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Abstract. As part of the Large Scale Biosphere-Atmosphere (Ao/ACN) increase 2—10 times from the surface to the FT,
Experiment in Amazonia — Smoke, Aerosols, Clouds, Rain-most probably due to the combined affects of coagulation
fall and Climate (LBA-SMOCC) campaign, detailed surface and condensation.

and airborne aerosol measurements were performed over the
Amazon Basin during the dry to wet season from 16 Septem-
ber to 14 November 2002. Optical and physical proper-4
ties of aerosols at the surface, and in the boundary layer
(BL) and free troposphere (FT) during the dry season arerpe gas and particle emissions from tropical biomass burn-
discussed in this article. Carbon monoxide (CO) is useding influence the physical, chemical and optical properties of
as a tracer for biomass burning emissions. At the surfacey,o atmosphere (Andreae et al., 1988, 2002; Crutzen and An-
good correlation among the light scattering coefficient (  greae, 1990; Andreae and Crutzen, 1997; Hobbs et al., 1997,
at 545nm), PM2.5, and CO indicates that biomass burningzoo3; Artaxo et al., 1998, 2001, 2002; Andreae and Mer-
is the main source of aerosols. Accumulation of haze durqet 2001, Ramanathan et al., 2001). Smoke aerosols contain
ing some of the large-scale biomass b‘i'm'ng events led tQ significant amount of partially oxidized organic material
high PM2.5 (225.gm™%), o; (1435MnT ), aerosol Opti-  and black carbon or soot, which may have significant cli-
cal depth at 500 nm (3.0), and CO (3000 ppb). A few rainy mayic implications (IPCC, 2001). Aerosol particles interact
episodes reduced the PM2.5, number concentration (CN) angirectly with the incoming solar radiation by the scattering
CO concentration by two orders of magnitude. The correla-z,,q absorption of light (Charlson et al., 1992; Rosenfeld,
tion analysis betweesy and aerosol optical thickness shows >000: Andreae et al., 2004) and because they act as cloud
that most of the optically active aerosols are confined to aongensation nuclei (CCN), thereby affecting indirectly the
layer Wl_th_a scal_e height of 1617 m d_urlng the burning sea-g4ths radiation budget. The importance of aerosol particles
son. This is confirmed by aircraft profiles. The average masgo; climate forcing is recognized, but the magnitude of their
scattering and absorption efficiencies (545 nm) for small par-¢ontibution is highly uncertain (IPCC, 2001). It is thought
ticles (diameter [)<1.5..m) at surface level are found to be ' ha¢ particles, through their combined direct and indirect ef-
5.0_and 0.33 rﬁg*l, respectively, when relating the aerosoll fects, may currently have an influence of potentially simi-
optical propertles to PM2.5 aerosols. The ob_served mean singr magnitude, but opposite sign, as greenhouse gas forcing
gle scattering albeda, at 545nm) for submicron aerosols (|pcc, 2001). Aerosol radiative forcing may range from net
at the surface is 0.920.02. The light scattering by particles heating to net cooling, depending on the aerosol properties
as well as on the albedo of the boundary layer and free tro-
Correspondence td). Chand posphere aerosols. Particles, with their short atmospheric
(duli@mpch-mainz.mpg.de) lifetimes, have significant vertical, horizontal and temporal
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2912 D. Chand et al.: Optical properties of biomass burning aerosols

concentration gradients. These spatial gradients corresporgbsphere? (2) How does vary vertically at different sites

to significant local/regional as well as global aerosol forc- over the Amazon Basin? (3) How dbngstiom exponent

ing effects. For example, smoke layers over the Amazonobservations from the airborne measurements compare with
basin can have significant regional effects by reduction ofvertically integrated measurements using a sunphotometer?
regional photosynthetically active radiation up to 45% (Eck

et al., 1998). Because of their light absorbing properties, the )

presence of aerosol particles can result in the radiative forc2 NStrumentation and methods
ing at the surface being much larger than at the top of th : .
atmosphere (Satheesh and Ramanathan, 2000; Ramanatﬁza[% Observational sites

etal., 2001; Pragpio et al., 2003, 2004). ~ The measurements were made over the Amazon Basin dur-
Biomass burning, particularly in the tropics, is @ major jng the Large Scale Biosphere-Atmosphere Experiment in
source of atmospheric trace gases and particles (Andreae anghazonia — Smoke, Aerosols, Clouds, Rainfall and Cli-
Merlet, 2001). Being the world's largest rain forest area con-mate (LBA-SMOCC) from 16 September to 14 Novem-
taining approximately one quarter of all tropical rainforests, per jn 2002. Detailed surface observations of aerosols and
the Amazon Basin is subject to one of the highest rates ofrace gases were made in the state of R, Brazil at a
deforestation in the world (Gash et al., 1996). About 80% of nastyre site “Fazenda Nossa Senhora Aparecida” (18,76
the global burning activity is taking place in the tropics and g2 32\, 315m above mean sea level (a.m.s.l)), here-
one third of it occurs in South America alone. Under suitable zfter ENS. This experimental site is located about 57 km
meteorological conditions, the local chemical, physical, andnorih-west of the town of Ji-Paran(10.88 S, 61.85 W,
optical characteristics of aerosols can be much different fromp3g a.m.s.l). A few small hills (300-400 m a.m.s.l.) are
the global or regional averages and these characteristics, igcated about 1-4 km from FNS. One hill, known as “Abra-
turn, are strongly influenced by local and regional sources;os Hill”, is one of the AERONET (Aerosol Robotic Net-
and perturbations, e.g., forest emissions, fires, dust, sea sajlork) sites and provides column integrated aerosol optical
etc., leading to further spatial and temporal inhomogeneity. {hjckness (AOT) measurements using sun-photometry obser-
Aerosol optical properties over the Amazon Basin haveyations (Holben et al., 1998). Further details on the FNS
been studied in the previous LBA and SCAR-B experimentssite can be found elsewhere (Kirkman et al., 2002; Trebs et
(e.g., Ecketal., 1998, 2003; Kotchenruther and Hobbs, 19983|., 2004). Airborne measurements in the BL and free tropo-
Martins etal., 1998; Reid et al., 1998; Reid and Hobbs, 1998;phere (FT, up to 4200 m) over the Amazon Basin were taken
Ross et al., 1998, Guyon et al., 2003a, 2004; Reid et al.as far as 800 km from FNS. Some selected flight tracks along
20053, b). In these studies, the variability in aerosol opticalwith the geographical location of the surface measurement

properties has been analyzed based on either surface or aiite FNS are shown in Fig. 1. More details on this campaign
borne measurements. However, so far, it is not understoodre given in Andreae et al. (2004).

how aerosol properties at the surface relate to those aloft in
the boundary layer (BlY)and free troposphere. In addition 2.2 Measurements and methods
to the limited surface observations, only a few series of in-
situ vertical profile measurements of aerosol optical proper-The surface observations at FNS over the Amazon basin were
ties (e.g., light absorption, light scattering, hemispheric back-conducted from the middle of the smoky dry season (16
scattering) have been made over the Amazon Basin (e.gS€ptember) to the onset of the wet season (14 November),
Kotchenruther and Hobbs, 1998; Reid et al., 1998, 2005a, btvhen pollution levels approached background conditions. In
Ross et al., 1998; Guyon et al., 2003a, c). To our knowledgethis study, we make use of ground based observations from
almost no simultaneous observations of optical properties oft6 September to 8 October representing the biomass burning
aerosols and trace gases at the surface and aloft are availatsigason during the SMOCC campaign.
over the Amazon Basin in the biomass burning season. Aerosol mass (PM2.5) angl measurements at FNS were
This paper describes the vertical distribution of aerosol op-made using dried aifRH<40%) sampled from an inlet in-
tical and physical properties over the Amazon Basin duringstalled at about 10m above the ground level. The hygro-
the 2002 biomass burning season. The observations of lightcopic growth in scattering coefficientH 30-50% is low
scattering ¢,), light absorption 4,), aerosol optical thick- (<10%) for the observed submicron aerosotsl(Gum).
ness (AOT)1 aerosol number density (CN)’ aerosol mass ConThe details of the measured parameters are given in Table 1.
centration (PM2.5), and carbon monoxide (CO) are beingThe oy ando, of dried aerosols at FNS were measured for
used to address the following scientific questions: (1) Howthe submicron size particles. An impactor with a cut off
doess, vary at the surface, in the boundary layer and free tro-diameter at 1.nm was used to remove the bigger parti-
cles (Table 2). Before selection through the impactor, the
1 Boundary layer (BL) is the lowest layer of the atmosphere near@€rosols were dried by passing them through a Permapure
ground affected by diurnal heat, moisture or momentum transfer toNafion drier. The drier unit and impactor (with and without
or from the surface. impaction plate) were characterized for aerosol losses using

Atmos. Chem. Phys., 6, 2912925 2006 www.atmos-chem-phys.net/6/2911/2006/
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Table 1. Summary of the optical and physical properties of aerosols along with CO concentration at surface (S), boundary layer (BL) and
free troposphere (FT) during the biomass burning season. The availability of measurements at S, BL and FT are showyy bgigglr(d
the “x” shows the parameters with no observations.

Parameter with units Symbols Measurements
S BL FT
Light scattering coefficient at 545, 550 nm (Mh) O v Y v
Light absorption coefficient at 532 nm (M) o4 v X X
Condensation nuclei (cfi¥) CN WAV J
Aerosol mass (g cm®) PM2.5 J X X
Aerosols optical thickness at 440, 670 nm AOT Column integrated
Carbon monoxide (ppb) CoO v A Va
Single scattering albedo (using ando,) at 545 nm* wo JooXx X
Excess ratio fog/ACN) Aog/ACN v Y v
Excess ratiofo;/ACO) Ao g/ACO v A Vi
Excess ratio £0,/APM2.5) or Mass scattering efficiency fm1)* Ao /APM25 |/  x X
Excess ratio 0,/ APM2.5) or Mass absorption efficiency fg—1)*  Ac,/APM25 |/ x X

* To matchoy wavelength, the, observation at 532 nm are converted to 545 nm. The calculatesl, ando; are presented at 545 nm

Table 2. The size cut-point (aerodynamic diameter) of the aerosols property is givep-yD

Aerosol parameter Dry/Ambient  Symbol pDcyt
Light scattering coefficient (545 nm) at ground (FNS) (D) O 1.5um
Light scattering coefficient (550 nm) in BL (aircraft) (A) o -

Light absorption coefficient at 532 nm* (D) Oq 1.5um
Condensation nuclei (cfi?) (A) CN -
Aerosols optical thickness at 440, 670 nm (A) AOT -
Particulate mass (A) PM25  2.8n
Single scattering albedo for FNS observations (D) o 1.5um
Mass absorption efficiency (%g*l) (D) ag 1.5MmJr
Mass scattering efficiency @g—1) (D) g 1.5umt

* To match thes ; wavelength, the, observation at 532 nm are converted to 545 nm
T based on correlations of; ando, with PM2.5; (A) Ambient aerosol; (D) Dry aerosol

ammonium sulfate particles in the lab at the same flows agder, photoacoustic spectrometer (PAS) and particle soot ab-
used in the field campaign. We used a series of lab experisorption photometer (PSAP) were operating downstream of
ments to characterize the losses in the impactor and Nafiothe impactor-drier units, and the losses observed by these in-
drier. First, dried particles of the desired diameter were sestruments were of the same order.

lected using the SMPS, and then these size-selected aerosol

were counted before and after passing throuah the Nafion SAirborne measurements of aerosols and trace gases were
S . P g 9 made from 25 September to 19 October (about 31 flights).

tube. Similar experiments were conducted using the com- . .

: L . : ) . For this study, we make use of the airborne measurements

bined (Nafion+impactor) units. To avoid particle losses in ; - . .

: .of o, aerosol number density (CN), limited available size

the lines, smooth bends were used and the flow was opti-. = . :

. : __distribution (diameter, )=42-346 nm) and carbon monox-

mized. Most of the losses are confined to very small sizes

(diametex 60 nm) that have very little effect on the measured |de_ (CQ) from selected flights (numbers 42 6, 7, 8 and 24),
. . : which include measurements conducted directly above FNS
o, andao,. Using Mie theory and the measured on-site par-

ticle size distributions we found a 2—-4% reductiorsinand and its surroundings. A Scanning Mobility Particle S|_zer
: : (SMPS, TSI Model 3080) was used to measure the diam-
o, during the burning season. All thg ando, data sets

at FNS were corrected for these losses. Non-lambertian cor(-ater of the submicron aerosols during the airborne obser-

: . . : vations. The flight tracks of these observations along with
rection onoy is applied for dried aerosols as per Anderson

. dates are shown in Fig. 1 with complementary data in Ta-
and Ogren (1998). The radiance research (RR) nephelomeb—le 3. Most of the flights were conducted during afternoon

www.atmos-chem-phys.net/6/2911/2006/ Atmos. Chem. Phys., 6, 29252006
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30

of the high ambient humidity, a cooler was used to remove
water from the sample stream prior to the CO analyzer. The
CO measurements on the aircraft were made using an Aero-
Laser (AL5002) instrument operating at 1 Hz. Prior to sam-
pling, the air was dried using a Nafion drier in the CO instru-
ment. The COg, and CN were measured both at the ground
site and on the aircraft. The airborne observations are com-
pared with measurement at FNS during fly-by over FNS at
height of 150—-600 m. These data (1-3 min every flight) were
used to compare the observations at surface and aloft. The
CN are found higher in the airborne observations by 5-10%
compared to FNS. Also, the ratios of tigand CO from air-
: borne observation were higher compared to FNS by 10-25%
R during these fly-by flights.
- -80 -6 -40 20 e ) 20 . . .
S e Under suitable wind conditions, the transport of pollu-
tants from fossil fuel combustion (like cars and trucks from
( a nearby road) contaminated the data for short periods. The
4 si-Parana Airport time periods with winds coming from the direction of the
ORI

|1“?:||||||||||||||.J,¢

)

15

-15

-30

Latitude

-45

-60

g

road, having high CO, nitric oxides (N® and low single
Flight 04 (28 Sep) scattering albedaf,) were assumed to be affected by cars
mene e and trucks; these data<6% of the total data set) were re-
() © e usom 3 moved and not considered in this study. Aerosol properties,
s Bl b b b e ben boun e for instance,o;, 0,, AOT and PM2.5 averaged for 30 min
B T intervals were used to derive the intensive optical properties
Longitude like w,, mass scattering efficiency), mass absorption ef-
ficiency () and,&ngstn")m exponentd). The dried size dis-
Fig. 1. (a) Overview map shovying the geographical Iocatioln of the ribution of aerosols (P=10-414 nm) in the BL and FT was
surface S|te_ FNS. The picture is an aerial V|ev_v_of the giipFlight measured using a TSI scanning mobility particle sizer (SMPS
tracks fo.r ﬂ'ghfs 46,78, and 24. The positions of FNS and themodel 3080). In some of the flights the size scans were made
nearby Ji-Paramairport are shown by the circle and cross symbols, : .
respectively, to smaller sizes only (p:_346 nm). _S_lnce most of f[he_ small-
est aerosols do not contribute significantly to the in light scat-
tering, the always available size range from 42 up to 346 nm
are used for calculating the scattering efficienay{/ ACN).
hours (14:00 LT=18:00 UT) when the BL was well devel- e sjze scans were made over 2 min each. The next section

oped. Flights 6 and 7 were conducted on the same day dufgegcribes the details of the methods and measurements used
ing morning and afternoon hours, respectively. The measuregy gerive the optical properties.

ments were taken up to a height of 4200 m. The time sched-

ule of the studied parameters, their symbols, and further des 3 aerosol optical properties
tails on the surface and airborne observations are given in

Tables 1-4. Some other details on the aircraft measurements3 1 Aerosol light scattering
can be found in Guyon et al. (2005).

The time resolution of the, ando, measurements at FNS The light scattering properties of the dried aerosols were
was one minute; they were averaged over longer intervalsneasured using two Radiance Research (RR, model M903)
(80 min) to match the averaging time of the aerosol massand one TSI (TSI, model 3563) nephelometers. The RR
(PM2.5) measurement. A real-time aerosol mass monitornephelometer measures at a single wavelength (545 nm)
the Tapered Element Oscillating Microbalance (TEOM, se-whereas the TSI nephelometer measurest three wave-
ries 1400a, Rupprecht & Patashnick Inc.) was used to mealengths (450, 550, 700 nm). The RR nephelometers were
sure PM2.5 aerosol mass concentration with a time resoluemployed at the ground site (FNS) for simultaneous mea-
tion of 30min. The TEOM inlet was heated to °&D for surements of light scattering of dried and ambient aerosols.
drying the aerosols. The aerosol number density was meafhe TSI nephelometer was used for airborne observations.
sured using a TSI condensation particle/nuclei (CN) countefThe calibrations of the nephelometers and the basic measure-
(model 3022A) with a minimum detection size of 8 nm. At ment strategy adopted herein have been described by Ander-
the ground site CO was measured with the Thermo Environson and Ogren (1998). All the nephelometers used at the sur-
mental Instrument Inc. analyzer (Model 48C Gas Filter Cor-face as well as in the airborne observations were calibrated
relation) with a minimum detection limit of 40 ppb. Because during the field campaign using particle-free air and@®a

Latitude
=
N
T T

Atmos. Chem. Phys., 6, 2912925 2006 www.atmos-chem-phys.net/6/2911/2006/
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Table 3. Correlations of light scattering coefficients() with CO and CN from the airborne (boundary layer-BL and free troposphere-FT
550 nm) and surface observations (545nm) at FNS. The flights, shown by the respective numbers were conducted on the dates given ir
brackets in column 1. The correlation coefficien @f the slopesio;/ACN andAas/ACO are given in parenthesis.

o
2
g Flight No [Date] (Aos/ACN)s.  (Aos/ACN)pr  (Aos/ACO)p.  (Acs/ACO)pT
o Mm~Icm=3)  Mm~icm=3)  (Mmlppbl) (Mm~lppb 1)
S
, 04[28 September] 0.011(0.14)  0.12(0.79) 0.36 (0.55) 1.02 (0.80)
€ 06 [30 September] 0.015(0.64)  0.037(0.76)  0.38(0.67) -
S 07[30 September] 0.018(0.76)  0.026 (0.50)  0.38(0.67) -
% 08[1 October] 0019(057)  0.033(0.55)  0.38(0.67) -

24 [15 October] 0019(057)  0.076(0.73)  0.40 (0.60) 1.50 (0.45)
()
é 16 Septmber—8 October 0.03 (0.30) - 0.43 (0.88) -
>
N

Table 4. Average,&ngstr‘c')m exponent calculated from the airborne (nephelométerand integrated (sunphotometdg,) observations.

The wavelengtha1 andx, used for computing théngstrt')m exponent from the nephelometer and the sunphotometer are 450-700 nm and
440-670nm. In addition to the averafieduring the airborne observation days, an averaggst®m exponent is also calculated for the

entire burning period. SD represents the standard deviation from the number of observations shown by the counts. Each count from airborne
observations is 1 s whereas for the sunphotometer it is about 15 min.

) ) Angstiom Exponent,  Angstidm Exponent,
Observations Flight No (Date) 9 P 9 b

& (450-700 nm) & (440-670nm)
Airborne nephelometer Sunphotometer
Avg. SD Counts Avg. SD Counts
— (21 September) - - - 1.74 005 8
— (25 September) - - - 201 004 11
— (5 October) - - - 1.85 0.02 10

N 04 (28 September) 1.90 0.33 10106 1.70 0.05 11
Individual days 06 (30 September) 1.98 0.41 8103 157 0.04 7
07 (30 September) 2.06 0.35 11149 157 004 7

08 (1 October) 211 0.31 5269 140 0.13 13
24 (15 October) 1.98 0.19 13166 153 0.06 3
Burning events  (16-27 September) — - - 1.8 0.2 122

span gas. All the nephelometers were inter-compared by runeompared to the RR nephelometer. Based on the Mie calcu-
ning them parallel to each other after the end of the airborndations performed by us and Guyon et al. (2003c), the con-
campaign. After including calibration factors, truncation cor- tribution by the truncated angles may be 4-16% of the total
rection and non-lambertian correction, good agreement walight scattering depending on the particle size distribution.
found (within 5%) in all the nephelometers at surface. Mea-However, due to unavailability of complete size distribution,
surements of the total scattering coefficient in the RR ando; is not corrected for truncation errors for the airborne ob-
TSI nephelometers cover the angles 9-°180d 7-170, re-  servations using the TSI nephelometer. All the data from
spectively. The RR nephelometer data at FNS are correctetdoth the nephelometers (RR and TSI) presented in this arti-
for the truncated angles using Mie calculations. The trun-cle are converted to a standard temperaturé@2and pres-
cated angles (0=9 170-180) contribute about 4% of the sure (1000 hPa) using the method described by Anderson and
total light scattering by the dried fine aerosols,(1.5..m) Ogren (1998). The estimated combined accuracy,ofs

in the biomass burning season. The truncation angles in<10%.

the TSI nephelometer are slightly smaller (0-Z70-180)

www.atmos-chem-phys.net/6/2911/2006/ Atmos. Chem. Phys., 6, 29252006
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The spectral dependence @f can be derived from the an optical extinction cell (Schnaiter et al., 2005). To avoid
multi-wavelength (TSI nephelometer) measurements. Thigotential complications in both PAS and PSAP due to ele-
dependence is an intensive parameter in the sense that it deated RH (Arnott et al., 2003), both the instruments were
pends on the aerosol size distribution and refractive indexoperated with dried aerosoRH<50%). The known PAS
but, contrary too; (at a wavelength) not on the aerosol cross-sensitivity to N@ (Arnott et al. 2000) was corrected
concentration. It is generally assumed that the wavelengthbased on continuous NOmeasurements with a NCana-
dependence of the scattering coefficient from the nephelomelyzer (Trebs et al., 2006). For the PSAP calibration, the PAS
ter can be described in the visible spectrum by an empiricabnd PSAP were operated in parallel for several days during

equation as a power law @f(,&ngstrbm, 1929): the campaign as described in detail by Schmid et al. (2005).
_3, The calibration revealed that for relative humidifgH) be-
o5(A) = BsA™™ (1) tween 35% and 50% (inside the PSAP) the Bond-corrected

whereo; (1) is the scattering coefficient at wavelengthgs PSAP overpred_icteda F’V abO,Ut 18%. On the otheor hand,
is a constant, and, is the non-dimensionaingstm expo- for some sampling periods with loRH (between 20% and

nent. In order to cover the widest possible spectral range, we>0): @s encountered during nighttime due to a higher dry-

computed, from the nephelometer measurements at 450 nri"9 €fficiency of the nafion unit, the, ratio of the PSAP
and 700 nm to obtaid, i.e. (with Bond correction) and PAS decreased for unknown rea-

sons from 1.18 to 0.65 possibly. Hence, the Bond correc-

o _ _'09[%()\1)/% (*2)] ) tion, that is based on laboratory-generated nigrosin and am-

log(A1/42) monium sulfate aerosol, shows satisfactory agreement with
The variability in&, can be used to provide an insight on the the PSAP field cglibrations except for some nighttime peri-
types of aerosol from the nephelometer observations, siandS' After correcting for these systematic errors we assume
Mie theory shows thad, increases with decreasing aerosol (€ accuracy os, measurements to bel5%. _
particles size. For instancé, values for fine anthropogenic ~ Analogous tow;, the mass absorption efficiency,( is
aerosol encountered in polluted areas are typically larger thaffoMmpPuted by normalizing,, with the aerosol mass concen-
1, whereasy, is low (~0.3) in regions dominated by coarse tration obtained from PM2.5. Furthermore, the single scat-

mode desert dust (Horvath and Trier, 1993; Eck et al., 1999)€ring albedod,) is defined as

The mass scattering efficienay is derived by normalizing w, = Os ©)
the scattering coefficient, with PM2.5 obtained from the 05 + 0q4
TEOM. Since the light scattering and absorption coefficients di.e.
o, ) were measured at 545 nm and 532 nm, respectively, we
2.3.2 Aerosol light absorption convertedo, from 532 to 545nm using a power law rela-

tionship as given in Eq. (1), where the absorptimgstom

Theo, of aerosol particles was measured by a Particle SooExponent was determined from the 450 and 615nm chan-

Absorption Photometer (PSAP) calibrated using a Photoa—nel of a multiple wavelengths Aethalometer (AE30, Magee

coustic spectrometer (PAS) asa refgrence. The PSAP me%cientiﬁc) (Arnott et al., 2005), which was operated in par-
sureso, based on the attenuation of light (565 nm) through 3allel with a slightly larger inlet cutoff diameter than the

particle-loaded filter. Although Bond et al. (1999) have pro- SAP (2.5:m versus 1.5:m) and under ambient conditions.
vided a calibration for the PSAP using laboratory-generate enceforthp,, o, ande, will be presented at 545 nm. For
sy Ya o .

model aerosols and an optical extinction cell combined withthe high pollution events, the absorptiéngstrbm exponent
an integrating nephelometer as reference, its validity for alyeached values of about72 which is close to what Kirchstet-
mospheric aerosol is questionable, since the calibration i?er et al. (2004) reported f,or biomass smoke particles from
likely to depend on parameters such as aerosol size, singlggi.o

scattering albedo an@H (Weingartner et al., 2003, Arnott Due to the elevated operating temperature in the TEOM
et al., 2003). In order to correct for potentially resulting sys- (50°C), some of the organic matter have evaporated from

Le:wsati': errors, V\lle :gggrateﬂ.t?‘e PSAP in thg 2fie|d Vgith 4aerosols. Simultaneous observations of TEOM and filter-
(Arnott et al., ), which measures (532nm) by pa5eq gravimetric mass indicate that the difference in gravi-

converting the absorbed energy into an acoustic wave (Terfnetrical and TEOM measurement of PM2.5 resulted in an

hgnel_lil ndhAnggrAs\(F))n,hl 97PQ'SIn contrast to fiI_ter-bafsed m dethhnderestimation of PM2.5 by 8%. This correction based on
DS HIKE e , the measurement Is performed oRy o imetric method is applied in the PM2.5 data. This cor-

particles in their suspended state, i.e., sampling artefacts d ; ; ;

to filter-particle interactions (Arnott et al., 2005) are avoided, ction propagates in thg ando, calculations.

and the PAS can be calibrated in the field usingoN® cal-  2.3.3  Aerosol optical thickness

ibration gas (Arnott et al., 2000; Schmid et al., 2005). Lab-

oratory studies with soot and biomass burning aerosols havé sunphotometer (CIMEL, model CE 318-1) described by
shown good agreement between the PAS (accuracy 5%) anidolben et al. (1998) was set up on Abracos hill about 4 km
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from the ground station FNS as a part of the AERONET 20— T T T T T T T T T T T T T T
network. The sunphotometer is used to measure column E () Rain Intensity (au)
aerosol optical thickness (AOT) at 7 wavelengths (340, 380, ¢ 200 ¢ o o, (Mm) ]
440, 500, 670, 870 and 1020 nm). The AOT data have been 150 |
screened for cloud events according to a standardized proceg

dure (Smirnov et al., 2000). The value of the AOT is indica- & 100
tive of the extinction of the solar radiation due to the colum- * gk

nar aerosol content and, similardg, the wavelength depen-

dence of AOT can be expressed by a power law empirical 0
equation Angstom, 1929): 4000
5 (b) e o, (Mm™)
AOT()‘) = ,Be)\_ (4) R 3000 o CO (ppb)
b
where T
. log[AOT(h1)/AOT(3)] 5 9 20001
e o
log(A1/X2) 1000 |
To calculate theAngstidom exponent,), we will be using %
the AOT at two wavelengths, 440 nm and 670 nm, which are 0
very close to théy, wavelengths (450, 700 nm) measured by & & & & g g g s
9 . (72 (72} (2] (2] (72}
the nephelometer. Th&ngstibm exponents from two inde- © S N 9 Q b b 5
pendent methodsy, &.) provide information on the aerosol
Date (2002)

size distribution averaged over height during the airborne ob-

servations as well as over the atmospheric column using thle:_ o T | variation of PM2.5 (di ds). light absorofi
AOT measurements. Ig. 2. Temporal variation O . ( lamon S), Ight absorption

coefficient at 545 nmd;, squares), light scattering coefficient at
545nm ¢y, solid circles) and CO mixing ratio (open circles) at
30 min intervals in the biomass burning season at the surface sta-
on (FNS). The rainfall (arbitrary units) is shown by the vertical
ars.

2.3.4 Excess ratios

Biomass burning emission information is usually represente(ﬁ
in two basic forms: emission ratios or emission factors (An-

dreae and Merlet, 2001). These parameters relate the emis-
sion of a particular species of interest to that of a reference . .. . . :
species, such as GQo CO (for gases) and, to CO (for variability up to 2 ordgrs of magmtqde is observedoin
aerosols-gases). To obtain “excess” concentrations, the arrz‘“ PM2.5, and CO with values ranging 5-1435 M 1

—1 o_ —3 _ ;
bient background concentrations must be subtracted from th ?]2/'21 h,eszt Iizilrsg'g ' anFt)stzog :: dog%pb’errisggggyegg
values measured in the sample air. The method for calcula- 'g VIS 15, 0, ' W M

uring the heavily burning-influenced periods on 21, 25-26

tion of the excess emission ratio (ER) is discussed in detaige tember and 5 October (see Fig. 2). The lower values were
in Andreae and Merlet (2001) and in Le Canut et al. (1996), P 9. 2).
typically observed after the rain events (e.g., 24 Septem-

8 ber, 27 September, 28 September—2 October). Some of the
ER = Ay (6) rainfall events, for instance on 28 September (vertical bars,
Ax Fig. 2), resulted in dramatic reduction of aerosol and CO

whereAy/Ax is the average slope of correlation of species concentrations. The simultaneous decrease in concentrations
“y” with respect to %" in a biomass burning environment of aerosols and CO indicates that the clean-up was due to
(plume and/or haze mixed in the background air). The ad-air mass replacement followed by fire suppression, while the
vantage of this method is that it is not necessary to estimatgole of scavenging was likely low. Since most of the period
the background concentration of the species while comput{16 September—8 October) is dominated by biomass burning
ing the ER. Equation (6) is used to calculate the excess ratiogerosols (except for a few rain events), the aerosol properties
of o5 to CO,0, to CN, oy to PM2.5, andy, to PM2.5 for both  along with CO are representative of biomass burning condi-
the regional haze as well as smoke plumes. tions.

Figure 3 shows the correlations@fwith PM2.5, CN, CO

and alsoos, with PM2.5 at the pasture site FNS during the

3 Results and discussions ; ) . S
burning period. There are two populations of pointssin

3.1 Measurements at the ground site FNS ando,. The number of points in the second population is
less than 1% of total data, so correlations are dominating by
Figure 2 shows the 30-min averaged time series;ofo,, the first population. The, ando, of the aerosols are posi-

PM2.5 and CO for the burning season at FNS. A largetively correlated with PM2.5, CN and CO. Good correlation
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Fig. 3. Scatter plots and regression lines for 30-min averaged data) difjht scattering coefficiento;) at 545 nm versus aerosol mass
concentration (PM2.5) at the ground station (FNS) during the biomass burning season. Sith)l&nly,light absorption coefficiensy) at

545 nm versus PM2.5¢) o5 versus CO, anfd) o versus aerosol number concentration (CN). The slopes are least-square-fitted lines. The
corresponding correlation coefficient§XDf these parameters are shown on the respective plates.

is found betweew, and PM2.5 (#=0.93) as well as between lated using Eq. (3), is about 0.28.02. Thisw, is consistent
o, and CO (£=0.88). The correlation betweep and PM2.5  with the w, calculated from the AERONET data (0.92) ob-
(r?=0.70) is not as good as fer, and PM2.5. Poor correla- tained from the nearby site Abracos hill (4 km from FNS).
tion (r?=0.30) is observed between and CN. Also, the observed, is close to the earlier study conducted
The average slopes ob, and o, with PM2.5  overthe Amazon basin (Dubovik et al., 2002). At higRe
(Aos/APM2.5, Ao,/JAPM2.5) are the average mass (>60%), thew, may be higher compared to the observed
scattering efficiency o;) and mass absorption efficiency ., at drier conditions. Thev, and other optical parame-
(aa), 5.0 and 0.33rhg 1, respectively, during the burning ters showed pronounced diurnal variations, which will be dis-
period. The observed\o,/ACO is 0.433Mn1!ppb?! cussed in detail in Chand et al. (2086The hourly average
(Fig. 3c). We note here that since the cut poingBor the ~ values ofw, at midnight (00:00 local time, LT) and mid-
measurements af; ando, is 1.5um, compared to PM2.5, day (12:00 LT) are 0.9£0.02 and 0.94:0.02, respectively.
our values are a lower estimate of the tueand «, for The daytime aerosols are representative of a deeper bound-
these particles. The mass difference between PM1.5 andry layer height 1600 m) than night time aerosols with a
PM2.5 is less than 10% of PM2.5 during the dry seasonboundary layer height of about 200 m. Due to different mix-
(Chand et al., 200%. ing and transport times in the BL during day and night, the
The averagew, for dried aerosolsRH=20-40%), calcu- daytime aerosols are generally more aged than the aerosols in
night time (Rissler et al., 2006). Observations of higher scat-
2 chand, D., Schmid, O., Vestin, A., Artaxo, P., Frank, G. p., tering efficiency for the aerosols at higher altitudes compared
Guyon, P., Gatti, L. V., Swietlicki, E., and Andreae, M. O.: Diurnal !0 those near ground (Sect. 3.2) corroborate our observation
variations in optical properties of aerosols at a pasture site over th@f higherw, during day time. The size distribution and Hy-
Amazon Basin, in preparation, 2006. groscopic Tandem Differential Mobility Analyser (HTDMA)
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observations show that the daytime aerosols have higheseven fly-by flights at heights of 150—-600 m above FNS. The
modal diameter compared to night time aerosols, most likelyratios of thes, and CO from airborne observation are higher
due to more aged aerosols being present in day time (Rissldry (10-25%) during these fly-by flights. This could be at-
et al., 2006; Chand et al., 2096 The value ofw, increases tributed to the combined effects of higher CN, higher modal
with increasing size (ageing) of aerosols. Under humid con-diameter of aerosols and lower CO at the upper heights. Fig-
ditions, thew, is likely to increase even higher, when the ures 4a, c, e show scatter plotsafvith CN from the air-
ageing effect is taken into account together with the higherborne observations. The flight tracks of the covered regions
relative humidity. are shown in Fig. 1. The excess ratiaso(/ACN) repre-

Using CO as a conservative tracer of biomass burning (An-sent the scattering efficiency of aerosols during the vertical
dreae and Merlet, 2001), the good correlation betwgand profiles covering BL and FT. Depending on the altitude and
CO indicates that most of the aerosols which contribute to  nature of the aerosols (haze or fresh plumes), the scattering
have originated from biomass combustion. Also, good corre-efficiency (Aos;/ACN) varies significantly, as shown in Ta-
lations ofoy with PM2.5 and CO indicate that the scattering ble 3.
efficiency from the haze particles is relatively independent of ~ Similar to the variations at the ground site FNSis pos-
the absolute pollution level during the burning period. Theitively correlated with CN in the BL as well as in the FT.
correlation between; and CN is not good at FNS. The poor However, unlike at FNS, the airborne observations show a
correlation coefficient between and CN is due to the large  better correlation betweesny, and CN. The aerosols during
variability in the very small particles<40 nm), which make airborne observations show two populations during most of
a negligible contribution to light scattering. After exclud- the flights. The transition between the two populations is
ing the aerosols below 40 nm, there is significant correlationat an altitude between 1200 and 2000 m. These modes, as
(r?>0.60) between, and CN yielding a scattering efficiency shown by the slopes in Figs. 4a, b, c, e, and f, could be due to
of 0.016 MnT ! per particle per cth(Chand et al., 205%. different ageing, size distributions aRH in the BL and FT.

The average mass scattering efficienay=6.0n?g~1) The good correlation (high?y in both modes indicates that
of the submicron dried aerosols observed in this study igmost of the particles become optically active and contribute
consistent with the earlier observations during the LBA-to light scattering when transported up from the surface to
EUSTACH 2 campaign in September—October 1999 over thgéhe BL and FT.
Amazon Basin (Guyon et al., 2003b). However, the mass ab- Figures 4b, d and f show the correlation @f with CO
sorption efficiency ¢,=0.33nfg™1) in this study is about from the airborne observations for flights 4, 6, 7, 8 and 24. A
10% higher than during the LBA-EUSTACH 2 campaign. summary ofAc,/ACO at 550 nm in the BL and FT is given
The «; and o, of aged smoke aerosols over the tropical in Table 3. Similar to the observations at the ground (FNS),
forest discussed by Reid et al. (2005a) are £ymt and the light scattering is positively correlated with CO in the
0.5n?g~1, respectively. The airborne observations of rel- BL with Ac,/ACO in the range of 0.36-0.40 M ppbt.
atively young aerosols during the “Smoke Clouds AerosolsThis value from the airborne observations is close to the sur-
and Radiation Brazil” (SCAR-B) campaign showed a lower face observations at FN&6,/ACO=0.42 MnT* ppb1). A
oy (2.8-3.6 g1 and highery, (0.7-1.1) over the Ama- good agreement itho,/ACO between the ground and air-
zon Basin (Reid el., 1998a, b). The differences in obser-borne observations in the BL covering a large area suggests
vations ofa, in this study with the LBA-EUSTACH 2 and that the biomass burning aerosol sampled at FNS reflects
SCAR-B observations is likely due to different burning con- sources typical for the entire region, with similar emission
ditions, (flaming vs. smoldering), and higher particle concen-characteristics as over the rest of the Amazon Basin (Ta-
trations leading to faster growth during aging processes.  ble 3). Comparing the variations ef with CN and CO in

the BL and FT, the magnitude of vertical change is higher
3.2 Airborne measurements in Aos/ACN than inAc,/ACO (Table 3). The increase in
Ao/ ACN with height suggests a substantial reduction in the

The vertical structure and evolution of the aerosols fromrelative abundance of small, weakly scattering particles in the
biomass burning can be assessed by measugiatpng with  FT compared to the patrticles in the BL. The particles light
other parameters (e.g., CN, CO) at the surface and aloft irscattering efficiency£o,/ACN) increases 2—10 times from
the BL and FT. For example, correlationsa@fwith CO at  the surface to the FT, most probably due to the combined ef-
different altitudes can be used to get some insights on mixfects of coagulation and condensation when the air parcel get
ing/dilution of the aerosols when the air is transported fromaged. In addition, the large scale meteorology may also play
the BL to the FT. Similarly, correlations ef with CN at dif- important role in deciding théo;/ACN. Reid et al. (1998)
ferent altitudes can be used to get some information on evoluhas suggested a complicated effect of meteorology on optical
tion/ageing (coagulation, condensation, etc.) of the aerosolproperties of aerosols over the Amazon basin.
when the air is transported from the BL to the FT.

Inter-comparison between the observations at FNS and on
the aircraft was made using day time observations during the
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Fig. 4. Scatter plots and regression lines of the light scattering coefficigntfflom the airborne observations at 550 nm against aerosol
number concentration (CN) and CO for fligh{d, b); flights 6, 7, 8(c, d); and flight 24(e, f). The slopes in the BL and FT are shown by
the dashed and continuous lines, respectively.

The increase imo,/ACN reflects in an analysis of par- Some meteorological conditions (e.g., a strong BL inver-
ticle volume as a function of altitude. Figure 5 shows the sion as observed on Flight 4 and 24), can increase the dif-
total volume normalized with numbers (¥ratio of total vol- ~ ference inAo,/ACN between the BL and FT. The strong
ume to the total number of aerosols) for the size range 42-nversion reduces the transport/mixing of air from the FT to
346 nm (D,) of dried aerosols as a function of height during the BL, and the ageing of the aerosols in the FT increases
flights 4, 6, 7, 8 and 24. The,Mncreases with height show- V, and Ao,/ACN. Assuming thab, per particle is inde-
ing maximum level at 2000—-3000 m (700-800 hPa) during allpendent of altitude during ageing, the increaaeg/ACN
the flights. The ratio of highest,Vin FT (~2500 m) to the  corresponds to an increase d up to 7% (from 0.92 to
lowest V, in BL (500 m) varies from 1.3-1.6. Higher aerosol 0.98) for the aerosols in the FT. This assumption is corrob-
volume (V,) aloft suggests that condensation of organic andorated by the loweko, during the night hours (0.91) for
possibly inorganic vapors as well as coagulation play impor-less aged aerosols and the highgrin day time (0.94) for
tant roles in changing the physical (size) properties of aerosohged aerosols. More details on the diurnal variation in opti-
particles during ageing. cal properties of aerosols at the surface site (FNS) over the
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optical thickness (AOT) (botlry and AOT at 550 nm) during the
Fig. 5. Vertical variation in number-normalized total volume of biomass burning season (16 September—7 October). The AOT data
aerosol (V) in the size range 42-346 nm (mobility,Pduring the ~ are taken between 11:00 to 14:00 LT. The OSH and the correlation
flights 4, 6, 7, 8 and 24. The curves are polynomial fits based on theoefficient (?) also given in the figure.
least squared method.

) o _ ) same wavelength as using Egs. 4 and 5) yields a slope cor-
Amazon Basin are being included in another manuscript Unyesponding to an OSH of 1617 m (Fig. 6). The observed OSH
der preparation (Chand et al., 2696 is very close to the average height of the day time bound-
ary layer (1600 m) during the burning season obtained by
radiosonde measurements (G. Fisch, personal communica-

ion; Fisch et al., 2004). The OSH is consistent with the

In order to determine whether the characteristics of aerosol%] . .
measured by sunphotometry at the ground agree with in-situ eight (1200—2000 m) where the sharp transition is observed

measurements in the atmospheric column (BL and FT), we" AGS./ACN’ as d|scus§ed n Se_ct. 3.2. Also, th.'s IS consis-
compared thé\ngstrt")m exponents derived from independent tent with mqst of the optically act|\(e aerosols pelng cqnfmed
sunphotometerd;) and aircraft &) measurements. A brief to lower heights (i.e., the BL) during the purnlng pe_znopl, as
summary o, and, is given in Table 4. The mean airborne V&% also shown _by Andreae_et al. (2004; see their Fig. 2).
a3, from the individual flights vary in the range of 1.9 to 2.1 Haze layers at higher elevations were commonly observed

whereas the column integratgdvaries in the range of 1.4 to dhurlnghthgélllrcraft ﬂl?rts’ bu_lt_r:/yerefoptt:cally much :jhltl)‘\nehr
2.0. The mean values & anda, are 2.6:t0.4 and 1.8-0.2, than the aerosol layer. This Is iurther supported by the

respectively. The small difference betwenand &, sug- vertical profiles of CN an.ds (Fig. 7). Due.to large horizon-
gests that (1) the absorption coefficient is not as wavelengtl%al coverage and sampling of cleaner air (background) and

dependent as the scattering coefficient, leading to minimal moke plumes, there is large vertical variability n beth .
effect of light absorption on théngstrbm exponent, (2) the and CN. However, as an average, most of the optically active

sunphotometer results at FNS are regionally representativeaerOSOIS are below 200(.) m (Fig. 7). This is consistent with
and that the aerosols in the FT above the ceiling height of théhe OSH, as shown by Fig. 6.
aircraft did not significantly influence the value &t

Convective activity enhances the vertical mixing and
transport of aerosols in the atmosphere during the4 Summary and conclusions
dry/burning period. An indication of the vertical extent of
the aerosol column during the burning dominated period carDetailed ground and airborne measurements were taken over
be provided by an aerosol index called “optical scale height"the Amazon Basin during the LBA-SMOCC experiment con-
(OSH). OSH is defined as the height (in m) of a homoge-ducted during the dry season (September—October, 2002).
neous aerosol column having the same extinction coefficienThese results have shed light on the optical and physical
(oext=05+0,) as the one determined at ground level, and theproperties of biomass burning aerosols. The relationships be-
same AOT as the one measured by the sunphotometer. Aveen observations at the ground and in the BL and FT have
plate of AOT (550 nm) vso; at FNS (AOT is adjusted to the been investigated.

3.3 \Vertically integrated measurements

www.atmos-chem-phys.net/6/2911/2006/ Atmos. Chem. Phys., 6, 29252006



2922 D. Chand et al.: Optical properties of biomass burning aerosols

L) LI L L) IIII: :IIIIIIIIIIIIIIIIIII:
e 1 E .
< 3 91 F 4 ©
(O] ] o 3 -
g 2 4 F 4 2
= : 1t i
4 LY ¢ swe - C 3
2 l %—.. _- -_ \_-
llllIllllIllllIllll: :||||IIIIIIIIIIIIIII:
~ :_
S :
< — ~
) -
g 3 5
= . L
: N
< :
I: :llllllllllllllllll:
=~ 4 1 F E
S i ¢ :
< 3 4 F 4 o
3 1 ] =
S 2 4 F 41 2
= 1 y W
- o o o o L
< 1 E Ct et e u G TS E
OIIIIIIIIIIIIIIIIIII- :|||| |lll|llll llll:

0 50 100 150 200 2000 4000 6000 8000
Gs(Mm”) CN (cm®)

Fig. 7. Vertical variations in light scattering coefficient;( 550 nm) and aerosol number density (CN) from the airborne observations
(flights 6, 7 and 8) during the biomass burning season (September—October) over the Amazon Basin.

In general, all the aerosol extensive properties and CO The,&ngstrbm exponent (24£0.4) computed from the air-
showed large variability during the biomass burning seasonborne observations below 4200 m is close to ,ﬁngstrbm
During some of the most intensive burning periods, veryexponent (1.&0.2) calculated by column integrated (sun-
high mass loading (PM2:5225..g m~2) resulted in scatter- photometer) measurements. This suggests that (1) the ab-
ing coefficients as high as 1435Mrhat 545nm. At the sorption coefficient, is not as wavelength dependent as the
same time, the aerosol optical depth at 500 nm reached vakcattering coefficient;, leading to minimal effect of light
ues of more than 3 and CO exceeded 3000 ppb. A few rairabsorption on théingstiom exponent and, (2) the sunpho-
events reduced the aerosol loadings and optical effects by twtbmeter results at FNS are regionally representative, and (3)
orders of magnitude. the aerosols in the FT above the ceiling height (4200 m)

The mass scattering and absorption efficiencigsand  of the aircraft do not significantly influence the value of
aq, relative to PM2.5 dried aerosols at about 545 nm at/neacolumn-integratedngstiom exponené,..

the ground are found to be 5.0 and 0.33gn*, respectively. The strong correlation af, with PM2.5 and CO indicates
The observed, of dried aerosols at 545nm is 0:88.02. 4t (1) most of the aerosol mass has originated from biomass
The Ag;/ACN in the free troposphere (between 1600 10 ¢qmpystion and (2) the smoke-laden air with different CO
4200m a.m.s.l.) is about 1.6 to 10.9 _t|mes higher than ingnq mass loading has similar source (samgand emis-
the BL (below 1600 m a.m.s.l.). Assuming the same absorpsjon characteristics. The, does not correlate well with the
tion efficiency of aerosols with altitude, this increase-pfn aerosol number concentration (CN) at the ground, however,
the FT can increase, up to 7% from 0.92 to 0.98. it has a better correlation aloft in the BL and FT. This indi-
cates that the ageing process plays an important role in the
optical and physical properties of aerosols.
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The correlation analysis betweenand aerosol AOT sug- J. H. C., Grace, J., Kabat, P., Lelieveld, J., Malhi, Y., Manzi,
gests that most of the aerosols are confined to the lower A. O., Meixner, F. X., Nobre, A. D., Nobre, C., Ruivo, M,,
levels of the atmosphere<(1617 m) during the burning sea-  Silva-Dias, M. A., Stefani, P,, Valentini, R., von Jouanne, J.,
son. This is consistent with the vertical variability f and and Waterloo, M. J.. Biogeochemical cycling of carbon, wa-
CN. Similar levels ofAo,/ACO at surface site and airborne  t€f: €nergy, trace gases, and aerosols in Amazonia: The LBA-
observations covering a large area in the BL again suggest gg;%g:?‘lg)(l%zré%%rg;gboizgzhéz'oses"p‘tmos" 107(D20),
Fhat the burning act|V|t|es_ oyer the Amazpn. Basin have SlrT"'Andreae, M. O., Rosenfeld, D., Artaxo, P., Costa, A. A., Frank,
|I_ar sources and fuel emission characteristics. Larger varia- g p ' ongo, K. M., and Silva-Dias, M. A. F.. Smoking Rain
tion in oy with CN than with CO suggest that condensation-  cjoyds over the Amazon, Science, 303, 1337—1342, 2004.
coagulation plays an important role in changing the radiativeanderson, T. L. and Ogren, J. A.: Determining aerosol radiative
properties of aerosols. The scattering efficiency of aerosols properties using the TSI 3563 integrating nephelometer, Aerosol
(V,) increases with height, having a maximum at 1700— Sci. Technol., 29, 57-69, 1998.

3000 m. Angstiom, A.: On the atmospheric transmission of Sun radiation

This is the first study presenting a comprehensive data set and on dustin the air, Geogr. Ann., 12, 130-159, 1929.
on optical properties of aerosols at the ground, BL and FTAraxo, P., Fernandes, E. T., Martins, J. V., Yamasoe, M. A., Hobbs,
in the dry season over the Amazon Basin. This data set, - V- Maenhaut, W, Longo, K. M., and Castanho, A.: Large
along with the data from the SCAR-B and LBA-EUSTACH2 Scale Aerosol Source Apportionment in Amazonia, J. Geophys.

. . . Res., 103(D24), 31837-31 848, 1998.
Cgmpalgns, can b? used to Valldat_e the optical pgrameters :?frtaxo, P.: The atmospheric component of biogeochemical cycles
trieved from §atellltes. The combined ground, airborne an in the Amazon basin, in: The biogeochemistry of the Amazon
remote sensing observations can be valuable to assess thepagin, edited by: McClain, M. E., Viétia, R., Richey, J. E.,
role of biomass burning and its impact at local, regional and  Oxford University Press, 42-52, 2001.
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