10-day mean FRE release, together with
the equivalent amount of biomass that must be combusted to release that energy calculated
using the conversion factors of Wooster et al. (2005). Bottom row shows the mean FRP per
detected fire-pixel, together with the equivalent rate of biomass combustion required to release
radiative energy at that rate.
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Fig. 6. Monthly temporal active fire pixel persistence for five different landcover types in North-
ern and Southern Hemisphere Africa.
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Fig. 7. Comparisons between atmospheric carbon monoxide concentrations and SEVIRI-
derived biomass burning measures over southern (a and b) and Northern Hemisphere (¢ and
d) Africa. CO concentrations were calculated from daytime 1°x1° MOPITT level 3 data of
cloud-free land areas, and the filtering approach of Hyer et al. (2007) was used to screen out
CO retrievals where the a priori concentrations were responsible for more than 40% of the re-
trieved profile. Top row shows results for Southern Hemisphere Africa, with the SEVIRI-derived
variable as (a) monthly fuel consumption, and (b) mean per-pixel combustion rate.
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Fig. 8. 15min FRP time series for a single fire that burned on 6 and 7 August 2004 in an area
of northern Botswana (26.12° E, 18.28° S) classified as sparse grassland, calculated from the
total FRP of all detected fire pixels at each imaging slot.
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Fig. 9. Estimates of the pre-burn total fuel load (calculated from burned area and net primary

production measures) and FRE-derived total fuel consumption for eighteen fires in southern
Africa that burned in August 2004.
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Fig. 10. SEVIRI FRE-derived mean (bar) and median (red cross) amount of biomass com-
busted per m? for different landcover types.

it

(8
S

o
2

3659


http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/5/3623/2008/bgd-5-3623-2008-print.pdf
http://www.biogeosciences-discuss.net/5/3623/2008/bgd-5-3623-2008-discussion.html
http://creativecommons.org/licenses/by/3.0/

L(}wland forest

Submontane forest

Montane ﬁ)res‘t

_ Closed Iowland forest
5 :

T : LS|
NH fHA <17 nifi NH& <157 nifires NH& 1% nfires
S0 8hs o ", S1% e S0 g T e sk in bl Qn‘.’g
10 10 m 10 :
0.5 0.5 : 0.5
00 APt 00 2 ; Xs- 0.0

3 6 1 5
am am am am pm pm p

B
Hy

Swam forest

12 3 6 10 1 5 8 12
am am am am pm pm pm am

Mangrove

12 3 6 10 1 8 12
am am am am pm pm pm am

Forest_Croplands

12 3 6 10 1 5 8§ 12
am am am am pm pm pm am

Forest_Savanna

L5 Ls L5
NHA < 1% f NHA 1% nfil NH2 < il NHA <1% nfil
oot 58 ﬁf?ﬁi? &0 SHe 34 fhres &0 8 g anes il < P | ik
1o 10 Lo
0.5 /f\‘% 0.5 H 0.5 Pﬂﬂ
0.0l _dn 00 et 0.0

12 2 6 10 1 5 8 12
A0l 4M 4m {1 Pm pm pol am

12 3 6 10 1 5 8 12
40 40 4m 40 pm pm pm am

12 3 6 10 1 5 8 12
40l 4M 4m im Pm pm po am

12 3 6 10 1 5 8§ 12
4l 40 4m 4m P Pm pm am

s Deciduous forest Deciduous woodland s Deciduous shrubland . ?pen deciduous shrubland
e o Nk 5 nires o M Ak e s e
Lo 1.0 f Lo 1.0 ;
0.5 \ 0.5 j 0.5 0.5 /ﬁﬂ
0.0 * : 0.0 0.0
12 3 6 10 5 8 12 12 3 6 10 1 12 3 6 10 5 8 12 123 6 101 5 8 12
am am am am pm pm pm am afh 4m am 4m pm pm pm am am am am am pm pm pm am afh 4M am 4m pm pm pm am
Closed grassland Open grassland_shrubs land Sparse grassland
15 = L5 15 L5
== B 5 i o T Al == B 1A ol o i I,
10 : 1.0 10 1.0 i
0.5 / 0.5 /F[ x 0.3 f Y{ﬁ 0.5
09 ! 2.0 09 : 00

12 3 6 10 1 5 3 12
8 ain am am pm pm pm am

12 3 6 10 8 12
am am am am pm pm pm am

12 3 6 10 1 5 3 12
8 ain am am pm pm pm am

12 3 6 10 8 12
am am am am pm pm pm am

Swamp bushland_grassland Croplands (50%) Croplands_woody vegetation Irrigated croplands
LS = .. L5 =
aa i e e i aal i R ey g3 g bitte
1.0 10 1.0 1.0
m 7 s
0.5 i 05 / 0.5 i 05 E [;9
0.0 ‘ 00 0.0 LA M : 0.0 N

12 3 6 10 § 12
am gin am am pm pm pm am

Fig. 11. Normalised diurnal dynamics of fire pixel detections for twenty landcover types taken
from the GLC2000 database. Red indicates results for Southern Hemisphere Africa, black for
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Fig. 12. Normalised diurnal dynamics of FRP for twenty landcover types taken from the
GLC2000 database. Red indicates results for Southern Hemisphere Africa, black for North-
ern Hemisphere Africa. All times are local time.
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Fig. 13. Mean diurnal duration of fire activity in NHA (a) and SHA (b) as a function of land-
cover type. Fire activity duration is defined as the period of time between the 25 and the 75

percentiles.
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Fig. 14. Diurnal variation in the mean FRP for twenty landcover types taken from the GLC2000
database. Red indicates results for Southern Hemisphere Africa, black for Northern Hemi-

12 3 6 10 1 8 12
aifi aln af am pi P pm ain

sphere Africa. All times are local time.

12 3 6 10 1 5 8 12
A aih am am P pin pm am

3663

12 3 6 1 8 12
aim am am am pin pin pm ain

BGD
5, 36233663, 2008

Annual African
biomass burning
temporal dynamics

G. Roberts et al.

Title Page
Abstract Introduction
Conclusions References
Tables Figures
1< >l
< >
Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/5/3623/2008/bgd-5-3623-2008-print.pdf
http://www.biogeosciences-discuss.net/5/3623/2008/bgd-5-3623-2008-discussion.html
http://creativecommons.org/licenses/by/3.0/

