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Remote sensing of carbonaceous aerosol production
by African savanna biomass burning
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Commissariat & I'Energie Atomique, Gif Sur Yvette, France

D. Tanré

Laboratoire d'Optique Atmosphérique, Centre National de la Recherche Scientifique et Université des Sciences et
Techniques de Lille, Villeneuve D'Ascq, France

Abstract. We present an estimate of the yearly flux of total and black carbon aerosols emitted by
savanna biomass burning in Africa from satellite data and ground-based measurements. Smoke
plumes are identified using visible, near-infrared, and thermal infrared derived information. In the
savanna region of our study, these structures could either decrease or increase the visible albedo of
advanced very high resolution radiometer (AVHRR). It is hypothesized that variations of chemical
composition and particulate size distribution may create such differences. The 5S model [Tanré et

al., 1990] is used to simulate radiative transfer through smoke plumes and background
atmosphere. The overall uncertainty of the derived aerosol optical depth (1) is 75% and mainly
due to the choice in particulate composition and size distribution aerosol. Impact of the aerosol
mixture (internal versus external mixture) has been also tested. For smoke plumes a typical value
of 1, (at 0.55 um) is 0.5, and 0.1 for the background atmosphere. Specific extinction cross sections
are calculated using Mie theory applied to different representative aerosol models, allowing the
retrieval of aerosol columnar concentrations from aerosol optical depth values and integrated
aerosol mass loadings in fire plumes. The overall uncertainty on the determination of aerosol load
is estimated to be lower than a factor of 5. The atmospheric carbonaceous aerosol flux from
savanna burning in Africa was estimated to be 6.5 Tg C yr”', which compares with that obtained

from emission factor on-site measurements (13 + 5 Tg C yr').

Introduction

Recent model computations have suggested that smoke
aerosols could have a significant impact on the Earth radiative
balance. Owing to their direct optical properties and their
capacity to act as cloud condensation particles, these aerosols
could create a surface temperature decrease and counteract the
greenhouse effect of anthropogenic gases [Penner et al., 1991,
1992] (also J.E. Penner et al., Climate forcing by carbonaceous
aerosols, submitted to Science, 1997). Such results point out the
need for accurate information on smoke emissions, especially
from biomass burning, which is still poorly documented.

Biomass burning occurs primarily in the tropics, and 40% on
the African continent during savanna fires [Seiler and Crutzen,
1980 ; Levine, 1990 ; Andreae, 1991]. Two field experiments
(FOS-DECAFE 91 and SAFARI 92) including various prescribed
savanna fires have recently allowed the sampling and study of
aerosols emitted by this biomass burning source, with focus on
the determination of the aerosol composition, size distribution,
optical properties, aging, and emission factors. The published
results [Cachier et al., 1991, 1995; Cachier, 1995; Liousse et al,,
1995] or in preparation for publication (H. Cachier et al.,
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Particulate emissions during savanna fires in Kruger National
Park (South Africa), submitted to Journal of Geophysical
Research, 1996; hereinafter referred to as submitted paper) are in
agreement for the aerosol emission factor by burning biomass.
Therefore the main problem remaining for the assessment of the
global flux of particles resides in the estimate of the annual
amount of biomass burnt by the savanna fires. Such an evaluation
is based on estimates of standing biomass and fire efficiency in
the different ecosystems and on that of burnt surfaces. They rely
primarily on satellite observations during the fire season and are
atbest given with an uncertainty factor of 2 or 3 [Lacaux et al.,
1993, 1995].

Satellite observations may offer another opportunity to
perform quantitative studies of smoke emissions at different
geographic scales. Indeed, different authors have shown that the
detection of smoke plumes was possible over surfaces with low
albedos such as water [Chung and Le, 1984 ; Porter and Clarke,
1997], (also, I.N. Porter et al., Deriving aerosol optical depths
over the ocean from AVHRR satellite : modeling studies and
validations; submitted to Journal of Geophysical Research, 1996)
or continental forested surfaces [Ferrare et al, 1990;
Malingreau, 1990; Setzer and Pereira, 1991]. Moreover, Fraser
et al. [1984] and Kaufinan et al. [1990a,b, 1992] have retrieved
the concentration of aerosols and gases in fire plumes over the
Amazonian forest from advanced very high resolution radiometer
(AVHRR) data. For the first time, a similar approach is presented
here for savanna fire plumes. It will be seen that owing to the
intermediate values of savanna surface albedos, the fire plume
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detection in AVHRR visible channel images of savanna regions
appears to be a complex procedure.

This work was carried out on AVHRR images of western
Africa in order to retrieve the mass of carbonaceous aerosols
emitted by individual plumes from African savanna fires. Special
focus was put on events which had occurred in December 1990
and January 1991, which was the period of the FOS-DECAFE
experiment conducted at Lamto, Ivory Coast. During this
campaign, various ground-based and airborne measurements
were simultaneously undertaken in prescribed savanna fire
plumes [Lacaux et al., 1995]. The present study includes four
different steps. The first step aims at locating smoke plumes in
the AVHRR images and at measuring their effect on the visible
AVHRR albedo. Then the aerosol optical depth is retrieved from
the albedo values using the Earth atmosphere radiative transfer
model 5S [Tanré et al., 1990], which has been adapted to a
savanna biomass burning situation. Uncertainties and sensitivities
are evaluated and discussed. The third step includes the
calculation of the aerosol mass from the acrosol optical depth
values. An assessment of the total flux of carbonaceous aerosols
emitted by savanna fires in Africa is presented and compared to
that obtained from ground-based emission factor data.

2. Detection of Savanna Biomass Burning Plumes
Using AVHRR Data

2. 1. The Data Base

Among satellites that can be used to monitor fire development
and smoke plumes, the meteorological NOAA series of polar
orbiters has been chosen for their capabilities of daily coverage
and multispectral coverage with a 1.1-km resolution in five
different channels [Malingreau, 1990]. The visible channel 1
(0.58-0.68 um) and near-IR channel 2 (0.725-1.1 um) may
provide information on surface characteristics and smoke loading
[Ferrare et al., 1990; Kaufman et al., 1990a,b]. The near-IR
channel 3 (3.55-3.93 um) may be used to detect bright surfaces
(or "hot spots") such as fire points, burning scars, and bare soils,
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L pesert (4s > 0.35)
Sahel (4s > 0.35)
Sudanese savanna (0.12 < 4s < 0.20)
BE= Guinean savanna (0.11 < 45 < 0.13)
Il Forests (4s < 0.08)
Figure 1. Latitudinal vegetation zones in western Africa with

their mean surface albedo (A4s) [from Bony, 1975; Menaut et al.,
1991; Arino et al., 1992].
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but also clouds with small drop size. Ground radiative
temperature may be determined from channels 4 and 5 (10.3-11.3
and 11.5-12.5 pm, respectively) where IR terrestrial energy
fluxes are maximum. In these channels, clouds may also be easily
distinguished.

A series of six NOAA 11 AVHRR images free of clouds were
analyzed in order to observe the western African savannas
between 5° and 15°N and 4°E and 16°W. This set consisted of
images of 2400 columns by 1600 lines, from the Monitoring of
Tropical Vegetation Laboratory, Ispra, Italy. The images were
geographically modified using a geographic information system.
Their spatial resolution is 1.1 x 1.1 km? at nadir. At the edges of
the image the resolution may be found to be of the order of 6.5 x
4.5 km?, which implies an important overlay of pixels. In order to
avoid associated errors, the plumes have not been studied in such
locations. The area of observation is presented in Figure 1, where
the biomass geographic characteristics are also noted. The images
selected are from December §, 6, 7, 13, 14 and 25, 1990, because
images realized during the FOS-DECAFE experiment (January
1991) appeared to be unsuitable for the detection of plumes
mainly due to the abundance of clouds.

2. 2. Calibration and Uncertainty

Information contained in AVHRR image elements (or pixels)
has been converted into physical values with an accurate
calibration. For example, the visible AVHRR albedos (4, in
percent) have been obtained from digital values (V) of the visible
channel 1 as follows :

A%)=100nw (o N+ B) Ls,” n

where w is the spectral width (0.11 um™) relative to channel 1 of
the NOAA 11 satellite orbiter, Ls, is the solar incident radiance at
the top of the atmosphere, and o and B, of 0.6 and -24.5,
respectively, are the calibration coefficients of channel 1 for the
period of our study. Indeed, the variability of these coefficients
after the satellite launching has been recently pointed out by
Holben et al. [1990], Che and Price [1992], Kaufman and Holben
[1993], and Wu and Zhong [1994]. Equation (1) can be rewritten
as

A@)=a’'N+p )

We determined o ' (= 0.114) and S (= -4.6) using a value of Ls;
of 184.14 W m® A corresponds to an albedo for the Sun at
zenith.

The uncertainty of the albedo values obviously depends on the
accuracy of calibration coefficients and on digital counts:

dd/A=da’la’+ dB/B’ + dN/N

The uncertainty on B' may be neglected, whereas that on o' is of
the order of 7% [SATMOS, 1991; Kaufinan and Holben, 1993].
N absolute uncertainty (dV) was considered to be 1, whereas the
mean value of N currently measured in smoke pixels was 120.
Therefore the albedo total relative error d4/4 is of the order of
+8%.

2. 3. Theoretical Aerosol Impact on the Visible Radiance

Figure 2 presents the visible atmospheric albedo (A4), which
is the difference between the apparent visible albedo measured by
the satellite sensor (4) and the surface albedo (4s), as a function
of the surface albedo for various aerosol optical properties. First,
we may note that the impact on A4 of an aerosol layer depends



LIOUSSE ET AL.: REMOTE SENSING OF CARBONACEOUS AEROSOLS

5897

0.060

0.0304. "

Visible atmospheric albedo

absorbing aerosol phase
(single scattering albedo =
0.81) (type 1 plume)
scattering aerosol phase
(single scattering albedo =
0.96) (type 2 plume)

-0.0154

0 0.10
water, forests

savanna

Surface albedo

Figure 2. Change in visible atmospheric albedo as a function of surface albedo for different values of the aerosol
optical depths for acrosol models with two different single scattering albedo. Dotted and solid lines correspond to
absorbing and scattering aerosol model impact, respectively. The dashed line represents Rayleigh scattering

influence [from King et al., 1992].

on As. Over a dark surface (4s < 0.1), the backscattering of the
incident radiation in the atmosphere dominates, so that 4 is larger
than the surface albedo whatever the aerosol type: A4 is
systematically positive in the presence of an aerosol layer. On the
other hand, over a bright surface (4s > 0.3) the aerosol absorption
and backscattering of the radiation reflected by the surface
dominate, so that 4 is lower than the surface albedo and A4 is
negative. Over surfaces with intermediate values of As the
radiative effect may be undetectable. The surface albedo value for
which an aerosol layer has no effect on the visible atmospheric
albedo is called the critical surface albedo. For surface albedos
close to this value, a given aerosol layer may have slight but
opposite effects. The critical surface albedo is strongly dependent
on the aerosol single scattering albedo and, to a lesser extent, on
particle size [Fraser and Kaufman, 1985; Kaufman, 1987; King et
al., 1992]. So, following the previous theoretical considerations,
it appears that aerosol remote sensing will be of variable
difficulty.

The surface albedo values of savanna soils for the region of
our study, given in Figure 1, are included in the range of the
critical surface albedo values. So, over agiven savanna site with
a surface albedo value of 0.16, for example, smoke plumes are
expected to be detected with different effects, depending on their
single scattering albedo: some increasing the visible atmospheric
albedo and others decreasing it.

2. 4. Methods

A protocol was developped in order to identify savanna fire
plumes on the images. Various software [Sutton et al., 1988;
Vogt, 1990] (Sphinx®; Imassist®) were used in order to perform
graphics and digital calculations such as image display, window
extraction, zooming, thresholding, and false color composition.

As biomass burning smoke plumes must include fire pixels,
the first step of our method was to map the active fires. Our
images have been thresholded in accordance with previous

studies [Kaufiman et al., 1990a; Brustet et al., 1991 ; Grégoire et
al., 1993] which have shown that the use of different IR channels
is needed to separate the impact of the fire pixels from that of the
bare soils and burning scars. Briefly, the fire pixels have been
discriminated from other pixels using the following rules
determined by Franca et al. [1995] for the African savanna:

Channel 3 temperature > 320 K (fire pixels must saturate
channel 3).

Channel 4 temperature > 287 K (this test allows us to
discriminate fires from strong reflective clouds which may also
sature channel 3.)

Channel 3 temperature - channel 4 temperature > 15 K (this
test is used to separate fires from hot surfaces).

0 < channel 4 temperature - channel 5 temperature < 5 K (this
test is especially used to determine fires from partial clouds).

A (visible AVHRR albedo) < 9.5 % (this test allows us to
confirm presence of active fire pixels which are used to affect
visible albedo).

By comparing these fire pixel maps and the original images
visualized in grey levels, we identified in cloud-free regions
many elongated structures originating from fire plots and
occurring in the dominant northeasterly wind direction. We used
a false color composition in order to obtain further evidence of
the presence of smoke plumes in these structures. This technique
consists of assigning one of the three basic colors (red, blue,
green) to one of the three different channels (visible, near
infrared, and infrared), which are then combined to display a
color composite image [Chung and Le, 1984; Malingreau et al.,
1989]. The IR channel was red, the near-IR channel green, and
the visible blue. This is the most convenient composition to
determine vegetation changes and aerosol impact [Malingreau et
al., 1989]. In such a composition, areas with wet or dry
vegetation appear in green or yellow, respectively, water and lake
in claret or deep purple, clouds in blue, and burning scars or bare
soils in red or pink. In the following, we shall see that two types
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Plate 1. False color composite image (from NOAA AVHRR data for December 5, 1990).

of smoke plumes are detected in such a composition, with either a
brownish or a purple color.

Once the smoke plumes are identified, a more quantitative
approach is performed. On a single image with no cloud events,
we considered two types of pixels : pixels within the smoke
plume events and pixels situated in the vicinity of smoke pixels
(called background pixels). Background pixels were assumed to
never be directly affected by smoke events, but they may be
highly polluted by the presence of the aged biomass burning
aerosols resulting from previous fires. For example, the site of
Lamto (with experimental optical depths of the order of 1 during
the fire season {Liousse et al., 1995]) may be representative of a
situation of background atmosphere. Of course, the boarders
between the two kinds of pixels are fictive, as the plumes really
fade into a more or less polluted background. Smoke pixels may
be distinguished when the difference between their visible
AVHRR albedo and that of the background are at least larger
than the relative error on the AVHRR albedo. With the use of this
method, we assumed that background atmosphere under the
plumes was the same as that surrounding the plumes. This
hypothesis was tested and validated with the method set up by
Kaufman et al. [1990a,b] using an additional image. Indeed, the
same location was studied with two different cloudless images,
one (the December 6 image) when the site was covered by a
smoke plume, the other (the December 5 image) when the site has
no smoke events, which corresponds to a situation of background
atmosphere. The mean albedo value (of 11%) measured in the
background within a 10-km area all around a given plume with
our simple method using the December 6 image was equal to the
mean visible AVHRR albedo measured with the method of
Kaufman et al. in the December 5 image. Moreover, the use of a
single image for determining the albedo of the background
removes the additional uncertainty due to the change in the
geometry of observation if different images are used.

2. 5. Results

Plate 1 shows an AVHRR image taken on December 5, 1990.
The savanna areas mainly appear cloud less: this situation is
confirmed by a meteorological survey (J.M. Grégoire, personal
communication, 1995). The fire spatial distribution is
superimposed on the image, and fire pixels may be discriminated
by their white color. At this period, fires are found distributed
over the whole Sudanese savanna area (9°-14°N). A carefui look
at the successive images has shown that the fire development
occurred from east to west, a phenomenon which is in agreement
with previous field observations of local fire ignition [Monnier,
1968]. Some fires may also be noticed in the Guinean savanna
region, where the dry season is not yet established. Some
brownish smoke plumes appear parallel to the wind direction. In
fact, about 90% of the detected smoke plumes, called type 1
plumes, were made up of brownish smoke plumes. The other
10% of the plumes, called type 2 plumes, mainly appear in light
purple, but they do not appear in Plate 1.

Table 1a shows the visible AVHRR albedo values obtained for
one of the detected type 1 smoke plumes: following the rules
described in section 2.4, it may be seen that smoke plume and
background pixels are distinguished. In that case, mean albedo
values are (8.530.3)% and (11.0+0.3)%, respectively. Inside the
type 1 smoke plume structure, values are not constant and pixels
may be classified in two quasi-uniform parts, in which absolute
variations in the AVHRR albedo are within 1% with increasing
distance from the origin of the plume. The first part of the plume,
close to the source, is highly contaminated by smoke. The
properties of the second part are close to that of the background.
Same observations were performed for the type 2 smoke plume
structure (Table 1b). Near the active fire pixels, due to the
presence of aerosol, the albedo also decreases relative to the
background. However, differences between type 1 and type 2
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Table 1a. Example of Visible AVHRR Albedo Values for a
Type 1 Plume of the West Zone (see Tables 3 and 5)

Geographic Pixel Position (Line n°)
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Table 2. Average Values for Eastern Area of Visible AVHRR
Albedos, Aerosol Optical Thickness, and Relevant Average
Aerosol Mass Loadings in Smoke Plumes, and

in Background Atmosphere

226 29 30 31 32 33 34 35 36 37 38 39

11.0
11.0
11.0
11.0
110
11.0
11.0
11.0
11.0
11.0

11.0
104
104
10.8
11.0
11.0
11.0
11.0
11.0
11.0

85" 79°° 79* 104
7.9 7.9 79 104
79'° 857 8.5 104
85" 85" 85 108
85 85" 104 104
104 104 108 108
104 104 110 110
104 108 110 110
104 108 108 110
10.8 108 108 11.0

9.1"
8.5°
8.5“
85"
8.5
85"
9.1°
104
10.4
11.0

10.4
104
9.1
91
9.1°
85
9.1
10.4
10.8
11.0

10.4
104
10.4
10.4
91"
9.1
9.1
10.4
10.8
11.0

104
108
10.8
10.4
9.1°
10.4
104
108
10.8
11.0

10.4
10.4
104
10.4
9.1°
9.1°
10.4
10.8
10.8
10.8

10.4
104
11.0

Values are in percent and are background atmosphere pixels unless
otherwise noted

? Smoke plume pixels.

® Burnt area of plume event.

plumes appear in the other part of the structure, where the visible
AVHRR albedo can be either decreased (type 1) or increased
(type 2) by smoke particles.

In our study for each type of plume, we considered a mean
AVHRR albedo. Values are presented in Table 2 for the
southeastern areas described in Figure 1.

In cases presented in Table 1, the overall length of a smoke
plume is of the order of 10 km. In our whole study, smoke plume
lengths have been included in the 5 to 30-km range. Longer
smoke plumes (up to 50 km) have been found over the
southeastern Sudanese savannas, but the presence of fire pixels in
the center of the plumes suggested that these longer smoke
plumes combined at least two or three smaller ones.

It is interesting to understand now why type 1 and type 2
plumes are brownish and purple structures, respectively. As
previously described, type 1 plumes decrease visible atmospheric
albedo values (or pixel values from the blue channel), whereas
type 2 structures increase these values. Also, the apparent

Table 1b. Same as Table 1a but for a type 2 Plume

57 58 59 60 61 62 63 64 65 66 67 68

103 103 103 103 9.3*°93* 103
103 103 103 103 93%°93* g3%®
103 103 103 122" 12.279.3* 9,32
12212271227 13* 13° 93* 93%P
13 13" 122°9.3** 93
137 13° 1227103 103
103 1221227122 13* 13* 13° 122122103
103 12.2%122% 12213 13* 13* 13" 13® 13" 122103
1227 122° 12.2* 1227122 13*  13* 13® 13° 13" 13* 122°
122° 12271227 1227122 13*  13* 122°122%122°122%122°
12271227 12.27 12271227 12.27 1227 1227 122 1227 12.2% 12.2°
122%12.2* 12.2* 122"10.3 103 103 103 103 103 103 103
1227103 103 103 103 103 103 103 103 103 103 103

103
10.3
10.3
103
103
10.3

10.3
10.3
103
103
103 103 1227 122" 13"
103 103 1227122713

103
103
10.3
10.3

103
10.3
10.3
103

Values are in percent and are background atmosphere pixels unless
otherwise noted.

# Smoke plume pixels.

® Burnt area of plume event.

Background Type 1 Type 2
Plume Plume
Visible AVHRR Albedo, % 11 8 12.6
Aerosol Optical Thickness 0.1 0.45 0.5
Specific Extinction
Cross Section, m* g’* 1.35 17 4.6
Aerosol Mass Load, g m? 0.07 0.265 011

temperature calculated from the red IR channel is higher in type 1
plumes than in the background, whereas it is lower in type 2
plumes (AT is of the order of 1 to 10°K). Let us note that, as both
type 2 plumes and clouds decrease the apparent temperature, they
needed to be discriminated. This was achieved by reporting the
IR temperature and the visible albedo of purple plumes in the
Lijlas diagram [Lijlas, 1987; Franca et al., 1995].

Among all the possible explanations, we may present the
following hypothesis.
For a constant savanna surface albedo, according to Figure 2,
brownish plumes which decrease the mean AVHRR albedo
should be loaded by absorbing particles with a single scattering
albedo (®,) lower than 0.8, whereas purple plumes should have
particles with less absorbing capabilities and a single scattering
albedo higher than 0.9. The w, variability may also result from
the variability of aerosol size and/or composition. Apparent
temperature, which has been seen to be higher in the brownish
plumes and lower in the purple plumes than in the background
atmosphere, may reveal the height of the aerosol layer. Apparent
temperature combines both the surface and the atmospheric
temperature. As shown by Robock [1991], illumination near the
ground is usually reduced by smoke particles, which leads to
lower IR emissions and, consequently, lower surface temperature.
It may be assumed that this situation occurs for both kinds of
plumes. Therefore the differences in temperature between type 1
and 2 plumes could originate from the plume temperature itself,
particles found in type 1 plumes having higher temperature than
those in type 2 plumes. This may be due to the vertical location of
the particles: the brownish type 1 plumes would be confined in
the lower atmospheric layers owing to low vertical buoyancy,
whereas type 2 plumes would have an important vertical
development and would be thus situated in higher atmospheric
layers. As a consequence, aerosols in type 2 plumes would be
older and then bigger than those in type 1 plumes. According to
the theoretical curves given by Twomey [1977], we may deduce
that the larger the particles, the larger the scattering effect, and
the higher the single scattering albedo values. Moreover,
savannas may burn under different flaming conditions, heading or
backing fires, the most violent fires (the heading fires) having a
larger buoyancy and producing aerosols with lower black carbon
contents (H. Cachier et al., submitted paper, 1996]. These two
types of savanna burning lead to different types of plumes.

2. 6. Discussion

The spatial distribution of visible AVHRR albedo of plumes
was studied over western African savannas. Smoke plumes were
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Figure 3. Visible AVHRR albedo relative to smoke in % as a
function of surface albedo in % (background effect subtracted).

detected in three main savanna ecosystems presented in Figure 1.
The relevant surface albedo values have been obtained from Bony
[1975] and Arino et al. [1992] : 16% for the Sudanese savanna,
13% for the Guinean savanna, and 14% for a mixture of the two
previous ecosystems (grassland with a 10% wood tree cover).
These values, which are representative of actual surface
reflectance values, cannot be directly compared to apparent
background albedos obtained in this work, since our values are
not corrected for the background atmospheric pollution. Figure 3
presents the increment of visible AVHRR albedo measured in
either type 1 and type 2 plumes as a function of the surface
albedo for the three considered ecosystems. In agreement with the
theoretical computation (Figure 2), the effect of type 1 plumes
appears to be dependent on the surface albedo and, consequently,
on the vegetation cover. The larger the surface albedo, the more
important the effect and the easier the type 1 plume observation.
Indeed, whereas remote sensing of plumes seems to be easy
above the dry Sudanese savanna (surface albedo of 16%), in the
Guinean humid savanna with lower surface albedo (13%), some
smoke structures are likely to be undetectable. However, there is
no linear relationship between surface albedo and visible
AVHRR albedo for type 2 plumes: it scems that they are easily
observed whatever the type of savanna. According to Figure 2,
the detection of type 2 plumes should have been more difficult
over the Sudanese savannas of higher surface albedo. This
absence of difference might be due to the variability of smoke
particle properties previously described within these plumes.

3. Retrieval of the Aerosol Optical Depths

An Earth uncloudy atmosphere radiative model derived from
the computer code "5S" ("Simulation of the Satellite Signal in the
Solar Spectrum") [Tanré et al., 1990] was used to retrieve the
aerosol optical depth from visible AVHRR albedo values. Our
period of observation being situated before the Pinatubo event,
stratospheric aerosol optical depth values [McCormick and Veiga,
1992] could be neglected. A particular effort was conducted with
the aerosol phase model in relation to our ground-based
measurements.

3. 1. Description of the Method Principle

The 58 code allows the simulation of the satellite signal due
the reflection of the light by the ground-atmosphere system in the
solar spectrum (0.35-4 pm), assuming a cloudless atmosphere.

Table 3. Geometric Conditions of West Africa Remote Sensing and Surface Albedo Values

Ascendant node

Pixel

Savanna Surface Obser-

Lati- Longi- Image

Zone

Number on

vation

o

s

Longitude

Time

Albedo  Hours Image Line

ype

Date

tude

tude

0°52' 224°37"  80°52'

43°28'

14.58905 355.9818

14.63245 1038

Guinean 0.127

Jan. 11, 1991

[

Middle

78°28',
-99°14'

214°44",
224°16'

0°52',
55°23'

43°26/,
48°55'

143725 358.64

1885

14.4445

Sudanese 0.16

-13°48'  Dec. 7, 1990

13°27

West

-98°31',
-98°2'

229°12',
23127

28°44",
45°41"

49°47,
52°2'

14.7478 352.98

14.79126 300

Sudanese 0.16

Dec. 5, 1990

-2°34'

10°4'

East

Here, 0,, zenith solar angle; 6, , azimuthal solar angle; ¢ zenith observation angle; ¢, , azimuthal angle.
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An exhaustive description of the calculations performed by 58
may be found by Tanré et al. [1990]. Briefly, this code is based
on a detailed description of spectral scattering by the surface,
atmospheric gases, and aerosols. A correction is made to account
for the absorption of the atmospheric gases H,0, O3, O, and
CO,. The particulate multiple scattering is approximated. An
approximation for the multiple interactions between gases and
aerosols is also performed. The error consequent upon this
approximation has been shown to be of the order of a few percent
[Tanré et al., 1992].

The aerosol optical depth at 550 nm () is the parameter used
to set the aerosol concentration. Following the method used by
Dulac et al. [1992] for the study of desert dust plumes, the code
is used to simulate the visible AVHRR albedo for a number of
values of 1,, depending on the input parameters of the 55 model,
such as the geometric and spectral conditions, the surface albedo,
the atmospheric gaseous composition, and the aerosol type and
concentration. Such simulations were performed for smoke
contaminated pixels and for pixels with background atmosphere.

Table 3 summarizes the geometric and the surface albedo
input parameters needed to simulate satellite observations in the
three typical areas of western African savannas where smoke
plumes have been detected. Following experimental results
[Fishman et al., 1990; Liousse et al., 1995], larger atmospheric
H,0 and O; contents (6 g cm” and 0.344 cm atm, respectively)
were considered for the simulation of smoke plumes than for the
background atmosphere (4 g cm™ and 0.247 cm atm). Profiles of
pressure and temperature from either the US62 model or the 5S
tropical atmosphere model [McClatchey et al., 1971] yielded
similar results. Our parallel ground-based results show that
savanna biomass burning aerosols combine four basic particle
components [Cachier et al., 1995]: organic carbon (OC), black
carbon (BC), submicron-size water-soluble particles (WS), and
mineral dust particles (D). Because the basic standard aerosol
components defined in the work by the World Meteorological
Organization (WMO) [1986] and used by the 5SS code did not
allow us to simulate organic carbon particles, which are known to

Table 4a. Aerosol Models for External Mixtures
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be the major fraction of biomass burning aerosols [Cachier et al.,
1991 ; Mazurek et al., 1991], a new aerosol model has been
defined. Also, in order to take into account the aerosol size
distribution variability linked to various smoke ages, we
developed aerosol models with different particle sizes. Table 4a
presents the different characteristics used to compute particle
relevant optical properties. Absorption and scattering spectral
properties of all these aerosol models were computed using Mie
theory [Van de Hulst, 1957], which assumes homogeneous
spherical particles. Because parameters relative to the organic
carbon particle model are not supported by many data, further
calculations will be needed when new experimental
measurements are available.

Furthermore, recent experiments have shown that combustion
particles are generally internally mixed [Parungo et al.,, 1992;
Herring et al., 1995; Hobbs et al., 1997; Echalar, 1995]. Then,
following these references and calculations by Ackerman and
Toon [1981] and Sloane [1983, 1984], we performed simulations
of heterogeneous particles, considering they consisted of a
homogeneous core coated with a uniform shell. The core particle
size was taken in the upper part of the accumulation mode for
BC, OC, and WS particles and in the coarse mode for dust. We
tested shells representing 1% or 10% of the total particle volume.
These models are listed in Table 4b.

3. 2. Results

Aerosols in the background atmosphere and in type 1 and type
2 plumes were simulated separately. Chemical composition and
particle size for the three different conditions were chosen in
accordance with ground-based measurements and are reported in
Table 5a.

Type 1 and type 2 plumes are mainly composed of organic
carbon particles. Following previous field measurements
[Cachier et al., 1995], we have differentiated the BC/OC ratio in
particles. Black carbon relative content was assumed to be higher
in background than in plumes.

Model Symbol ¥i, um G, m p, glem’® Reference

Black Carbon BC(0.015) 0.006 1.7 1.95-0.66i 12 Bergstrom [1972); Whithy [1978]
BC(0.04) 0.015 1.7 1.95-0.66i 12 Bergstrom [1972]; Whitby [1978]
BC(0.05) 0.0118 2 1.75-0.45i 23 WMO [1986]; D'Almeida et al. [1991]
BC(0.1) 0.04 1.7 1.95-0.66i 12 Bergstrom [1972]; Whithy [1978]
BC(0 15) 0.065 17 1.95-0.66: 1-2 Bergstrom [1972]; Whitby [1978]
BC(0.8) 0.2 2 1.95-0.66i 12 Bergstrom [1972], Whitby [1978]

Organic carbon 0C(0.01) 0.002 1.7 1.43-0 0035i 172 Holben et al. [1991]; Sloane [1983]
0C(0.015) 0.006 1.7 1.43-0.0035i 1.7-2
0C(0.03) 0.015 1.7 1.43-0.0035: 1722
0C(0.1) 0.04 1.7 1.43-0.0035: 1.7-2 Holben et al. [1991]; Sloane [1983]
0C(0.15) 0.065 1.7 1.43-0.0035i 1.7-2
0C(0.2) 0.086 1.7 1.43-0.0035/ 1.7-22
0C(0.45) 0.2 1.7 1.43-0.0035i 1.7-2 Holben et al. [1991]; Sloane [1983]
0C(0.8) 02 2 1.43-0.0035; 1.7-2

Water soluble WS(0.18) 0.005 299 1.53-0.005i 1722 WMO [1986]; D'Almeida et al. [1991]
WS(0.8) 0.2 2 153-107i 1.7-2 Whitby [1978]

Dust-like D(18) 0.5 299 1.53-0.008i 1627  WMO [1986]; D'dimeida et al. [1991]
D(12.2) 23 2.11 1.5-0.0008 2-23 Ackerman and Toon [1981]; Patterson and Gillette [1977]

Volume mean radius is into parentheses; r,, mean geometric radius ; o, geometric standard deviation; m, complex

refractive index; g density.
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Model Symbol 7, im o, m p, glemt’ Reference

Organic carbon shell BC/OC °® 1.7 1.43-0.0035i 1.7-2 Holben et al. [1991] , Sloane [1983]

and black carbon core 1.95-1.66i 1-2 Bergstrom [1972] ; Whithy [1978]

Water-soluble shetl BC/WS ° 1.7 1.53-107; 1.7-2 Whitby [1978]

and black carbon core 1.95-1.66: 1-2 Bergstrom [1972]; Whitby [1978]

Water shell BC/water * 1.7 133 2 Whitby [1978]

and black carbon core 1.95-1.66: 1-2 Bergstrém [1972], Whitby [1978]

Water shell OC/water * 1.7 1.33 2 Whitby [1978]

and organic carbon 1.43-0.0035i 1.7-2 Holben et al. [1991], Sloane [1983]

Water shell D/water 2.11 1.33 2 Whithy [1978]

and dust core 1 50-0.0008 23 Ackerman and Toon [1981); Patterson and Gillette [1977]
Organic carbon shell D/OC ° 2.11 1.43-0 0035: 17-2 Holben et al [1991]; Sloane [1983]

and dust cores 1.50-0.0008: 2.3 Ackerman and Toon [1981], Patterson and Gillette [1977]
Organic carbon shell ws/oc *® 1.7 1.43-0.0035: 1.7-2 Holben et al. [1991]; Sloane [1983]

and water-soluble core 1.53-107 1.7-2 Whitby [1978]

Water shell WS/water * 1.7 1.33 2 Whitby [1978]

and water-soluble core 1.53-1071 1.7-2 Whitby [1978]

Here, r,, mean geometric radius; o,, geometric standard deviation; m, complex refractive index; p, density
* 1% mix: internal »,, 0.198 um, external r,, 0.2 um; 10% mix: internal 7,, 0.192 pm, external 7, 0.2 Hm.
1% mix internal r,, 2.29 pm, external r,, 2.3 um; 10% mix: internal r,, 2.22 pum, external 7,, 2.3 um.

A literature data survey points out an important variability of
the volume mean radius of biomass burning particles in the range
0.015 pm to 1.0 um (see Table 5b). Among other determinants,
aging of particles is certainly an important parameter. This aging
is accompanied by formation of coatings onto particles coming
from liquid condensation of water and/or adsorption and
conversion of various gaseous substances. Coagulation and
sintering processes [Richmond and Flagan, 1994] occurring
during particulate aging could also change black carbon
aggregates into larger particles.

Thus, according to these literature data, we present our best
guess for aerosol size distribution in the three clearly different

Table Sa. Aerosol Models Used for the Retrieval of 1, in Type 1
and Type 2 Plumes and in Background Atmosphere

Percent

Background atmosphere

0oc(0.03) 304

Bc(0.04) 7.6

pU8) 50.0

ws(08) 120
Brownish plume

oc(003) 81.4

Bc(0.04) 12.0

p(12.2) 49

ws(0.18) 1.7
Purple plume

oc0) 87.0

Bc(0-8),0¢° 1.0

p{12.2),0¢? 0.5

ws©0-8)0c 1.5

“Coating of organic carbon.
Volume mean radius chosen for each particle is indicated in
parentheses. More details are given in Tables 4a and 4b.

situations: type 1 and cype 2 plumes and background conditions
(Table 5a). Since type 1 plumes have been considered as young
plumes (section 2.5), it is assumed that they are mainly composed
of young and small particles with a volume mean radius for
organic carbon particles of 0.03 pm. In contrast, type 2 plumes
have been hypothesized to develop in altitude and to contain
older and larger particles: mean volume radius for the main
component (the organic carbon particles) was assumed to be 0.1
pm. That of black carbon and sulfates has been chosen in the
largest part of the possible range (Table 5b). Moreover, these
particles were considered to be mainly internally mixed. Finally,
in the background atmosphere, we considered that the aerosol
phase was dominated by dust particles with volume mean radius
larger than in plumes.

Based on the 5S model, relationships between visible AVHRR
albedo and aerosol optical depth have been established for
background and type 1 and type 2 plumes. Figure 4 shows such
relationships for plumes detected over eastern areas. From these
curves, visible AVHRR albedo values could be converted into
aerosol optical depths at 550 nm. Optical depths due to the plume
smoke only, were obtained by subtracting the background

Background
—*— Type 1 Plume
—°— Type 2 Plume

Visible AVHRR albedo (%)

107
8
6 T T T
0 0.5 1.0 1.5 2.0

Ta

Figure 4. Relationships between visible AVHRR albedo in %
and aerosol optical depth obtained by 5S model for type 1 and
type 2 plumes, and background atmosphere of the eastern area.
Parameters are described in Tables 3 and 5.
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Table 5b. Aerosol Volume Distributions Given in the Literature for Smoke Particles

r, O, Reference
Theoretical Calculations
Black Carbon 0.04-0.1 2 Chylek et al. [1981]
Black Carbon 0015 1.7 Bergstrim et al. [1982]
Black Carbon 0.015-0.2 1.7 Ackerman and Toon [1981]
Black Carbon 0.015-0.8 1.7 Whitby [1978]
Experimental Data
Haze Layers, Amazonia
Smoke 0.12 1.7 Andreae et al. [1988]
Tropical South Atlantic
Smoke 0.1 1.7 Andreae et al. [1994]
Haze Layers, South Africa
Smoke 0.1 1.7 Le Canut et al [1996]
Background particles 0.2 1.7
Amazonia
Smoke 025 2 Kaufman and Holben [1993];
Kaufman et al. [1994]
Background particles 0.7 2 Kaufman and Holben [1993];
Kaufman et al [1994]
Northern America
Fires 0.12 1.7 Radke et al. [1988]
Background particles 0.22 1.7 Radke et al. [1988]
Savanna Fires
Smoke 03 1.7 Liousse et al. [1995]
Background particles 1.21 1.7 Liousse et al. [1995]

1., mean volume radius, um; 6, geometric standard deviation.

contribution. For a «mean situation», as presented in Table 2, the
T« background value is of the order of 0.1. This value is in the
lowest part of the range of aerosol optical depth experimentally
measured in the Ivorian savanna during the FOS-DECAFE
experiments in the 1991 fire season [Liousse ef al., 1995]. In type
1 and type 2 plumes the average smoke contributions to 1, are of
the order of 0.5. No typical difference may be found between the
two kinds of plumes. The variability in T, within the three zones
(selected in Table 3) is found to be of the order of 25%.

3. 3. Uncertainties

Sensitivity tests were performed in order to evaluate the
absolute uncertainty in the retrieval of aerosol optical depths. In
view of such evaluations, a given parameter among the viewing
geometry, surface albedo, atmospheric gaseous concentrations
and aerosol size, and chemical composition was allowed to vary
in a realistic range for the atmospheric conditions of our study.
Uncertainty was then determined for a fixed albedo value
corresponding to our average measurements.

3. 3. 1. Tests on viewing geometry, surface albedo and
gaseous concentrations. We considered the same mean
geometry inside each of the three selected zones. However, the
change in the Sun and viewing angles may be significant inside a
given zone. For example, in the east zone, the observations
realized over the northern half may be characterized by 0, =
49.79°, 6, = 28.73°, ¢, = 229.20°, and ¢, = -98.52°, and those of
the southern half by 6, = 52.03°, 8, = 45.69°, ¢, =231.45°, and ¢,
= -98.03°. Running the 5S model for these two geometrical
conditions, the other parameters being constant, we found that the
uncertainty on the retrieved aerosol optical depth values is of the
order of 10%. Such a variation has also been observed in the
western zone. This variation is mainly due to the anisotropy of
the backscattering aerosol properties. Recent works [Gutman et

al., 1989; Roujean et al., 1992] have shown that anisotropy of the
surface reflectance might also occur, which will require further
investigations.

Testing the impact of surface albedo variability in the retrieval
of 15, we could evaluate that a surface albedo uncertainty of 10%
results in an uncertainty of 5-20% for 7T, values, the smaller
uncertainty being associated to higher aerosol concentrations. For
a mean AVHRR albedo corresponding to an aerosol optical depth
of 0.5, uncertainty on 1, values is of the order of 10%.

Finally, impact of changes in H>O and Os: atmospheric
contents was investigated. For this purpose, we took extreme
values experimentally obtained in background (4 g/m? and 0.247
cm atm) and in plume conditions (6 g/m* and 0.344 cm atm).
Tests showed that for a given visible AVHRR albedo, maximum
error on T, retrieval was then less than 10%.

3. 3. 2. Tests on aerosol models. The optical properties of
the aerosol phase and, consequently, their impact on the
assessment of 1, are governed by several factors.

First, the scattering capability of the aerosol phase depends on
the real part of its refractive index and the absorption capability
on its imaginary part.

Second, the particle size distribution also influences aerosol
optical properties, as shown by theoretical studies on scattering
and absorbing cross sections, the single scattering albedo, and the
backscattering parameters [e.g., Fenn and Oser, 1965].

Third, considering external or internal mixing for the aerosol
phase also changes the aerosol optical properties. Heterogeneous
particles generally found in the accumulation mode are larger
than homogeneous particles. This has been illustrated by
D'dAlmeida et al. [1991], who calculated the growth of black
carbon particles with the atmospheric relative humidity (RH) and
found that the particle radii may double with RH ranging from 0
to 99%. Also, the presence of a shell at the surface of an
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Figure 5. Impact of particle size on the relationship between visible AVHRR albedo in % and aerosol optical depth

() (volume mean radius, geometric deviation, and single scattering albedo values (or ®,) are indicated into
parentheses). Tests for a smoke plume atmosphere (see Table 5a) with a single component aerosol type. (top) Black

carbon studies. (bottom) Organic carbon studies.

absorbing core such as black carbon particles may focus the
incident radiation toward the inner part of the core, as the surface
material real refractive index is lower than that of the black
carbon core. In such a situation, the core absorptive capacity is
significantly reinforced [Fenn and Oser, 1965; Ackerman and
Toon, 1981; Bergstrom et al., 1982; Rosen and Novakov, 1984,
Chylek and Ramaswamy, 1984].

We now present the different simulations performed to test the
impact on the retrieved aerosol optical depth of the aerosol size
distribution, the aerosol composition, and the type (heterogeneous
versus homogeneous) of particle mixture. Tests were performed
for the background and the smoke plume atmospheres as defined
in Tables 3 and 5 and will help in elaboration of ensuing
uncertainties.

Tests on particle size distributions: Tests presented in this
section were achieved with a single component of the aerosol
phase. It must be kept in mind that such simple aerosols are
poorly representative of the smoke aerosols. We used aerosol
models described in Table 4a.

Figure 5 presents the relationship between aerosol optical
depth and visible AVHRR albedo for black carbon and organic
carbon models with different size distributions. It may be seen in
the top of Figure 5 that the increase of 14, due to an increase of

the black carbon content, leads to a decrease of visible AVHRR
albedo. The intensity of this effect depends on the particulate
size. The same effect occurs with organic particles with small
volume mean radius. However, tests show that OC particle
growth may reverse the phenomenon. Indeed, in the bottom of
Figure 5, it may be seen that curve slopes are either negative,
when the plume consists of small particles (with a volume mean
radius r, lower than 0.03 um), or positive, when particles are
larger (» > 0.03 um) and the concentrations are high (1, > 0.1).
This change in the impact of OC particles underlines the need to
accurately determine the OC content of smoke aerosols.

The same results are presented in a different way in Figure 6.
Now 7, is fixed at the constant value of 0.5 : AVHRR albedo is
then studied as a function of the volume mean radius of particles.
Interestingly, an increase of BC volume mean radius from 0.015
um to 0.8 um increases the visible AVHRR albedo, showing the
predominance of light backscattering versus forward scattering
and absorbing. This is in accordance with the increase of single
scattering albedo values calculated for each aerosol model, and
indicated in Figure 5. For larger particles, this effect is less
important. The same effect is observed for organic carbon
particles: for a given aerosol optical depth of 0.5, AVHRR albedo
varies from 5 to 14%, and a maximum effect on AVHRR albedo
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Figure 6. Impact of the volume mean radius on visible AVHRR
albedo in % for a constant aerosol optical depth of 0.5. Tests for
black carbon and organic carbon particles are plotted separately.

is obtained with organic carbon particles with volume mean
radius of 0.1 um and a single scattering albedo of 0.95. Increase
of particles over 0.1 um brings a decrease of visible AVHRR
albedo. It may be seen that Figure 6 is in agreement with the
theoretical curves of Twomey [1977].

Finally, it is possible to use Figure 5 to obtain uncertainties on
AVHRR albedo or optical depth due to variation in particle size.
Size range is hypothesized to be 0.04-0.8 and 0.03-0.1 um for BC
and OC particles found in both types of plumes. For a given mean
AVHRR albedo, it is possible to estimate the effect of particle
size on T, values. Conversely, for a given aerosol particle depth
(t4) it is possible to retrieve the size effect on AVHRR albedos.
For example, this effect is found to be 25% for BC and 15% for
OC models, either for both background or smoke plume
conditions. The same investigations were performed for WS and
D particles. For the background atmosphere, uncertainties
obtained with the use of WS(0.18) or WS(0.8), and that of
D(12.2) or D(18) (Table 4a), were found to be of the order of 15-
20%.

Impact of the chemical composition of the aerosol mix:
Owing to the exceptional absorbing properties of black carbon
and its abundance variability in combustion aerosols, a detailed
study was designed for the impact of this aerosol component. The
visible AVHRR albedo was then calculated as a function of the
abundance of black carbon in the carbonaceous aerosol of a type
1 plume for a constant optical depth of 0.5. WS and D particles
were fixed as described in Table 5a. Figure 7 shows that the
AVHRR signal is greatly affected by the variability of the black
carbon abundance. The importance of BC abundance has been
previously pointed out by Bergstrém et al. [1982] when
calculating particulate optical properties. We show here that its
abundance in the atmospheric column is also important. It may be
stressed that AVHRR albedo values display the most important
variability for the range of BC/TPM values experimentally
measured (3-30%). A 50% error in the BC content in the aerosol
phase yields an uncertainty of 12% for visible AVHRR albedo.
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Figure 7. Impact of BC/total particulate matter (TPM) change on
the visible AVHRR albedo in % for a constant aerosol optical
depth of 0.5 (ratio range observed in biomass burning aerosols :
3-30%). Test for type 1 plume.

Using Figure 4, this leads to an uncertainty on 7, of the order of
30%. The same quantitative results have been obtained for type 2
plumes.

With the relationship between BC/TPM and visible AVHRR
albedo shown in Figure 7, it is possible to retrieve from satellite
data, BC/TPM values in smoke. The mean AVHRR albedo value
measured in type 1 plumes over western Africa is of the order of
8%, which yields a BC/TPM value of the order of 10%. This is in
agreement with ground-based measurements of smoke plumes
[Cachier et al., 1995].

The same kinds of tests have been realized to study the impact
of OC, dust, and WS on the visible AVHRR signal. The total
uncertainty for T, assessed from a given A%, assuming an error of
+50% in the relative concentrations of these components, is of the
order of 30%.

Impact of the presence of internally mixed particles: Table
6 presents, for a constant aerosol optical depth of 0.5, the impact
on visible AVHRR albedo values, of shells of organic carbon,
water-soluble particles or water onto BC particles. The aerosol
models are described in Table 4b. In each simulation, the whole
aerosol phase was considered to be internally mixed.

Results in Table 6 show that the presence of a thin coating
increases the BC particle absorptive capacity (radius being

Table 6. Impact of Different Coatings on Black Carbon
Particles, on the Visible AVHRR Albedo (1,=0.5)

Aerosol Model Visible AVHRR Albedo, %

BC®? (reference) 8.34
BC/OC1% 833
BC/OC10% 829
BC/water1% 8.50
BC/water10% 8.31
BC/WS1% 832
BC/WS10% 827

The index gives the nature of the coating (organic carbon, water or WS)
and the contribution of the coating to the total volume of particles (1 or
10%).



5906

LIOUSSE ET AL.: REMOTE SENSING OF CARBONACEOUS AEROSOLS

Table 7. Sensitivity Tests and Overall Absolute Uncertainty on the Aerosol Optical Depths 1, and Visible

AVHRR Albedo 4 Retrieval
Source of Errors Errots on t,, % Eroron 4, % Text Section
AVHRR albedo 50 8 333
Viewing geometry 10 31 331
Surface albedo 10 3.1 331
Gaseous composition 10 3.1 331
Aerosol model
Particle size distribution 332
Water soluble 0 0
Dust.like 0 0
Black carbon 25 85
Organic carbon 15 4
Aerosol composition 332
Cb/TPM concentration 30 9.6
Other than black carbon 30 9.6
Type of mixture (internal/external) 5 1.8 332
Overall error, % 73 20
*Type 2 plumes only.

constant): single scattering albedo values are decreased from 0.5
to 0.495, which consequently produces a decrease in AVHRR
albedo. Within the coating size range considered here (1 to 10%
in volume), the increase of coating material at constant size has a
more significant impact.

The same tests have been realized for particles having a core
of dust coated by organic or sulfate particles. A similar but more
important impact than for soot particles is found. This could be
explained by the coarser size of dust particles, which enhances
the coating effects [Fenn and Oser, 1965]. The impact of a water
shell on organic carbon particles was also checked. No significant
effect on the visible AVHRR albedo could be found. This may be
explained by the nature of the organic carbon core, which is less
absorbing than black carbon particles and smaller in size than
dust particles.

From these tests, the relative error introduced by the choice of
either homogeneous particles or heterogeneous particles is
calculated to be of the order of £5%. However, this work
deserves further investigations for particles with different core
and shell sizes. Focus should be also put on heterogeneous
particles deeply mixed in volume, which are a more satisfactory
imitation of real aerosol and are thought to have exceptional
optical properties [Ackerman and Toon, 1981; Chylek et al.,
1995; Haywood and Shine, 1995].

3. 3. 3. Overall uncertainty on the retrieved aerosol optical
depth. Table 7 summarizes the different absolute uncertainties
relative to the different parameters used in the retrieval of 1.
Uncertainty due to AVHRR albedo determinations (50%) was
obtained experimentally from errors on AVHRR images as
described in section 2.2 (of the order of 8%) and the relationship
between visible AVHRR albedo and 1, (Figure 4). The larger
uncertainties are primarily due to the aerosol composition and
size distribution. The overall uncertainty on t, values retrieved
from satellite images is roughly estimated as the quadratic
average of the different uncertainties and is found to be of the
order of +£75% within the background and the plumes.

Conversely, it is also interesting to investigate how the major
model parameters and assumptions affect the observed satellite
signal. For this purpose, a simple way is to use the relationship
between visible AVHRR albedo and 7, (Figure 4). Errors on
AVHRR albedo retrieval for a constant 0.5 aerosol optical depth
are then determined from uncertainties on 1, retrieval displayed in
Table 7. It may be seen that this set of errors is sytematically
lower by a factor of 3 than that established for 1.

4. Yearly Aerosol Flux Estimates
From African Savanna Fires

In spite of the large uncertainty found on 1. retrieved from
AVHRR images, it is interesting and tempting to derive plume
aerosol mass from these results. Such a work needs calculations
of specific extinction cross section and estimates of global burnt
areas. Each of these parameters would deserve a dedicated study.
The purpose of this paragraph is then to see if AVHRR results
reasonably compare with other measurements.

4. 1. Calculation of Specific Extinction Cross Sections

It is generally accepted that the extinction coefficient (b, in m”
'Y at an altitude z is proportional to the aerosol mass concentration
(TPM) through the specific extinction cross section ¢ [Van de
Hulst, 1957; Japar et al., 1984):

b.=0 TPM (3)

The aerosol optical depthis an integration over a vertical
atmospheric column and can be expressed as a function of ¢ and
of the aerosol mass (TPM;) integrated in the vertical column in
which the aerosol type is supposed homogeneous :

1.=]; 6 TPM &z =6 TPM, C))

Thus o is a critical coefficient for deriving suspended aerosol
mass from aerosol optical thickness. As shown in Table 8a, ¢
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Table 8. Smoke Specific Extinction Cross Sections at 550 nm Reported in the Literature and
Calculated for the Aerosol Models Defined in Table 5a

2

o,mg Reference
Smoke aerosol
357 Tangren [1982]
373 Ferrare et al. [1990]
373 MacMahon [1983]
>0.15 um 3.57 Pueschel et al. [1988]
>0.3 pm 4.54 Radke et al. [1988]
Dry smoke 45 Radke et al. [1988]
Smoke acrosol
with 50% of water 9 Tangren[1982]
Dry smoke 45 Liousse et al. [1994, 1996]
Wet smoke 7 Liousse et al [1994, 1996]
Smoke from SCAR-C 5 Martins et al. [1997]

Aerosol models

G, at 550 nm, m” g’

(0 03) 047

oc®b 2.505

C(() 04) 7
BC“® 2.01

(23 0.101
p'® 0.1
WS(().IS) 2 6
WS(() 8) 2
BC“®/0C 2
BC"®/water 2
D“*2/0C 0.1
D22 water 0.1
ws®¥0c 2
WS rvater 2
Type 1 Plumes 1.3
Type 2 Plumes 24
Background 1°

L7
46
1.35°

For internally mixed aerosols, coatings represent 10% of particle volumes.

Calculated from weighted contributions of each type of aerosol model.

®Calculated from weighted contributions of each type of acrosol model, assuming a coating of 50% of water
surrounding organic carbon and water-soluble particles.

values found in the literature data for smoke aerosols are included
in a large range of values (3.5-9 m? g™). This may be due to
differences in experimental protocols but is primarily linked to
the actual variability of smoke aerosol [Liousse et al., 1993].

The ¢ determination is thus very difficult to obtain because of
the conjunctions of several factors. The value of ¢ varies with
particle size, which itself is variable in space and time, but also
with particulate density and shape. Also, ¢ depends on particle
chemical composition and the type of aerosol mixture (internal
versus external mixture). The impact of water coating is
particularly difficult to assess owing to the temporal variability of
relative humidity but also its spatial variability, especially with
altitude.

Using Mie theory [Van de Hulst, 1957], we computed ¢ values
for the aerosol models chosen for the three typical situations
described above. The ¢ values obtained are displayed in Table
8b. They are found to be slightly affected by the presence of
coatings. The trend is then an increase of absorption coefficients,
and a decrease of scattering coefficients.

For the background atmosphere and the two plume models, ¢

values were calculated by summing weighted contributions of
each aerosol type. Specific extinction cross sections were
calculated to be 1, 1.3, 2.4 m* g”'. These values are lower than
those described in the literature (Table 8a). In light of recent
results and among different parameters, the importance of water
coating could be significant. Kaufman et al. [1990a,b, 1994]
found that, in forest fires, at 70% relative humidity at least half of
the total particle mass could be constituted by water. We recall
that, following previous works, in our study the water shell
represents only 1 to 10% of the particulate volume. Kieh! and
Briegleb [1993] have shown that for sulfate particles with 50%
water volume, ¢ was multiplied by a factor of 2. If such a
hypothesis may also apply to OC particles, ¢ values for smoke
would be 1.35, 1.7, and 4.6 m? g™ for the background atmosphere,
type 1 and type 2 plumes, respectively. It appears that change in
o values is significant for type 2 plumes only. In order to use
extinction cross section values adapted to more realistic
situations, we decided to adopt this set of values for further
calculations.

A large uncertainty (over 100%) is generated by the choice of
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the different aerosol models (Table 8). Furthermore, it must be
kept in mind that this uncertainty could be still more significant if
variations in chemical composition and type of mixtures were
included.

4. 2. Estimate of the Aerosol Mass in Plumes

Using specific extinction coefficients previously calculated
(Table 8b) and the aerosol optical depths presented in Table 2, the
aerosol concentrations in plumes and background atmosphere
have been calculated. Results are given in Table 2. The average
total aerosol load in the background atmosphere is about 0.07 g
m. In the mean type | plume, it is estimated to be 0.195 g m™
(or 0.265 if the background contribution is included), and 0.04 in
the mean type 2 plume (or 0.11 g m™ if the background is
included). Considering that both types of plume structures have
approximatively the same average size (100 km?), the average
plume type 1 and type 2 aerosol mass loadings are 19.5x10° g and
4x10° g, respectively. These values are given with a factor of 5
uncertainty, which is roughly calculated as the quadratic average
of the different uncertainties linked to average plume size
determinations (which may be assumed to be of the order of 2)
and to %, and ¢ determinations which have been described above.

4. 3. Estimate of the Aerosol Flux from African
Savanna Fires

Having estimated average aerosol mass loadings in both
smoke plume types, our purpose is now to evaluate the total
aerosol mass emitted by the whole savanna burning source in
Africa. Since all the plume events could not be detected from the
images, a simple flux calculation performed from the
determination of smoke plume extent and number was
impossible. The total yearly flux () was then estimated as:

F=MSyls )

where M, in g/m?, is the total average aerosol loading taking into
account both kinds of smoke plumes; S is the yearly burning
scarred areas of African savannas, estimated of the order of
6x10'2 m? by Menaut et al. [1991] and Delmas et al. [1991] from
AVHRR data, given with a factor of 2 or 3 uncertainty [Lacaux et
al., 1993, 1995]; and s is the mean burned area per smoke plume,
estimated in two different ways. First, s may be determined from
the evaluation of the burned area per active fire:

s=lvt (6)

where [ is the mean fire width (about 500 m [Vickos, 1991]), v the
fire spreading rate assimilated to the mean surface wind speed,
and ¢ the time duration of the fire. Here v and ¢ are 1 m/s and 10
hours, respectively, according to the observation of the day-night
fire pattern [Liousse and Cachier, 1992]). Parameter s is then of
the order of 18 km?. Considering that mean smoke plume area is
100 km?, s represents 18% of this area.

Second, in each smoke plume structure, the small part where
AVHRR albedo values are systematically minimum may be
considered as the burned area of the smoke plume. In our plume
studies, this area is of the order of 10 km? s should then assumed
to be about 10%.

With a mean s value of 14% (which is the average of the two
previous estimations) and recalling that 90% of the plumes are
type 1 and 10% type 2, the total aerosol flux emitted by the
African savanna fires is then 7.7x10'? g. Considering that in this
region, 85% of the total particulate matter is composed of
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carbonaceous aerosols [Cachier et al., 1995], total carbon flux
may be estimated to be of 6.5x10'2 gC. As the Cb/TPM value is
of the order of 10% in plumes, the flux of black carbon is about
1x10'? g. Taking into account high uncertainties, especially
linked to the burnt area estimates, it may be assessed that these
values are obtained with a factor of 5 uncertainty.

In spite of these large uncertainties, the remote-sensing-
derived flux evaluation (6.5 TgC/yr) compares with the value
estimated from the ground-based measurements of carbonaceous
particles (13 TgC/yr [Cachier et al., 1995]). These values are
lower than those found by Radke et al [1989]. The difference is
primarily due to the larger particle emission factor used by these
authors, and derived from forest fire experiments. Indeed, forest
fires cause twice as high particulate emissions due to the
importance of the smoldering phase, whereas savannas primarily
burn under «cleaner» flaming conditions.

5. Conclusions

For the first time to our knowledge, this work shows that the
detection of savanna smoke plumes on AVHRR images is
possible and may further lead to aerosol loading estimates. Owing
to the savanna albedo values which are included in the range of
critical surface albedo values, the spatial detection of smoke
structures is difficult and sometimes impossible. Over a given
region, the effect of smoke may produce either an increase (type
2 plumes) or a decrease (type 1 plumes) of visible AVHRR
albedo, depending on the aerosol properties.

We suggest that optical impact of smoke depends primarily or.
the combustion nature and intensity which affects the vertical
buoyancy of the smoke plume, the concentrations, and the
physical and chemical properties of the aerosols. Thus the type 2
plume structures could result from a more intense combustion
than the type 1 plumes with a higher vertical development. In
such a case, particles are expected to gain rapidly the habit of old
aerosols : as shown by sunphotometer data, their size is centered
in the accumulation mode. They are also mostly internally mixed.
Moreover, fires which produce such plumes are incomplete
combustions and have been shown to produce relatively more
organic carbon particles than less intense fires. All these
phenomena consequently favor the increase of single scattering
albedo of the type 2 plumes.

The 58S radiative transfer model was adapted to remote sensing
of savanna biomass burning aerosols. New smoke aerosol models
based on chemical and optical properties measured in the field
were included; the heterogeneous nature of the particles has been
also considered. Aerosol optical depths of about a hundred smoke
plumes were retrieved, and carbonaceous aerosol mass assessed.
Aerosol optical depth at 550 nm was found to be of the order of
0.5 in smoke plumes and 0.1 in the background atmosphere.
Aerosol optical thickness determinations were shown to be highly
dependent on the smoke aerosol size distribution and
composition, especially on BC abundances in the aerosol mix. On
the contrary, the nature of aerosols is not an essential parameter,
since the extinction coefficient is similar for a two-component
internal mixtures (with a volume ratio up to 10%) or external
mixtures as long as the size distribution are identical in both
computations. A careful study of the water impact is needed,
since relative humidity has been seen to highly influence the
optical properties of aerosols [Pilinis et al., 1995]. Effort has also
to be put in experimental measurements of particle refractive
index, density, and asymmetry factor. An improvement would
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finally reside in the consideration of aerosol volume mixtures and
nonspherical particles.

Specific extinction cross sections (ratio between the aerosol
optical depth and the aerosol vertically integrated mass loading)
were estimated to obtain the total aerosol mass in an average
smoke plume of each type. Values obtained are of the order of
19.5x10° g and 4.x10° g for type 1 and type 2 plumes,
respectively. We estimated a total mass of carbonaceous particles
emitted by African biomass burning of 6.5 TgC per year with a
factor of 5 of uncertainty. This result is in the same order of
magnitude as estimations based on ground measurements (13
TgC per year).
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