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Abstract—Atmospheric combustion products from forest fires in the Brazilian Amazon and ‘Cerrado’ regions
during the dry season (July–October) induce systematic deviations on the routine satellite techniques for the
assessment of solar energy resource information. This study, based on clear-sky days, has shown model
overestimations of the incoming solar radiation as high as 44%. On the average, clear-sky model
overestimation was four times larger than that found for clear-sky days in regions outside the biomass-burning
season. A positive correlation between the combustion products of black carbon, total aerosols, CO, N O,2

CH , and the number of fire spots counted by the AVHRR sensor from the NOAA series satellites suggests a4

possible mechanism for the parameterization of these effects on the radiation transfer methods.  1999
Elsevier Science Ltd. All rights reserved.

1. INTRODUCTION Although it has been recognized that aerosols
exert a climatic effect on the atmosphere by

The long-range policy for the use of solar energy
producing net cooling (Charlson et al., 1992;

in countries of the tropical belt must take into
Coakley et al., 1993), less attention has been

account some local environmental characteristics
devoted to this study from the point of view of the

that are only poorly assessed so far. The intensive evaluation of the solar energy resource infor-
cloud convection which is associated with the mation. Whitlock and Tarplay (1996) have previ-
inter-tropical convergence zone (ITCZ); and the ously reported the role of biomass combustion
manmade changes in the biosphere–atmosphere products on the transparency of the atmosphere.
interaction, triggered by deforestation and land They have shown the influence of forest fire
clearings are among the most important factors. occurrence in Africa between 1986 and 1987 on
The first factor hinders reliable use of satellite Pinker’s algorithm to infer solar irradiation at the
data for solar energy resource budget evaluation surface. Model overestimation of as much as 120

22due to inadequate parameterization of clouds by W m has been reported and linked to forest
the current radiation transfer models. Although fires located south of the ground radiation sites.
parameterization of clouds can be very sophisti- Using recent values of biomass burning, Anderson
cated in radiative transfer models (even 3-D et al. (1996) calculated that diluted smoke from
effects), the necessary input from operational biomass burning plumes produce an average
satellite data may still not be able to be obtained tenfold enhancement in optical depth over con-
to perform the calculations. The second affects the tinental regions which translates into a 2 25

22solar radiation budget in the atmosphere due to W m net radiative forcing during clear-sky
combustion by products injected into the atmos- conditions.
phere by the widely used practice of land clear- According to up-to-date (1998) information
ings for farming and cattle growth. The magnitude from the Brazilian National Institute for Space
of this effect, however, remains a controversial Research, INPE (http: / /www.inpe.br), current
issue particularly with regard to the aerosols. estimation for deforestation rate in the Amazon

1 2region is 18 000 km /year. The resulting total

1† The legal Brazilian Amazon region, also known as the NorthAuthor to whom correspondence should be addressed. Tel.:
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emission of particulate matter from this source The parameterization of the all-sky transmitt-
14has been estimated at some 10 g of particulate ance is a difficult task due to its highly stochastic

matter to the atmosphere per year (Crutzen and nature. Nonetheless, it can be made by assuming
Andreae, 1990; Ward et al., 1992). Black carbon that the upward flux F may be split into two↑
accounts for about 10% of this total anthropogen- independent contributions: the first component
ic release, and is of major concern for its distinc- corresponds to cloud-free sky conditions F 5clear↑
tive low single scattering albedo. The assessment f(t , F , u , r ); and the second to overcasta 0 z s

of this emission in the solar radiation budget in conditions F 5 g(F , u , d ). The t is thecloud↑ 0 z a

the atmosphere is of major scientific concern atmospheric transmittance, u is the solar zenithz

(Kirchhoff, 1996). angle, F is the incoming solar radiation flux at0

This paper assesses the effects of the biomass the top of the atmosphere, d is the cloud optical
burning on satellite estimations of the surface thickness, and r is the surface albedo. Theses

solar radiation in Brazil during the dry season components can be estimated on the basis of a
(July–October) using the BRASIL-SR model. known set of input atmospheric data. The stochas-

tic nature of the all-sky solar radiation field is
included in the model by defining a fractional or

2. THE BRASIL-SR RADIATIVE TRANSFER effective cloud cover, n where the F is linearlyeff ↑
MODEL distributed between these two extreme atmos-

pheric conditions, F and F :clear↑ cloud↑2.1. Description of the model
F ¯ (1 2 n )F 1 n F (1)↑ eff clear↑ eff cloud↑In order to evaluate radiative forcing at the

surface by the biomass combustion products in Thus, it follows by isolating n :eff

Brazil, the BRASIL-SR model was used in con-
n ¯ (F 2 F ) /(F 2 F ) (2)eff ↑ clear↑ cloud ↑ clear↑junction with ground radiation data from selected

sites. This radiation model was originally de- Assuming that the broadband defined n can beeff
veloped in Germany (GKSS, Geesthacht) by adequately represented in terms of the short band

¨Moser and Raschke (1983) and later adapted and readings from the satellite sensor L, we can
improved to operate in Brazil by a joint collabora- rewrite Eq. (2) as:
tion between the Federal University of Santa

n ¯ (L 2 L ) /(L 2 L ) (3)eff min max minCatarina (UFSC) and the Brazilian National Insti-
tute for Space Research (INPE). It is a physical where the min and max subscripts stand, respec-
model that employs the visible narrow-band re- tively, for maximum and minimum satellite read-
sponse of a geostationary satellite to estimate the ings. Note that the left term of Eq. (3) is a
broadband solar radiation at the surface. Since non-dimensional relative quantity and thus, the
both the reflected radiation at the top of the estimation of n can be made directly in terms ofeff
atmosphere and the surface incident solar radia- the digital counts obtained from the satellite
tion are mainly dependent on the cloud optical sensor with no need for sensor calibration.
thickness, the model assumes that clouds are the The major assumption made by this model is
first-order factor modulating the solar radiation that there is a negative correlation between the
field in the atmosphere. The upward solar density sky transmittance and the fractional cloud amount
flux at the top of the atmosphere F increases measured by n . This can be represented by a↑ eff
with the increase of cloud optical thickness d and simple linear function of the type:
the downward surface radiation flux F decreases.↓ t 2 tcloud

]]]]Thus, for clear-sky conditions the upward flux at n 5 1 2 (4)eff t 2 tclear cloudthe top of the atmosphere reaches its minimum,
which is primarily a function of the atmospheric By rewriting Eq. (4) and keeping in mind that F0

transmittance and of the surface albedo. For fully is the extraterrestrial downward radiation flux, we
overcast conditions, when the cloud optical thick- can finally arrive with the expression for the
ness reaches its maximum, the upward flux at the downward solar radiation flux at surface F :↓
top of the atmosphere is at its maximum owing to

F 5 n t 1 1 2 n t F (5)f s d g↓ eff cloud eff clear 0the cloud albedo. These two extreme sky con-
ditions can be modeled with a satisfactory degree Therefore, in order to obtain the surface irradiance
of confidence. However, the same cannot be said F we need the satellite information on fractional↓
for sky conditions lying in between these two cloud cover n and on the two boundary valueseff

extremes. for the sky transmittance t and t . Theseclear cloud
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two boundary values are estimated by using the ranges: below 2 km, between 2 km and 10 km,
two-stream radiative transfer scheme developed and above 10 km.
by Schmetz (1984). This one-dimensional radia- The optical air mass was estimated using
tive transfer scheme accounts for absorption and aerosol profiles described by McClatchey and
scattering by gases and aerosols assuming realistic Selby (1972) for 0–50 km altitudes. The first 5
atmospheres. Input parameters are the single km of the profile were corrected in terms of the
scattering albedo √, the optical depth d, and the empirical horizontal visibility ranges, also called
asymmetry parameter of the phase function g, as meteorological ranges (VIS). This procedure sets
described by the coupled differential equations for the optical air mass at sea level, and an exponen-
the two-stream method (Lenoble, 1985). Further- tial correction was applied when ground station is
more, the two-stream scheme is applied for a total above sea level.
of 135 radiation wavelength intervals in the This procedure is sufficient to parameterize the
shortwave solar spectral band (0.3–3 mm). aerosol effects in most cases, as will be seen

Several types of model atmospheric profiles below. Nevertheless, this simple approach cannot
(sub-arctic and mid-latitude summer and winter, cope with some unique atmospheric environments
and tropical) are used, based on ground data for such as large urban areas and regions where
temperature, relative humidity, and horizontal intensive burning of biomass is practiced, like in
visibility. The scheme simulates an inhomoge- the northern and central regions of Brazil and in
neous atmosphere by dividing each profile into 31 central Africa during the dry season.
pressure levels which define 30 homogeneous

2.2. Satellite data acquisition and processingatmospheric layers up to the top of the atmos-
phere, for which temperature, dry air density, The algorithm employs digital data from
ozone and carbon dioxide concentrations, and the GOES-8 satellite sensor in the visible channel
√ and g parameters are prescribed. In addition, (0.52–0.72 mm). This satellite, which is also
the water vapor and aerosol loads are estimated known as GOES-EAST, is located at about 758W
by using simple approximations. The upward (F ) at the equator. The Brazilian National Institute↑
and downward (F ) diffusive fluxes obtained by Space Research collects raw satellite data at 12.00↓
solving the coupled two-stream differential equa- GMT, 15.00 GMT and 18.00 GMT, through its
tions are applied for each layer subjected to the division of Environmental Satellites-INPE/DSA
boundary conditions below: in Cachoeira Paulista, Brazil at an 8 km34.6 km

horizontal ground resolution at satellite nadir.
F (d 5 Dd ) 5 F (d 5 0)i ↑ i i11 ↑ The raw data are recorded onto CD-ROM for(6)
F (d 5 Dd ) 5 F (d 5 0)i ↓ i i11 ↓ later processing after necessary editing and cor-

rections to remove or repair bad data. The inputWhere F is the diffusive flux applied to the ithi data for the model are the n values, whicheff(counted downwards) atmospheric layer. Bound-
embody the cloud variability. Eq. (3) calculatesary conditions established at the top of the
n for each pixel (picture element of the digitaleffatmosphere and at the surface provide the linear
image) from the raw satellite data. Figs. 1(a) andequation system which can be solved to get the
1(b) shows the block diagram of the BRAZIL-SR.resulting diffusive radiation density fluxes at

The model also requires information on thesurface and, consequently, the two boundary
other atmospheric constituents, ground albedo,values t and t .clear cloud and altitude in order to generate the atmosphericThe parameterization of the aerosol light scat-
profiles for the two-stream radiative transfertering and absorption is made by employing the
calculation. Since clouds are the most important¨very simple Angstrom empirical formulation
factor of modulation of the radiation field, other(Iqbal, 1983) which states that the direct trans-
atmospheric constituents are only of secondarymittance for solar beam radiation can be ap-
order and are assumed to be sufficiently describedproached by:
by their monthly mean climatology. Thus, the

2a
t 5 exp(2bl m ) (7) ground temperature and relative humidity areal a

obtained from the 30-year climatic tables from the
Brazilian National Institute of MeteorologyWhere b and a are coefficients, l is the
(INMET, 1992). Topography is obtained fromwavelength, and m is the optical air mass. Thea

2a EROS Data Center–Distributed Active Archiveinput parameter for the model is bl in 37
Center (EDC–DAAC), USA, at 300 horizontalradiation wavelength intervals of the shortwave
ground resolution and 100 m vertical resolution.solar spectral band and three different altitude
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Fig. 1. Block diagram for the input data and model parameters for the BRASIL-SR (a) and block diagram of the model
BRASIL-SR radiation transfer model program (b).

The albedo is obtained from the DAAC–Langley (1993). Fire spots are routinely detected by the
ISCCP data product. All these input data are AVHRR thermal channel from satellites of the
reduced to the same horizontal ground resolution NOAA series. This technique uses the thermal
of 0.5830.58 by interpolation techniques, which (channel 3) region of the solar spectrum which
defines the final pixel size for the model computa- comprises the 3.55–3.93 mm range, to count the
tion. number of pixels that are associated with a ground

fire. The method does not quantitatively derive the
area where fires occur, nevertheless, independent

3. BURNING OF BIOMASS
measurements have shown that fires as small as

One practical way to estimate the intensity of 30 m in length can provide sufficient energy in
the burning activities of biomass in large con- the thermal band to saturate a pixel in the gray
tinental areas such as Brazil is by using the scale, and can be counted as a single fire spot.

2satellite technique described by Pereira and Setzer The size of the pixel at the nadir is about 1 km .
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Fig. 1. (continued)

Thus, in spite of the non-linearity and qualitative daily basis during the period June–November,
characteristics of this method, one can assume which comprises the period of peak fire activity.
that the number of fire spots is proportional to the The images are automatically processed and the
area hit by the fires. integrated results on fire spots are made available

The Division of Satellite Products of INPE, to the public at the INPE’s home page site:
˜located in Cachoeira Paulista-Sao Paulo, sys- http: / /www.dsa.inpe.br. Fig. 2 shows the monthly

tematically collects the raw satellite images on a relative frequency of fire spots for the available
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Fig. 2. Relative frequency of the number of fire spots detected by the AHVRR satellite sensor as a function of the month for the
five main climatic regions of Brazil.

period. Fire spot data are available for both spreading out towards the South–Southeast sector
NOAA 12 and 14 satellites. Since each satellite of the country. In contrast, we observe a meager
views a different scene at a different time of the density of fires during the month of June, which
day, it was necessary to normalize the data in marks the onset of the burning season in this
such a way as only the relative increments of fire country. Although the fire spot density is sparse in
spots were shown. This was made by dividing the June for most of the country, constant biomass

˜monthly average fire spots by the corresponding burning activities are observed in the state of Sao
total number of fire spots (all five regions). By Paulo, linked to the harvesting of sugarcane for
using this procedure, it was possible to combine the local alcohol industry.
data sets from different satellites into a larger one, Fig. 3 were derived from nighttime overpasses
which resulted in significant improvements. of NOAA-12 over Brazil. Comparison with after-

The peak of the burning season in the northern noon overpasses of NOAA-14 (not presented)
region, which includes the Amazon forest area, show a much smaller number of fire spot counts.
occurs between September and October, while for This was explained by the fact that fires are

2the Central region, in the ‘Cerrados’ plateau area usually ignited just after noontime. At night, some
of Brazil, it is in June–July. Fires in other regions of these fires have already died or are in a
are negligible compared to these two regions. smoldering phase. Data set of the NOAA-14
Furthermore, the emission factors of total par- satellite were not complete due to the influence of
ticulate carbon, aerosols, and gaseous combustion the sun glint during part of the year, thus were not
products by flaming and smoldering forests are qualified for this study.
generally larger than for grass and ‘Cerrados’ Fig. 4 shows the plot of the annual mean daily
(Ferek et al., 1997). global horizontal surface solar radiation between

For comparison, Fig. 3 presents the geographic 1995 and 1998 estimated by the BRAZIL-SR
distribution of fire spots counted in the whole of model. The maximum irradiation takes place in
Brazil for the months of June 1996 and September the states of the Northeast, along a band that
1996, respectively, at the beginning and at the stretches NE–SW from the northern part of the

´peak of the fire season. In September fire spots state of Bahia through the state of Ceara, and in
spread out throughout a large area in Brazil with the northern border of the state of Roraima, with

22some ‘hot spots’ in the state of Tocantins where daily averages peaking above 22 MJ m . The
intensive clearing activities are concentrated. The Northeast region is under the influence of a
distribution of fires is more strongly concentrated tropical high pressure linked to the South Atlantic
around the Amazon forest border, progressively tropical anticyclone during the whole year which

confer this semi-arid region a stable regime of
high surface solar irradiation. The lowest surface

2 irradiation is observed in the eastern part of theThe Central divisional region of Brazil comprises the states of
´ ´Mato Grosso, Goias and Mato Grosso do Sul. states of Parana and Santa Catarina, with daily
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Fig. 3. Geographical distribution of the total number of fire spots counted during the months of June and September of 1996.
Data were calculated by using the NOAA-12 AVHRR thermal sensor.

22averages of 15 MJ m . Comparing Figs. 3 and 4 minimum for a long period, which occurs during
one can see that areas with maximum solar the dry season.
irradiation in Brazil are also more or less co-
incident with the areas were biomass-burning

4. FIRE PRODUCTS AND FIRE INTENSITY
activities occur. Thus the assessment of the effects
of the biomass combustion products on the model Previous measurements by Pereira et al.
estimation is an important issue for this region. (1996a) have shown that there is a good positive

Wintertime in the Southern Hemisphere starts correlation between the amount of aerosol par-
in July and ends in September. During this period ticles on a vertical column of the atmosphere,
most of the country is under the influence of a dry measured by using an instrumented airplane, and
stable tropical maritime air mass. In the Amazon the number of fire spots counted in a region
and in the central plateau regions this period is around the site where these measurements were
also known as the dry season for its relatively performed. This region will be henceforth referred
cloudless sky, low rain activity and low relative to as circle of investigation. Data for CO, CH4

humidity. The surface solar irradiation is the and N O (Volker Kirchhoff, from INPE, S.J.Cam-2

highest and the variability, measured by the pos, Brazil, pers. comm.) obtained for the same
standard deviation divided by the mean of the region also exhibits this behavior although with a
daily solar radiation at each pixel of the image, is much smaller degree of correlation with the fire
the lowest of the year. This can be seen in Fig. 5, spots. Table 1 shows the correlation coefficients
which shows the global horizontal surface ir- found between these atmospheric constituents and
radiance and its variability as a function of the the number of fire spots detected by satellite
month for northern and central Brazil. Note by within a circle of investigation with 2.58 radius
comparing Figs. 2 and 5 that the periods of around the site were the vertical concentration
maximum occurrences of fire events are co- profiles were performed. Other circles of inves-
incident with periods of more stable regime of tigations were also tested but the 2.58 radius
solar irradiation. The decline in rain activity and yields the best overall correlation for all com-
the more stable regime are the reasons why the ponents.
farmers choose this time of the year for the All six atmospheric components increase as the
process of clearing the forest for pastureland and/ fire activity in the area increases, which suggests a
or agriculture purposes. Large trees are cut and let possible explanation for systematic deviations of
dry. Fires are induced only when rain activity is a the model estimations. The deviations can be
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Fig. 4. Distribution of the mean horizontal global solar irradiation in Brazil estimated by the BRASIL-SR model. Values
represent the daily totals averaged between 1995 and 1998. The circled figures are the approximate locations of the ground
stations listed in Table 2.

linked to the injection of an additional load of are linked to the SCAR-B experiment. The
particulate and gaseous fire products to the atmos- SCAR-B (Smoke, Clouds and Radiation, Brazil)
phere that are not accounted for by the monthly was a joint INPE-NASA/GTE experiment per-
mean climatology used as input for the BRASIL- formed during 1995 that aimed at an evaluation of
SR model. the aerosol forcing on climate due to the forest

´fires in Brazil. Sites of Jaru, Aparecida, Dimona,
4.1. Ground radiation data Ducke, Boa Sorte, and Rio Doce were provided

Available ground sites for solar radiation mea- by the Anglo-Brazilian Climate Observation
surements consisted of pyranometers installed in Study (ABRACOS) project. The ABRACOS
eight sites of the Central and Amazon area of aimed at monitoring Amazonian climate, improv-
Brazil, listed in the Table 2. Two additional sites ing the knowledge of the consequences of de-
located in the southern part of Brazil were also forestation and providing data for the calibration
included for comparison with results in areas free and validation of global circulation models and
of forest fires—they are the BSRN (Baseline sub-models of Amazonian forest and post-de-
Surface Radiation Network, WMO) site in forestation pasture. Stations 4 and 5 in Table 2 are

´Florianopolis and the site at Lebon Regis, both in located in the middle of the Amazon tropical
the state of Santa Catarina. Radiometer data for humid forest. Stations 1, 2, 3, 6 and 7 are located

´the ground sites at Potosi Mine and Cuiaba was in the areas of rapid deforestation activities.
kindly provided by Thomas F. Eck from the Station number 8 is located in the Brazilian
NASA/GSFC, Greenbelt, MD (pers. comm.) and central plateau, in a typical area of ‘Cerrados’
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Fig. 5. Monthly variability of solar irradiation measured for the period between 1996 and 1997 for the northern and central
regions of Brazil, where fires are frequent. The lines indicate the variability and the dashed columns indicate the monthly solar
irradiation. The variability was calculated as the standard deviation of the daily solar irradiation divided by its mean value, for
each month in all pixels of the image.

(Brazilian grassland). Stations 9 and 10 are The first step in the ground data handling was
located outside the biomass-burning region (see the careful selection of clear-sky days. This was
Fig. 4). necessary since the study contemplates the
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Table 1. Correlation coefficients between fire spots and fire products injected in the atmosphere
2Combustion product Correlation coefficient (R ) No. of profiles

aTotal aerosol mass 10.98 5
Black carbon 10.97 9

Submicron particle count number 10.95 5
CH 10.90 54

N O 10.65 52

CO 10.45 5
a

1, indicates a positive correlation.

evaluation of the effects on the satellite estima- but also part of the rain season for comparison
tions that are caused solely by changes in the purposes. The number of selected measurements
atmosphere by the fires. This choice excludes the is different at each validation site. Some of the

´random fluctuations on the solar radiation data sites, as the BSRN station at Florianopolis with
caused by clouds, which is of no concern in this 121 clear-sky days, had a much larger number of
study. The selection of clear-sky days was made selected data sets compared to others. Sites 4 and
by following the procedure below: 5, located inside the humid tropical forest, did not
1. For sites where both global and diffuse radia- present enough clear-sky days to provide valuable

tion data were available we employed a criter- time information for this study.
ion based on the Liu and Jordan (Iqbal, 1983) The deviations were measured by the relative
and Aguiar and Collares-Pereira (1992) clear- mean bias (MBE) and the relative root mean
ness index. Thus, clear days were selected square (RMSE) errors between model estimations
when K 5 H /H .0.6, and the visual inspec- and ground pyranometer data, calculated by thet 0

tion through the curves of K 5 H /H sug- expressions below:d d

gested the absence of clouds (low values of O( y 2 x )K ). H is the daily diffuse solar irradiation, H i id d 100 iis the daily global solar irradiation, and H is ] ]]]]MBE(%) 5 3 (9)0 nkx lithe daily extraterrestrial solar irradiation.
2. When the diffuse solar irradiation data were 1 / 22O( y 2 x )i inot available, the procedure was less objective 100 i

] ]]]]RMSE(%) 5 3 (10)1 2since we had to rely on the information nkx li
provided by the K index alone.t

3. For all sites we also inspected the time plots Where y and x are the ith model estimated andi i

for the global solar irradiation raw data to spot ground measured solar irradiation, respectively, n
clouds by looking at the shape and smoothness is the total number of data points and kx l is thei

of the plots. average for x 51, 2, . . . , n.i

4. Finally, after selecting the candidates for clear- The clear-sky deviations MBE and RMSE
sky days using the above procedure, we visual- between model estimations and ground data are
ly inspected the GOES-8 satellite images at presented by the histograms in Fig. 6 along with
each of the ground validation sites to pick up the correlation coefficients. The plots are shown
clouds. divided into two subsets: one consisting of all
By using the above procedure it was possible to sites located in the region where biomass burning

select a total of 235 clear-sky days for the period activities are dominant (sites 1–8), and the other
between March and October which comprises not for sites outside this region (sites 9 and 10). Also
only the dry season of interest for this research plotted for comparison are the deviations ob-

Table 2. Ground solar radiation stations employed for the model validation

Site name Location Latitude Longitude Altitude (m)

ˆ1 Potosi Mine Rondonia 9.788S 62.878W 80
´ ˆ2 Jaru forest reservation Rondonia 10.088S 61.928W 120

ˆ3 N.S. Aparecida farm Rondonia 10.758S 62.878W 220
4 Dimona farm Amazonas 2.328S 60.328W 120
5 Ducke forest reservation Amazonas 2.578S 59.958W 80

´6 Boa Sorte farm Para 5.178S 48.758W 170
o´7 Vale do Rio Doce forest reservation Para 5.758S 49.17 W 150

´8 Cuiaba Mato Grosso 15.338S 56.078W 152
´9 Florianopolis (BSRN) Santa Catarina 27.608S 48.578W 15

10 Lebon Regis Santa Catarina 26.988S 50.718W 1036
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Fig. 6. Variation of systematic errors (MBE) and random errors (RMSE) between daily sums of ground data and model
estimations split into two categories—for sites within and outside the biomass burning area.

served for the all-sky radiation data of these same For the sites located in the southern part of the
sites. country, thus outside the biomass burning area

Comparison between these two sky conditions (sites 9 and 10), the RMSE’s are all below 5%
is, however, very ambiguous because of the and the MBE’s are below 1.2%. Deviations are
inclusion of the deviations caused by clouds comparatively larger for the sites located in areas
which are, of course, dominant. The biases are of intensive burning of biomass (1–8).
consistently larger for the sites within the region The available radiation data sets for the sites at

´of fires. The RMSE are correspondingly higher in Potosi Mine and Cuiaba were very meager, which
this case. Furthermore, the correlation coefficients allowed the selection of only one clear-sky day
between measured and estimated values are larger each for this study, following the procedure
for sites located outside the biomass burning area explained above. Notwithstanding, these two sites
in the case of all-sky condition, which translates presented the largest deviations when compared to
into a more consistent data set for these sites. all the other sites and days. Potosi Mine data were

The annual-base clear-sky deviations for each collected during the month of September and
´individual validation site are shown in Table 3. presented an MBE of 44%, while Cuiaba’s where

Table 3. Clear-sky model validation performed on a daily basis (figures are the relative Root Mean Square Error (RMSE),
relative Mean Bias Error (MBE), and the total number of clear-sky days used in this computation)

Ground site RMSE (%) MBE (%) No. of days
aPotosi Mine * 43.6 1

´Jaru forest reservation 8.5 5.8 53
N.S. Aparecida farm 8.4 7.4 28

Dimona farm * * 0
Ducke forest reservation * 9.3 1

Boa Sorte farm 6.6 6.4 8
Vale do Rio Doce forest reservation 7.2 6.4 14

´Cuiaba * 17.1 1
´Florianopolis (BSRN) 4.9 1.2 121

Lebon Regis 2.8 20.4 8

All sites 7.7 2.4 235
a *, Not enough data to carry on the calculation.
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collected in August (MBE517%), the peak of the calculated and measured transmittances vs. solar
´burning season. The possibility of instrumental zenith angles for six cases: Potosi Mine, Cuiaba,

´bias is highly improbable for these sites. Measure- Boa Sorte farm, N.S. Aparecida farm, Jaru forest
´ments were taken by using Eppley PSP reservation, and Florianopolis. These sites and

pyranometers during the SCAR-B mission. The days were shown here as case studies only, in
calibration accuracy claimed by Eppley Labora- order to illustrate the local impact of fire activities
tories is about 1%. These two pyranometers were on the light transmittance through the atmosphere
intercalibrated and agreed with each other within in different situations. They do not represent a
1.3%. Furthermore, the aerosol optical depth particular tendency or pattern of deviation at each
reported at these sites (Tom Eck, pers. comm.) site and time of the year. Actually, the impact of
were very high in Potosi Mine: 2.68 (340 nm), fires on the clear-sky transmittance at each par-
1.75 (498 nm), 2.11 (669 nm), 1.01 (871 nm) and ticular site is highly variable and depends not only
0.4 (1021 nm). These values were corresponding- on the fire intensity prevailing during the data

´ly smaller in Cuiaba. Thus, although there is only collection period but also on several other param-
a single clear-sky day at each of these sites, the eters such as wind, the start and duration of fires,
measurements reported here are reliable. and emission factors of the local biomass, which

The relative MBE and the RMSE for all ground are not available for this study. In spite of this, the
sites located within the biomass-burning region examples are useful to better understand the time
varies with the time of the year as shown in Fig. dependency of the fire influence on the light
7. The deviations were calculated for all available transmission during a day cycle.
clear-sky days on a daily basis. Both the MBE The event of Potosi Mine, in the state of

ˆand the RMSE follow each other very closely Rondonia, presents a large difference between
which can be explained by the prevailing sys- measured and estimated light transmittance for all
tematic nature of the deviations. The deviations zenith angles, suggesting a long-term impact of
increase between August and October in agree- fire on the atmospheric transparency. The event of

´ment with the months of maximum development Cuiaba, located in the central ‘Cerrados’ region of
of fires in the north of Brazil, as seen in Fig. 2. Brazil, also shows a rather large deviation that

Fig. 8 exhibits the plots of the variations of the started to increase drastically from mid-morning

Fig. 7. Monthly variation of the daily basis MBE and RMSE calculated between ground data and satellite estimations of
clear-sky solar irradiation for sites located in the biomass burning region (sites 1–8 in Table 2).
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Fig. 8. Impact of fire activity on light transmittance vs. solar zenith angle for several cases.

´hours. The site at Boa Sorte farm (Para) illustrates between the two curves suggests that these two
a day with a large impact from the fires and a variables are linked to each other.
clear tendency to increase at about noontime and This observation is supported by the cross-
in the early afternoon hours. N.S. Aparecida farm correlation analyses [Fig. 10(a)] performed be-

ˆ(Rondonia) presented a distinct pattern when tween time series for the fire spots counted over
compared to the previous examples. This former the five major climatic regions of Brazil and the
case displays a more reduced fire influence which relative systematic error MBE for all sites 1–8 in
probably started in the mid-morning or early Table 2. The best agreement is found for zero lag

´afternoon hours. The example of Jaru forest in the North region. The maximum correlation is
ˆreservation (Rondonia) represents a condition of in phase with the dry season. During this period,

little deviation encountered more often outside the the model has the strongest tendency to overesti-
burning season for this region (see Fig. 7).

´Finally, the site at Florianopolis (Santa Catarina)
is an example of the result found in a region not
usually subjected to the impact of biomass burn-
ing and, thus, displays a good fit between the two
curves for all solar zenith angles.

4.2. Fire dependency of systematic errors

The MBE for sites located within the areas of
burning of biomass (Aparecida, Boa Sorte,

´ ´Cuiaba, Duke, Jaru, Potosi, and Rio Doce) are
dependent on the time of year. The maximum bias
is found for the month of September when the fire
activities in this area is also at its maximum. Fig.
9 depicts the time behavior of the measured MBE
for all stations, along with the monthly relative
frequency of fire spots in this selected region as a Fig. 9. Time series for the MBE and the relative increment of
function of the time of the year. The agreement fire spots in areas of intensive burning of biomass.
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mate the incoming global surface irradiation. This 5. CONCLUSIONS
can be attributed to the large amounts of aerosols

Forest fires are responsible for the injection of a
injected into the atmosphere that are not ac-

variable amount of aerosols and optically active
counted for by the simple climatology used in the

gases into the atmosphere. This may account for a
BRASIL-SR model.

corresponding attenuation in the solar radiation
For the Central region some correlation is also

flux at the surface. This work has shown a
shown, but with a 1–2-month time lag. This is

positive correlation between the fire spots counted
explained by the fact that the peak of the burning

using the satellite technique and the vertical
season in this area occurs 1–2 months before this

column concentration of some of these fire prod-
peak in the northern region.Vegetation in this area

ucts (aerosols, black carbon, N O, CO and CH ).2 4is mostly ‘Cerrado’ which has an intrinsic lower
This correlation suggests a possible tool to help

emission power when compared to the forest up
the parameterization of the effects of the aerosols

in the northern region. Furthermore, the general
on radiation transfer models.

atmospheric circulation in Brazil, which is ruled
Observed systematic deviations between

by the tropical Atlantic high-pressure center, sets
ground measurements and satellite estimations are

the prevailing low-level winds from the sector
larger in areas where intensive burning of biomass

North–Northeast. Thus the region probably intro-
is the practice for land clearings for farming and

duces only a minor contribution to the observed
cattle growth. This is true not only for clear-sky

biases.
days but also for all sky days. For clear-sky days,

For comparison purposes, the same cross-corre-
the MBE is about four times larger in sites located

lation study was made [Fig. 10(b)] for the valida-
within the burning areas while for the all sky days

´tion site at Florianopolis, which is located in a
this factor is less than two. The RMSE is low for

region where biomass burning is very low all year
the clear-sky days in regions without burning

round. The zero lag correlation was observed
compared to the RMSE obtained for the all sky

between the regional fire spots and the observed
conditions. This is explained by the superimposed

biases for the South. This indicates that regional
effect of clouds in the last case. Thus, the effects

fires, although negligible, may produce some local
of clouds apparently do not conceal the bias

effects in the sunlight transmittance. A better zero
originated by the contribution of the forest fires.

lag time correlation was obtained between fire
The combustion products injected into the

spots counted in the northern region and the
atmosphere during the fire season (July–October)

MBE. This is evidence for the outflow of biomass
in Brazil may explain part of the systematic

burning products to the Atlantic Ocean pointed
deviations found between the BRASIL-SR radia-

out by several authors (Pereira et al., 1996b;
tion model estimations and ground radiation data

Anderson et al., 1996)
from pyranometers. The time series of monthly

The plot of the bias between the irradiance
MBE measured for sites located in the region of

measured by ground stations and model estima-
burning in Fig. 7 for clear-sky days show an

tions vs. the fire spot counts is shown in Fig. 11.
increase of 3–4 times during the fire season when

Fire counts are shown on a logarithmic scale to
compared to the data available for the rest of the

account for the order of magnitude changes
year. Stations located in the southern part of the

observed for this parameter. Indeed, this is only a
country presented very low MBE (20.4% and

crude evaluation for the cause–effect relationship
1.2%). These stations are located outside the

between these two variables. The large scattering
region of intensive burning of biomass.

of data may be attributed to variable meteorologi-
The satellite-counted fire spots are well corre-

cal conditions prevailing at each of the observa-
lated with the observed MBE between the satellite

tions, superimposed on the effects of several
estimations and the ground data. This is clear for

stages of biomass burning (flaming or smolder-
the time series of these two variables in sites

ing) and on the different emission factors found at
located within the area of intensive biomass

each particular site. Thus, depending on the
burning. Both presented a peak value around the

prevailing winds with respect to the fire spots, we
month of September, when the combined MBE

may have different situations where the fire spot
for all stations reached about 14%. A cross-corre-

concentrations are downwind or upwind, thus
lation study performed by comparing the time

affecting the net results which is based on a 2.58
series of fire spots and the MBE support this

circle of investigation in this study. However, this
conclusion for the northern region of the country.

dispersion in the data points does not conceal the
The same cross-correlation study was also

positive correlation between the bias and the fire
´made for a site (Florianopolis) far outside the

spots, there is a 95% confidence level.
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Fig. 10. Cross-correlation between time series for MBE and fire spots performed for validation sites located in the biomass
´burning area (a), and for the site outside this area, in Florianopolis (b).

major areas of burning biomass in Brazil. Al- the MBE in the South, by the atmospheric trans-
though the influence of the local fires is very port of combustion products. The driving mecha-
reduced in this case, it is still clearly discernible. nism for this transport is the mesoscale atmos-
Furthermore, this study has shown that fires in the pheric circulation pattern linked to the outflow of
northern region are responsible for an increase in these products to the Atlantic Ocean.
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Fig. 11. Plot of the relative mean bias error (MBE) and the logarithm of the number of fire spots counted inside a 2.58 circle of
investigation around the ground solar station. The dotted line represents the 95% confidence level for the straight-line fitting.
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