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Abstract. We investigated the size distribution, scattering 1 Introduction
and absorption properties of Amazonian aerosols and the op-

tical thickness of the aerosol layer under the pristine back-gg|ar radiation is modified when passing through the atmo-
ground conditions typical of the wet season, as well as dursphere by two main processes: light scattering and light ab-
ing the biomass-burning-influenced dry season. The meagorption. Light scattering is a redistribution of the incident
surements were made during two campaigns in 1999 as paffght in nonparallel directions, whilst light absorption con-
of the European contribution to the Large-Scale Biospherexists of a conversion of the incident light into thermal energy.
Atmosphere Experiment in Amazonia (LBA-EUSTACH). In The attenuation of light by these processes has important

bers were observed to increase from values comparable t9g(7).

:hosel of the remote ma”lne bounqatry ] Iay_%400t;:m‘3) Trace gases like CO2, H20, NO2 and CH4 efficiently ab-
0 values more commonly associaled with urban SMoQg., 1, .o giation in the infrared range, trapping the radiation re-

(m4CI)(OO crrr‘tri )I du: :O al metlisswlz lntjﬁctlczréocg nsr::ti)?lrcron flected from the earth, causing the well-known “greenhouse
SMOKE particies. Aerosol optical depins & Ccreasesrect’. In contrast, aerosol particles are thought to have an

from 0.05 to 0.8 on average, reaching a value of 2 during th(:icz‘%rerall cooling effect, estimated to be of the same order of
a -

gtrggisn?n'sﬁgﬁggr;ngoamr?ﬁii%:ﬁﬁﬁ?;?;?ﬂ?;S\}er?faes?,r agnitude as the positive forcing of greenhouse gases (IPCC,
' 9 001). However, these estimates are still subject to wide un-

gszcct)ifv Z? igfrgééx\rg]:ng)t\éa;l;\eéS‘sz;ga]iea:jnddet?el\g:i’irzeéinglqcertaimies’ mainly due to the fact that aerosol climate forc-
7 ng depends on the optical properties and spatial distribu-

§catter|ng albedo from ca. 0.97 to 0.91. The roughly tenfoldtion of the aerosols, both of which vary greatly according

increase in many of the measured parameters attests to tf{g the sources, location, and age of the aerosols. Aerosol

dramatic efiect that extensive seasonal biomass burning (dffarticles both absorb and scatter light, with the efficiency of

forgstatlon,t_pastfure clealnlng) |sAhaV|ng on _lt_T]e COTp?_S'lt'O he processes being highly dependent on their size distribu-
and properties of aeroso’s over Amazonia. 1he potentia e).(iion, chemical composition and the wavelength of the inci-
ists for these changes to impact on regional and global cli-

o o dent radiation. Scattering efficiency is predominantly a func-
mate through changes to the extinction of solar radiation 3Sion of particle size, morphology, and chemical composition
well as the alteration of cloud properties. ' ’ '

and is mainly due to aerosol particles in the accumulation
range (0.1-Lim). The light absorption by aerosols covers
the whole spectrum, and is largely due to near-graphitic car-
bon (also called elemental, or black carbon), whose unique
known source are combustion processes.

Correspondence td?. Guyon Of the various major aerosol particle types, those emitted
(guyon@mpch-mainz.mpg.de) during biomass burning are amongst the most optically active
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(Reid and Hobbs, 1998) due to the fact that they are predomand aged smoke from anthropogenic biomass burning (LBA-
inantly in the form of submicrometer, accumulation-mode EUSTACH 2). This study contributes towards a more thor-
particles, and also contain a high content of light-absorbingough understanding of the regional and global climatic ef-
components. This, coupled with the fact that biomass burnfects of widespread biomass burning in Amazonia and other
ing has been estimated to be the second largest source tfopical regions.
anthropogenic aerosols (IPCC, 2001), has led to extensive
investigation of smoke aerosols (both laboratory and field
based), with a primary aim being to determine their contribu-2  Sampling location and methodology of measurements
tion to Earth’s radiation balance. Despite these efforts, how-
ever, the radiative forcing due to aerosol particles is still sub-2.1  Sampling location
ject to large uncertainties (at least a factor of two), and the
confidence level of global estimates is considered as “low”Aerosols were sampled during two field campaigns on a 54 m
(Andreae and Crutzen, 1997, Shine and Forster, 1999; IPCGpwer situated in a primary rainforest (Reserva Biologica
2001). Jaili, Rondnia, Brazil, 10 0455’ S, 6 5548” W, 110m
Biomass burning activities are most concentrated in theabove sea level), in Apri—May 1999 (LBA-EUSTACH 1)
tropical areas of Africa, Indonesia and South America (An-and September—October 1999 (LBA-EUSTACH 2). The
dreae, 1991), where fire is routinely used for both deforestat BA-EUSTACH 1 campaign covered the end of the wet
tion and seasonal burning of secondary forests and pastureseason period and the transition period toward the biomass-
Of these regions, the Amazon basin has perhaps been thHaurning-influenced dry season. LBA-EUSTACH 2 was con-
focus of most international attention, due to the fact that itducted throughout the end of the dry season and the transition
contains the world’s largest tropical rainforest and contin-period toward the wet season again. For a more complete de-
ues to experience one of the highest rates of deforestation igcription of the site and overall sampling conditions, refer to
the world. Measurement campaigns like the Smoke, CloudAndreae et al. (2002).
Aerosol and Radiation-Brazil (SCAR-B) experiment (Kauf-
man et al., 1998) and the dry and wet season Amazon Bound?.2 Particle concentrations
ary Layer Experiments (ABLE 2A and 2B) (Harriss et al.,
1988; Harriss et al., 1990), have sought specifically to im-Aerosol particle concentrations in the size range 0.01#8-
prove our understanding of the environmental and climaticdiameter were measured with a condensation particle counter
effects of biomass burning and background aerosols in thifCPC 3010 or 3762, TSI, USA). The instruments were fitted
region. As a result, it is now clear that smoke aerosols emitwith a diffusion drier installed in front of the inlet, because
ted in Amazonia have a very strong local impact on incom-direct sampling of the extremely humid ambient air would
ing radiation (Ross et al., 1998). Moreover, recent studieshave led to condensation of water within the instrument. The
have shown that the smoke produced in the tropics may beliffusion dryer consisted of a cylindrical metal mesh (length
subject to high altitude uplift and long-range transport due0.59 m, diameter ca. 13 mm) surrounded by a plastic tube
to the intense convective activity (Andreae, 1991; Pickerindfilled with silicagel. The losses due to the inlet tubing and
et al., 1996; Andreae et al., 2001; Staudt et al., 2001). Thehe diffusion drier were determined to be ca. 19%, for which
potential, therefore, exists for the extensive biomass burninghe measurements were corrected. In addition, the raw data
in the Amazon basin to have a global influence (Andreae ewere adjusted for coincidence losses by applying an algo-
al., 2002). Ongoing studies of the sources, properties andithm recommended by the manufacturer. On a few occa-
processes involving aerosols are therefore critical for this resions («0.3% of total measurement time) during the LBA-
gion. EUSTACH 2 campaign (always at night), the CPC instru-
The current study was carried out during the recentment was saturated when smoke plumes passed over the site.
LBA-EUSTACH 1 and 2 campaigns (LBA = Large-
Scale Atmosphere-Biosphere Experiment in Amazonia; EU-2.3  Size distributions
STACH = European Studies of Trace Gases and Atmo-
spheric Chemistry) (Nobre et al., 2001; Andreae et al., 2002)Continuous particle number/size distributions were mea-
which formed part of the LBA project, a major interna- sured using a passive cavity aerosol spectrometer probe, the
tional initiative designed to investigate the Amazon rainfor- PCASP-100x (PCASP, DMT, USA, now owned by Particle
est ecosystem, its links to the atmosphere and climate, asletrics, Longmont, USA), with a one-minute time resolu-
well as the significant impacts of human activities in the tion. The PCASP measured particle size distribution from
region. We focus here on a comparison of the physicaldiameters ranging 0.1+28m in 18 channels, derived from the
properties of aerosols (number concentration, size distribulight scattering properties of the particles at a wavelength of
tion, scattering and absorption coefficients, single-scattering33 nm between angles of 3&nd 135. The instrument was
albedo, and aerosol optical depth) representative for backealibrated by the manufacturer, using polystyrene latex parti-
ground conditions (LBA-EUSTACH 1) with those for fresh cles of known size. The refractive index of latex beads (1.59
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— 0)) is different from that of atmospheric particles, result- Uni- and bimodal number, volume, and mass/size distribu-
ing in a size distribution that is “latex equivalent”. Guyon et tion were parameterized by a lognormal equation:

al. (2003) have shown that the refractive index of ambient

aerosol particles may be subject to large intra- and interday dQ 2 0; (In D —In DQ,i)2

variations, as a function of aerosol sources, age, and relativg |og p - Z V2o eXp| — 262 @
humidity (RH). Here, we are presenting PCASP size distri- =1 ' !

butions corrected for an average refractive index calculatedvhere O expresses the number, volume or mass quantity,
for three periods of interest. The three periods were desig-DQJ. is the median particle diameter of the madéor the
nated as follows: (1) LBA-EUSTACH 1, before the transi- guantity 9, ando; is the standard deviation.
tion period (representative for background, wet season con-
ditions), (2) LBA-EUSTACH 1, during the transition period 2.4 Scattering coefficients
toward the biomass-burning-influenced, dry season period,
and (3) LBA-EUSTACH 2, largely dominated by biomass Light-scattering measurements were made with a single-
burning conditions. The average refractive indices associwavelength { = 545 nm) nephelometer (model M903, Radi-
ated with each period were 1.42.04) — 0.006 £0.003), ance Research, Seattle, USA). Aerosols were sampled con-
1.46 @0.06) — 0.016 £0.003), and 1.41 £0.05) — 0.013 tinuously and the data averaged and collected on a one-
(4=0.005), respectively. Refractive indices were obtained for minute time resolution. No attempt was made to dry the
near-ambient conditions of temperature and relative humid-articles prior to sampling. Nevertheless, the internal heat
ity using Mie scattering theory in combination with a new produced by the instrument itself may have partially dried
iterative process, which utilizes the raw PCASP-measuredut the sampled particles. On average, the RH inside the in-
size distributions and independently measured scattering anskirument was 15%46%) lower than ambient RH.
absorption data as inputs (Guyon et al., 2003). To facilitate The Radiance Research nephelometer measures light scat-
comparison of the size distributions observed during the dif-tering between 89and 170 angles, so that the scattering
ferent periods studied, the distributions were normalized bycoefficients retrieved from the instrument are truncated for
the concentration of the size bin of the PCASP showing thethe very forward and backward scattering angles, and there-
largest value in the accumulation mode (0.1s/d diameter).  fore are lower than the effective total scattering from the
Mass/size distributions were obtained from a microorifice Sampled particle population. Anderson et al. (1996) pro-
uniform deposit impactor (MOUDI, model 110, MSP corpo- Posed a method for correcting scattering measurements ob-
ration, Minneapolis, USA) (Marple et al., 1991). For a com- tained from a three-wavelength TSI 3563 nephelometer (an
plete description of the instrument and the sampling procejpstrument with similar characteristics to ours), based on the
dure, refer to Guyon (2002) and Guyon et al. (2003). MassAngstdm exponent derived from the scattering values ob-
concentrations were obtained by gravimetric analysis. Thdained at 450 and 700 nm. They found that this instrument
aluminum substrates were weighed before and after samdnderestimates the total scattering coefficients by up to 10%
pling, with a Mettler microbalance (1g sensitivity), after ~ for submicrometer particles, and 20-50% for supermicrom-
having been left equilibrating under controlled conditions of eter particles. This correction procedure could not be em-
RH (50%) and temperature (20) for at least 24 hours. The ployed for our instrument, since it measures at only a sin-
accuracy of the measurements is ea3g. The MOUDI gle wavelength. However, such a correction factor could
mass/size distributions were inverted following the work of be retrieved as a “by-product” of an iterative procedure we
Roberts et al. (2002), which is an adaptation of the Twomeyrecently developed for estimating the refractive index of at-
nonlinear iterative algorithm described by Winkimayr et al. mospheric aerosols (Guyon et al., 2003). In this procedure,
(1990). Collection efficiencieg (D) for our MOUDI were  hourly averages of scattering coefficients, absorption coeffi-
obtained by calculating the steepness factor s associated witients and PCASP number size distributions from both mea-
each MOUDI stage from the collection efficiencies reportedsurement campaigns were used concomitantly in combina-

by Marple et al. (1991), using tion with a standard Mie scattering model, so that absorp-

tion and scattering coefficients could be recalculated from

271 the size distribution of the PCASP. The angular truncation

E(D) = {1+ (@) ] (1)  of the nephelometer was taken into account in the Mie pro-
D gram, and the corrected scattering coefficien},(as well as

the truncated scattering coefficiends (,,..) (identical to the
with D the particle diameter, anBi5g the 50% cutoff diam-  one measured by the nephelometer), were retrieved. From
eter, and fitting the&z (D) s-shaped function to thBsg char- these, a correction factoF;,,,c (= 05/0s trunc), Could be
acteristic for our instrument. This procedure allowed us toextracted and applied to the whole data set, as explained in
retrieve continuous size distributions, which contain more in-detail in Sect. 3.4. The errors associated with the scattering
formation than the histogram obtained from directly plotting values presented herein are therefore considered to be due
the mass concentration measured for each MOUDI stageonly to measurement error of the instrument itself (ca. 5%).

www.atmos-chem-phys.org/acp/3/951/ Atmos. Chem. Phys., 3, 951-967, 2003
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2.5 Absorption coefficients

Continuous absorption coefficient measurements were mads
using a Radiance Research particle soot absorption photomes~ ]

ter (PSAP). The PSAP operates using the principle of an in- S 10000 4 T T
tegrating plate, measuring transmittance through a glass fibe ]

filter at a wavelength of 565 nm. Values were collected every ]
5 minutes during the LBA-EUSTACH 1 campaign and every
minute during LBA-EUSTACH 2, due to high aerosol load-
ing resulting from local biomass burning. Absorption coef-
ficients,o,, were retrieved according to Bond et al. (1999)
for PSAP filter transmittance 0.5. Uncertainties were com- 1
puted following the work of Anderson et al. (1999). For a | 383 1
complete description of the data handling and uncertainties l
associated with the PSAP instrument, refer to Guyon (2002) 100
and Guyon et al. (2003).

4393

3990

590

Number Concentration (cm

T T T T
Apr 99 May 99 Sep 99 Oct 99

Fig. 1. Aerosol particle concentrations (diametefl0 nm) dur-
ing the wet-to-dry season transition (LBA-EUSTACH 1, April—
May) and the dry-to-wet season transition (LBA-EUSTACH 2,

AerzoinI O%t(lj(ijs ! nde\f)vth (rﬁ\OD’ti gn(;jerrin(:lcl))u%fﬁe atrTr10r-n rﬁep’[ember—October). The horizontal bars and the corresponding
Spheric co ons was measured during bo easure evalues inside the boxes represent the median concentrations, while

campaigns using a Yankee multifilter rotati_ng ShadOWl:’andthe box defines the first and third quartiles, and the vertical bars the
radiometer (MFR) (MFRSR-7, Yankee Environmental Sys- s5i4 and 95th percentiles.

tems, Turner Falls, USA) (Harrison et al., 1994). In the
present study, five wavelengths were used (415, 500, 615,

671, and 867 nm). First, the Langley technique was applieds ysyally largely due to the incorporation of the aerosols into
on morning and afternoon data of air massesfanging be-  cjoud droplets, followed by precipitation, as well as to scav-
tween 2 and 6, in order to acquire an estimate of the solagnging below clouds during rain (Finlayson-Pitts and Pitts,
constant from the intercept of the regression line of the mea(00), these remarkably low concentrations are undoubtedly
sured irradiance on the air masses (Harrison and Michalskyassociated with the large amount of precipitation observed
1994). A set of clear days was chosen from each period tQuring the month of April (Andreae et al., 2002), as well
obtain the value of the solar constant for each wavelengthys with the weak sources of aerosol particles in the Amazon
and then the Beer-Lambert-Bouguer law was applied to depasin during the non-burning season (Artaxo and Hansson,
rive instantaneous measurements of the total optical deptl1995)_ Similar concentrations were observed by (Roberts
(one-minute time resolution). The AODs for the five wave- gt 4| . 2001) and (Zhou et al., 2002) in the Amazonian site
lengths were then obtained by subtracting the contributiongs Balbina, north of Manaus, in 1998 (average particle con-
of Rayleigh scattering and ozone absorption from the totalcentrations of 460 320 cnt3), suggesting that conditions
optical depth. A more detailed description of the instrumen-encountered in the unpolluted Amazon basin resemble more
tation, methodology, and quality control can be found in For-those observed from marine environments in contrast to what
menti et al. (2000) and references therein. is typically reported for continental environments (Williams
et al., 2002).

Precipitation decreased during the month of May, and par-
ticle concentrations consequently increased (median of ca.
3.1 Aerosol particle concentration 600 cnT3, Fig. 1), indicating a transition from the wet sea-

son toward the dry season (Andreae et al., 2002). This in-
During both the LBA-EUSTACH 1 and the LBA-EUSTACH crease in particle concentration also coincided with the on-
2 campaigns, two CPC instruments were used to acquire totzget of fire activity in the states neighboring Roné (RO),
aerosol particle concentration data for particles in the sizeprincipally in the states of Mato Grosso do Sul (MS), Mato
range of 0.01-3.@am diameter (Fig. 1). Grosso (MT), Gaas (GO), and Par(PA), as detected by the

The low concentrations (median of ca. 400—&)1mea- NOAA-12 satellite (Fig. 2) (also available from CPTEC at
sured at the beginning of the first campaign (April) com- http://www.cptec.inpe.br/products/queimadas/).
pare to those found for marine air, which typically exhibits It is noteworthy that there were actually no fire pix-
particle concentrations of 100-300 ci(Fitzgerald, 1991; els detected in the state of Rdwia, where the mea-
Finlayson-Pitts and Pitts, 2000; Raes et al., 2000). Giversurements took place, and virtually none north of the
that the removal of fine mode aerosols from the troposphereower (state of Amazonas (AM)), over the two months

2.6 Aerosol optical depth

3 Results and discussion

Atmos. Chem. Phys., 3, 951-967, 2003 www.atmos-chem-phys.org/acp/3/951/
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covering the LBA-EUSTACH 1 campaign (Fig. 2). However, 220
five-day back trajectories calculated for a starting altitude of 2001

W Rondbdnia (RO)
H Mato Grosso (MT)

500 m using the NOAA/Air Resources Laboratory HYbrid E | awato crosso do sul vs)
Single-Particle Lagrangian Integrated Trajectory (HYSPLIT- 8% Bceias(G0)

140 4 @Amazonas (AM)

4) model (Draxler and Hess, 1998) clearly show that air
masses passing over the sampling site during this period wer¢
all coming from those areas that contributed to most of the
fire activity in the region, namely MT, MS, and GO states.
According to the back trajectories (Fig. 3), these biomass-
burning-influenced air masses required some 2-3 days tc
reach the sampling site. In light of this, we consider the
beginning of the LBA-EUSTACH 1 campaign (08 April— den Feb M fpr ey AW fweSe ot Nov pee

12 May 1999) to be representative for background Amazo-

nian conditions, whilst the second part of the campaign (13-Fig. 2. Monthly fire activity detected by the AVHRR-NOAA-12

21 May 1999) was influenced by aged smoke from biomasssatellite over the Amazon basin for the states of Ruria (RO),
burning. We also note here that local anthropogenic activityMato Grosso (MT), Mato Grosso do Sul (MS), @ei(GO), and

is not believed to have contributed significantly to the ob- Amazonas (AM) in 1999. The data presented are the total number
served changes in the aerosol properties. The measuremeitfire pixels per 10 000 kfdetected over the Brazilian states.

site was located in a remote region and the area surrounding it

was largely devoid of human activity. During the wet season 5
the site could only be accessed by boat, some 5 hours journe
from the town of Ji-Param which is situated south of the site.
Some new farming activity was occurring west of the mea- -5 -
surement site, but the dirt road serving the few settlers living
there was impassable at this time of the year. Wood is mostly °
used for cooking in the region, but this signature would be
expected to form part of the background aerosol (if perceiv-
able at all at our site), since there is no reason for an increast

Brazil States
O Measurement
tower
—=— 20 May 1999
—&— 15 May 1999
—v— 10 May 1999
—4A— 05 May 1999

Latitud

in cooking fuel consumption at this time of the year. The 257 <30 April 1999
same is valid for our diesel generator, which was situated on s | e teee

a raft on the river, ca. 400 m from the tower, with the exhaust 1

directed just above the water level. '35_80 " 20 80 80 40 30 20 -0

Longitude

The burning season in Roadia reached its peak during o ) _
the month of September, when the LBA-EUSTACH 2 cam- Fig. 3. Representative five-day (HYSPLIT?4) back traject.orles gal-
paign started. This was a month later than for its neighborinqj/lg:tfﬁef%etgsu:‘eBrﬁ;tU;x;f?lé/gaggg'g&/) 1}2? ;‘;ag:zgjgg'm
_state t(.) f{he East, MT, where the mOSF Intense b!omass bum6f 500 m above ground level. The s,ymbols ar,e spaced at 12-hour
ing activity for the year 1999 occurred in Brazil (Fig. 2). Dur- ;1o ais along the trajectories.
ing the burning season, most of the biomass burning spots in
Amazonia occur in the transition between savanna and for-
est, mostly in the states of MT, MS, RO, GO, PA, and To- 3.2 Aerosol optical depth (AOD)

cantins. This burning activity had a dramatic effect on the
measured aerosol particle concentrations. The total amour]saily AOD (at 500 nm — unless otherwise stipulated, this
of particles increased by an o_rder OT magnitudel compared t(avavelength will be henceforth used as reference’) and
the LBA'E.USTACH 1_campa|gn, W'th. the med|an_number Angstrbm exponents (estimated from AOD values obtained
concentraﬂon' exceeding 4000 ch Th|s Is clear e\{ldence at 868 and 416 nm) derived from the 1-minute time resolution
of the 5”‘”?9 |mpa_c_t that human activities are having on theMFR measurements are presented for both field campaigns
atmospheric conditions over the Amazon region. in Fig. 4. The number of data points retrieved was mainly re-
stricted by the large number of cloudy days observed during
The measured aerosol concentrations in Romal de-  both field campaigns. For the same reason, some of the av-
creased significantly in the last week of October (medianerages presented were obtained for shorter periods than over
of ca. 1700cm?3, compared to an overall median of ca. the whole day (excluding values at high air masses; 6).
4400 cnm3). During this week, rainfall frequency increased,  AOD showed very little diurnal variability, especially dur-
signaling the transition towards the next wet season. ing the LBA-EUSTACH 1 campaign, so that even a few

www.atmos-chem-phys.org/acp/3/951/ Atmos. Chem. Phys., 3, 951-967, 2003
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hours of measurements can be an acceptable estimate of BT 20D . 5o 25
the daily average. However, morning values were generally ;| o  angstrom coefficient - > oo
higher than the daily average, as were the scattering coeffiz | o o ° 00 A
cients (Sect. 3.4), which may be attributed to the high relatlvec, e @ % °%
humidity observed in the mornings. 124 S " : =
The same overall temporal trend was observed in AOD o 1o . - *1-5§
values as for the other aerosol data measured during th@ 1 o o . 3
LBA-EUSTACH 1 campaign. Background AOD values (pe- & °®7 oo = l0E
riod preceding 12 May 1999) were centered at 0.048 (first 8 os - ° . )
and third quartile of 0.040 and 0.056, respectively), whichis & , | ° . <
only about twice the estimated detection limit for the instru- é 1 o s
ment (Formenti et al., 2000). These values are in the lower2 °%] - I
range (0.038-1.41) of values given by Horvath (1998) for oo Tt oyl 7 , ‘ : 0.0

01.04.99 01.05.99 01.09.99 01.10.99 31.10.99

clean continental conditions at 500 nm, and about half those Dato

measured by Formenti et al. (2001) in Balbina during non-
dusty days. AOD then progressively increased, reaching &ig. 4. Daily averages of the aerosol optical depth (AOD) observed
value of 0.12 on 22 May. at 500 nm (black squares), and thegstiom exponents (open cir-
The biomass-burning season (LBA-EUSTACH 2) was cles) estimated from AOD values obtained at 868 and 416 nm, with
characterized by large day-to-day fluctuations in AOD, rang-the MFR instrument. Data obtained for both the LBA-EUSTACH 1
ing from 0.1 to 2.0, with a median value (first; third quartile) and 2 campaigns are presented.
of 0.79 (0.53; 1.02). These values are in the range of what
has been measured at the pasture site during the same period
by the AERONET (Holben et al., 1998) sunphotometer net-and Wofsy (1988) and Fisch et al. (2003) for the convective
work (average of 0.91, standard deviation of 0.56, and maxi-boundary layer (CBL) height at this site, or the value of ca.
mum of 3.3, at 500 nm) (Artaxo et al., 2002). This highlights 2.0 km for the planetary boundary layer (PBL) given by Ja-
the regional influence of biomass burning, since the result¢ob and Wofsy (1990) for late-morning hours in the Amazon
appear to show that the atmosphere above the remote foreBgsin during the wet season. These authors found the PBL
site, at which we measured, was influenced by biomass burnto be well mixed with the underlying sublayers, but fairly de-
ing aerosols to about the same extent as that over the pastug@upled from the layer above. This indicates that the aerosols
site. Other authors, such as Dubovik et al. (2002), also remeasured in situ on the tower during this period were prob-
ported AOD values (at 440 nm) ranging from 0.1-3.0 (0.74ably not characteristic of the whole column, and that there
on average) for biomass burning-influenced periods in 1993vas a significant contribution by free tropospheric aerosols
and 1994 over the Brazilian Amazonian forest, and in 1998to the (very low) AOD during this period.
and 1999 over the Bolivian Amazonian forest. The range Regression of the data for the 12—21 May period suggested
of AODs obtained for this season is of the same magnitudea much shallower optically-active aerosol layer, ca. 1.1km
as those reported by Horvath (1998) for polluted urban en-n depth ¢2 = 0.44, 154 observations). The lower regression
vironments at 500 nm (0.4—4.36). The large range of valuegoefficient obtained for the period 12-21 May reflects the
reported in these data sets, however, indicates the danger aféct that this period actually lies within the transition between
sociated with using a single average AOD value to representhe wet and dry seasons, during which an increase in all the
biomass burning haze in order to retrieve aerosol radiativeneasured aerosol optical parameters occurred. This period
forcing estimates. may therefore not be best described by a linear regression.
AOD values at 550nm were interpolated using the However, as discussed in more detail in the single-scattering
Angstibm exponents obtained from the values for the neigh-albedo section (Sect. 3.6), this reflects how biomass burning
boring wavelengths (500 and 616 nm), and were regressederosol particles, even in relatively low amounts, can domi-
against the corresponding extinction coefficients obtained anate the overall aerosol optical properties of the whole col-
ambient RH< 92% (the sum of the scattering and absorption umn when mixed in with background aerosol in remote areas.
coefficients at 550 nm presented in Sects. 3.4 and 3.5, re- The overriding influence of the smoke aerosol is also
spectively). The slope of the fitting equation provides an es-seen in the&ngstrt')m exponent data retrieved for the LBA-
timate of the scale height of the optically-active aerosol layerEUSTACH 1 campaign (Fig. 4). ,&ngstrt')m exponents
if it is assumed that the aerosols are well-mixed within the showed a dramatic increase from the beginning to the end of
layer (assuming the pressure in this layer to be constant anthe first campaign, and then to the dry season campaign: val-
equal to the surface pressure). Regression of the 10 minuteses increased from below unity to over 2 (Fig. Apgstom
averaged values yielded a layer height of ca. 4.5 km for theexponent values of ca. 2 are typical for small smoke particles,
period preceding 12 May-¢ = 0.93, 51 observations). This whereas values tending toward zero are representative of
is much higher than the value of 1 km reported by Jacoblarge particles (e.g., dust) (Dubovik et al., 2002). This attests
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Fig. 5. Normalized number size distribution f¢a) background aerosoléy) background aerosols altered by an aged biomass sr@kead

regional biomass burning haze measured over the Amazonian rain forest in Brazil during the LBA-EUSTACH campaigns. In each case, the
solid line represents the median size (diameter) distribution obtained over the considered period. The gray zone is the area between the firs
and the third quartile size distribution for each period. Figures d—f show the same as a—c but for normalized volume/size distributions.

to the growing contribution of fine particles to the optically- haze (LBA-EUSTACH 2 campaign), are presented in
active aerosol loading with increasing biomass burning acFigs. 5a—c. In each case, the accumulation mode (particles
tivity, whereas background aerosols seem to be characterizesf D < 1um) of the size distribution could be fitted by

by a prevailing coarse mode. The increase;&i’rgstrbm ex- a lognormal equation-¢ > 0.86), yielding the geometric
ponents is particularly noticeable between the beginning ananean diameter and geometric standard deviation parameters
the end of the LBA-EUSTACH 1 campaign, indicating a rad- summarized in the first column of Table 1.

ical change in the make-up of the optically-active aerosol The overall shape of the normalized number distributions
layer. This is consistent with the shift from a prominent did not vary significantly from the beginning (Fig. 5a) to the
biogenic coarse-mode aerosol prevailing over the unpollute@nd of the LBA-EUSTACH 1 (Fig. 5b) campaign, although
Amazon to conditions dominated by biomass smoke duringabsolute concentrations increased significantly (Sect. 3.1).

the dry season (Artaxo et al., 2002). Both median number distributions show a similar bimodal
profile with maxima at ca. 0.17 and 3u4n for the accu-
3.3 Number, volume, and mass size distributions mulation and coarse modes, respectively. The standard devi-

ations for the two distributions are also quite similar, with
The mean normalized number size distributions a slightly broader distribution in the second period (espe-
(AN/Alogio(D)) measured by the PCASP for pristine cially for particles with diameters of ca. 0.2—-Q:.8&). The
background conditions (period preceding 12 May), back-coarse mode could not be successfully fitted to a lognormal
ground conditions affected by aged biomass smoke (perioadturve because of its relatively low abundance and because
12-21 May), as well as for regional biomass burning of interference by a smaller intermediate mode at ca. 0.8—
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Table 1. Particle size parameters (meanstandard error for the lognormal fitting equation) for Amazonian aerosols observed during the
LBA-EUSTACH 1 and 2 campaigns

Particle number distribution Particle volume distribution Particle mass distribution
Mean diameter;im) Standard deviation Mean diamet@amnf) Standard deviation Mean diametgnf)  Standard deviation

6-12 May 1999 0.174+0.003 0.30+ 0.03 0.23+ 0.008 0.33+ 0.04 0.35+ 0.01 0.36+ 0.01

6.86+ 2.04 0.55+ 0.10 3.77+0.04 0.41+ 0.01

13-21 May 1998 0.174 0.004 0.34£ 0.03 0.24+ 0.008 0.3 0.03 0.34+ 0.01 0.32+ 0.01

9.39+ 1.68 0.55+ 0.07 2.78£0.10 0.87£0.04

Sep-Oct 1999 0.194 0.007 0.36+ 0.05 0.36+ 0.03 0.52+ 0.06 0.41+ 0.02 0.46+ 0.01
6.65+ 10.1 0.49+£0.8

1 MOUDI samples taken from 6 April to 14 May 1999from 14 to 21 May 1999, anglon 5-6 October 1999

1.5um. For the whole of the LBA-EUSTACH 1 campaign, ture of aged and younger smoke particles would be consis-
the relative concentration ratios for the size bins within thetent with our observations of the presence of concentrated
accumulation mode varied from the median values by lesgegional haze disturbed occasionally by more local younger
than a factor of 1.5 for 75% of the time, whereas they var-plumes. However, these two modes are typically observed
ied by up to a factor of ca. 3 for the coarse and intermediatérom PCASP data as, for example, Reid and Hobbs (1998)
modes. This higher variability for the larger particle sizes did not observe such a pattern in their differential mobility
could be due to the poorer counting statistics in this rangeparticle sizer data, and we cannot exclude that this could not
(Le Canut et al., 1996). be a product of some artifact in the PCASP data.

It can be seen from Figs. 5a—c that the number size distri-

Compared to the distributions observed for the LBA- buti btained f h ) d
EUSTACH 1 campaign, the dry-season number/size distri- utions obtained from the PCASP instrument are truncate

bution (Fig. 5¢) shows a broader accumulation mode and 40" Particles smaller than 0/4m, and that this lower cutoff
greater abundance of accumulation mode particles relative tga}meter occurs near the maxima pb_served for the accumu-
coarse mode particles. This is due to the fact that biomas tion modes. A consequence of this is that during the LBA-
burning contributes mostly to the release of accumulationEUSTACH 2 campaign, the PCAS.P could only account for
mode particles into the atmosphere. This mode, which show§a- 60% of the total numbe_r of partl_cles detecte_d by the CPC.
a number median diameter centered at ca. @rh9is simi- The unaccounted-for fraction consists predominantly of par-

lar in shape to that measured by Reid et al. (1998) for |oca|ticles of the Aitken mode emitted during the fires. Although

haze in Cuiah (using a PCASP instrument and assuming a’¢"Y NUMErous, these fine particles contribute little to the to-

particle refractive index value of 1.50 — 0iQ2 The accu- tal aerosol mass and volume_, and are chargcterlzed by very
mulation mode seems to be composed of two sub-modes small scattering and absorption cross sections due to their

a dominating mode at ca. 0.1%n (comparable to the other small size.

distributions), and a second one at ca. 3. Similar to our The normalized volume distributionsA{//A l0g,¢(D))
observations, Reid et al. (1998) and Le Canut et al. (1996¥or the three periods defined above are shown in Figs. 5d—
also found two modes with maxima at particle diameters off. It can be seen that the PCASP accounts for most of the
ca. 0.1-0.1&m and ca. 0.2-0.@m in the number size dis- accumulation mode volume, but truncates the coarse mode.
tribution of “background aged biomass-burning smoke”, us-All three distributions appear to have a bimodal accumula-
ing a similar instrumentation to ours. Bimodal size distri- tion mode, which could be due to an artifact of the instru-
butions of submicron smoke aerosol particles from mobility ment, as described above. However, examination of the raw
analyzers have also been published previously, with the firstlata showed that the PCASP correction for the refractive in-
mode typically peaking at particles diamete®.1um, i.e. dex is not a primary source of error, but emphasizes the ir-
smaller than what was observed in the present study (for aegularities already existing in the distribution. Therefore,
recent publication, see for example Hedberg et al., 2002)and despite the resulting poor fit?(of 0.87 for the dry sea-
The second mode within the accumulation mode could be atson data, but fitting poorly the central size bingoat 0.2—
tributed to condensational growth and/or coagulation as thé®.6um), we decided to apply a unique lognormal equation
particles aged. Radke et al. (1995) observed growth of foresto the accumulation mode of these curves, which has prob-
fire particles from the emitted Aitken mod® (< 0.2 um) ably a more physical meaning. We note here that it cannot
to accumulation mode size® (= 0.2—2um) within the first ~ be excluded that the accumulation mode might actually be
few hours after emission. Assuming, in our case, a mix-bimodal in nature for the dry season distribution; however,
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100 Typical mass size distributions (obtained as described
——LBA-EUSTACH 1, 6 Apr—14 May 99 . . .

90 Sect. 2.3) for the three periods are shown in Fig. 6, and the
—*-LBA-EUSTACH 1, 14-21 May 99 . . . . . .

801 L eusTAGH 2. 5.6 0ct o0 lognormal fit parameters associated with each distribution

01 . LBAEUSTACH 2, 2.3 0ct99 are summarized in the third column of Table 1. The dis-
crepancy in geometric standard deviation observed between
the number, volume, and mass/size distributions of each pe-
riod is an indication of the overall uncertainty associated with
these distributions, as the standard deviation of a distribu-
tion should remain the same for all distribution types (Hinds,
ij % 1999). In most cases, the lognormal fit of the regional haze
‘ coarse mode (5-6 Oct. 1999) was difficult, if not impossible
o0t * ricle diameter b (pm)l 10 to apply, due to the overlap of this mode with the large ac-
cumulation mode. However, the profile of the coarse mode
Fig. 6. Typical MOUDI mass size distributions for background during this period was generally similar to that found under
aerosol (black line, 6 April-14 May 1999), background aerosol un-background conditions, although slightly higher concentra-
der increasing influence of biomass burning (linked black crossesfions were observed. As was the case for the PCASP data, a
14-21 May 1999), concentrated biomass burning aerosol (gray linesecond peak is noticeable within the regional haze accumu-
5-6 October 1999), and young biomass burning plume (linked graylation mode atD ~ 0.55.m. However, this peak is less pro-
crosses, 2—3 October 1999) measured in the Amazon basin dufiounced in the MOUDI compared to the PCASP data, and
ing the LBA-EUSTACH campaigns. The background size distribu- the MOUDI distribution is narrower than the PCASP vol-
tion is an average distribution from six three-day MOUDI samples,ume distribution, which could be due to overcorrection of
;V:;g tZeO?ltsvrgetlrs]felzu;r;ng-lnflulenced background distributionis any, e pcASP data or in inverting the MOUDI data. A peak in
9 ~day samples. fine particles could also be observed at 0.05-.8/
We note here that on some occasions, MOUDI samples
were obtained with the dominant fraction collected one stage
the two peaks are too sharp in shape, and overlap too mucfywer than usual (stage 8, of aerodynamic cut-Dfy =
to be successfully fitted individually by lognormal equations. 0.2001.m, instead of stage Dsp = 0.346..m). One of these
The parameters describing the best fit of lognormal equasamples (2—3 Oct 1999) was identified as a young biomass-
tions to the volume distributions are summarized in the secburning plume (Guyon et al., 2003), and the lognormal fit
ond column of Table 1. The standard errors associated witlyielded mean diameters (standard deviations) of 83101
the lognormal parameterization of the coarse mode are largé0.50+ 0.05) and 3.15t 0.16 (0.46+ 0.01)um for the fine
because of the upper truncation of this mode. Guyon et aland coarse mode, respectively. Characteristically, this sam-
(2003) reported that the correction for the refractive indexple did not exhibit a second peak within the accumulation
applied to the PCASP data might overestimate the sizes ofmode at larger diameter, suggesting that the presence of this
the particles in the coarse mode, because a constant refrapeak in the regional haze samples could be attributed to con-
tive index is assumed over the whole size distribution, anddensational growth.
the absorption in this mode might be overestimated. The Figure 7 shows a scatter plot of the MOUDI mass con-
volume mean diameter for the accumulation mode increasesentrations measured during the LBA-EUSTACH 2 cam-
with increasing amounts of haze aerosols, from ca. @QrB3  paign against the corresponding integrated volume concen-
during the wet season to ca. 0,361 for the smoke haze pe- trations, for particles with diameters of 0.1xfin. Plotted are
riod. Reid et al. (1998) reported values in the range 0.25-both volume concentrations derived directly from the “raw”
0.30 @&0.02)um for regional haze using the same instru- PCASP size distributions, as well as the ones derived after
ment (see above). The same authors also reported a meadjustment of the PCASP size bins for the refractive index
volume diameter of 0.28-0.35:-0.05)um, obtained using of the sampled aerosol. For this adjustment procedure we
a differential mobility particle sizer. Dubovik et al. (2002) used the average refractive index value of 1.41 — 0.@a8
reported an AOD-dependent mean volume radius of 0.14 4culated by Guyon et al. (2003) for biomass burning aerosols
0.013x AOD (at 440nm), and a geometric standard devi- during this campaign. The regression analysis (with inter-
ation of 0.404 0.04 for aerosols emitted by biomass burn- cept forced to zero — the intercept being small and mean-
ing in the Amazon. Applying a central AOD of ca. 0.9 at ingless in our case, and insignificantly changing tReof
440 nm (Sect. 3.2) to this equation would yield a mean vol-the regression) yielded an accumulation mode particle den-
ume diameter of ca. 0.30m. The latter value, derived from sity of 1.38 gcm® (standard error of 0.032 = 0.95) using
ground-base radiometer measurements, is slightly lower thathe uncorrected PCASP data, and 0.65 géifstandard er-
those found in the current study, but confirms the observedor of 0.01, 72 = 0.94) using the refractive index-adjusted
trend of increasing accumulation mode mean volume diamePCASP data. The higher estimate is probably an overesti-
ter with increasing burning activity. mation of the average density, as the PCASP size bins were
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Fig. 8a. Daily averages of the scattering coefficients measured by
a Radiance Research nephelometer;{,,.), and of the scatter-
Fig. 7. Scatter plot of integrated volume concentrations obtainedind coefficients corrected for the truncation angles,(during the

from a PCASP instrument against the MOUDI mass concentrationdBA-EUSTACH 1 campaign. Values of; recorded at RH lower
within a size range of 0.1-1m for the LBA-EUSTACH 2 cam-  than 92% (crossesj, ;runc measured at RH lower than 80% (open

paign. The open squares were obtained using the volume concersguares) and 92% '(open circles) are presented. The bars represent
trations derived directly from the “raw” PCASP size distributions, the standard deviation of the measurements.

the open diamonds using the volume concentrations derived after

adjustment of the PCASP size bins for the refractive index of the

sampled aerosol (1.41 - 0.0)3

ties for organics and black carbon estimated from literature
not corrected for the refractive index, and the particle vol-values, which cover a broad range. A typical value often
ume increases with the third power of this correction. On thereported in the literature for the density of biomass burning
other hand, the lower value could be an underestimation oferosol particles is 1.0 g crd (Radke et al., 1991), derived
the particle density because the PCASP was measuring anfrom the work of Stith et al. (1981). The latter authors
bient aerosols, whilst the MOUDI substrates were left equi-determined the density of particles emitted from three pre-
librating under controlled conditions of RH (50%) and tem- scribed burns of conifer slash by regressing a set of volume
perature (20C) for at least 24 hours prior to weighing, and size distributions (obtained from an optical inversion tech-
volatile and semi-volatile constituents of the aerosol (includ- nique) against mass size distributions. They retrieved values
ing water) may have evaporated. These compounds may alsef 0.75, 0.94, and 1.34g cm for the three separate fires,
have evaporated during daytime sampling, when the MOUDIand noted that these values were positively correlated with
was exposed to larger temperatures. However, it cannot b#he fuel moisture content. However, we note here that the
excluded that the correction for the refractive index appliedlatter authors used the same method as ours, and the cur-
to the PCASP overcorrects the data, resulting in an underegent estimate may be similar to theirs due to a method bias.
timation of the particle density. Too little information on the density of this type of aerosol
,is available to date, resulting in large uncertainties in aerosol

Reid and Hobbs (1998) reported an average density fo X
model calculations.

smoke particlesl) < 4 um)in Brazil of 1.35+ 0.15g cn3,
with a technique similar to ours. However, their analysis
comprised data for particles in the size range of i The regression of the five MOUDI samples collected in
and could therefore also include, for example, dust particleparallel to the PCASP during the LBA-EUSTACH 1 cam-
(uplifted by convection during a fire) whose specific den- paign yielded a density of 3.23 g crh (standard error of
sity is larger than the biomass burning aerosols considere@.08, r2 = 0.99) using the uncorrected PCASP data, and
here. Martins et al. (1998) reported density values rangingl.89 g cnf (standard error of 0.102= 0.99) using the refrac-
between 1.00 and 1.21 g cthfor different types and ages tive index-adjusted PCASP data, for background aerosols of
of biomass burning aerosols in Brazil. Guyon et al. (2003)diameter 0.2—Lm, over the Amazon basin. The higher val-
found a value of ca. 1.5 g cm from a mass closure analysis ues compared to the LBA-EUSTACH 2 campaign reflect the
of the LBA-EUSTACH 2 aerosol dataX < 2um). These  presence of particles such as dust grains, which form a pro-
authors noted, however, that this value might be an overestiportionately greater fraction of the wet season aerosol (Ar-
mation because voids and/or the water content of the aerosotsxo et al., 1990; Echalar et al., 1998), and which have an
were not taken into account, which would have lowered theaerosol density much larger than that of biomass burning par-
density. Their calculations are also based on specific denstticles.
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) ) ) . Fig. 9. Scatter plot of the truncation factaF, ., defined as the
Fig. 8b. Daily averages of the scattering coefficients measured by, aiiq of 05 OVer oy runc for both LBA-EUSTACH 1 and 2 cam-

a Radiance Research nephelometglifunc), and of the scatter-  5i0ns The least-square linear fit of the LBA-EUSTACH 1 (dotted
ing coefficients corrected for the truncation angleg (during the line) and LBA-EUSTACH 2 (solid line) data are presented.
LBA-EUSTACH 2 campaign. See caption to Fig. 8a for further de-

tails.

creased particle numbers measured by the CPC, with an over-
3.4 Scattering coefficients all correlation ofr? = 0.82 between the truncation-corrected
scattering coefficient and total particle concentration for the

Figures 8a and 8b present daily averages of the scatteringBA-EUSTACH 1 campaign.
coefficients measured by the nephelometer for R192% The average value af; for the period 8 April-12 May,
and RH< 80%, together with the scattering coefficients cor- Which we consider to be representative for pristine back-
rected for truncation for the LBA-EUSTACH 1 and 2 cam- ground conditions, was 6.& 4.3Mm* (for ambient RH
paigns, respectively. Scattering coefficients) fecorded at < 92%). This is slightly lower than that measured by For-
RH > 92% were removed from the data set because an ambinenti et al. (2001) (mean background ambienbf 10 +
ent RH of 92% (equivalent to ca. 78% inside the instrument)1 Mm~1) for the central Amazonian site of Balbina, in 1998,
was found to be the threshold value above which most scatwithout applying an upper RH limit. This difference is prob-
tering coefficient data showed a large response to increasingbly due to the fact that the current study was performed at
RH due to particle growth, at least for the LBA-EUSTACH 1 a more remote location. Our values are also about half those
campaign. The presence of dense smoke plumes crossing tfigeasured for clean marine boundary layer during the ACE-2
measurement site over almost the whole LBA-EUSTACH 2 experiment (Collins et al., 2000).
campaign caused large variations in the measurements and In contrast to LBA-EUSTACH 1, the LBA-EUSTACH 2
made it more difficult to determine an upper RH limit for campaign showed highly variable light scattering values (in-
this season. Nevertheless, the aerosols exhibited reasonaldécated in Fig. 8b by the large standard deviation associ-
properties up to an ambient RH of 92%, and this value wasated with the measurements), due to the frequent passage of
therefore also chosen as the upper limit for this campaignbiomass burning plumes over the measurement site. Daily
Because of the consistently very high RH observed at nightaverages of daytime values were found to vary between 16
during both campaigns (typically between 90 and 100%),and 654 Mnt!, with an overall median value (first; third
nighttime data are not presented. quartile) of 91 Mnt?! (51; 201). These values fall within
Generally, it was observed that scattering coefficients in-the lower range of scattering coefficients measured by Reid
creased with increasing RH, beginning at values of ambienfind Hobbs (1998) for younger plumes, in the direct vicin-
RH as low as 60%, suggesting that the aerosols (especiallify of the fires. The data show a general increaseg ivalues
during the first campaign) were taking up water even at mod-around 9 October, followed by a decrease that coincided with
erate RH. Overall, the scattering coefficients measured at RFn observable decline in fire activity. The lowest values were
< 80% were only ca. 3% lower than those measured at RHNostly recorded after 23 October, which was a period charac-
< 92% for both the LBA-EUSTACH 1 and 2 campaigns. terized by increased rainfall. The scattering coefficient data
Daily averages of the corrected scattering coefficients meafollowed a similar temporal trend to the CPC data, with an
sured during the first campaign at RH92% were found to ~ overall correlation of2 = 0.53 between the hourly-averaged
range from 0.9+ 0.7 to 30.6+ 5.1 Mm~! (Fig. 8a). Theo; scattering coefficient (truncation corrected) and total particle
values increased sharply around 12 May 1999, attributabl€oncentration for the LBA-EUSTACH 2 campaign.
to the increasing influence of biomass burning aerosols, to- Figure 9 presents a scatter plot of the corrected scatter-
gether with the reduced precipitation rate toward the end ofing coefficients, as obtained from the iteration calculation,
this campaign (see Sect. 3.1). The increase coincided with inagainst the truncated scattering coefficients for both LBA-
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EUSTACH 1 and 2 (for hourly averaged data measured atan 1o
ambient RH lower than 80%). Linear regression yielded fit-
ting equations of = 1.160; ;,,nc + 0.05 (2 =1.00,n = 64)
andoy = 1.060 ;runc + 2.03 (% = 1.00,n = 170) (scattering
coefficients in MnT1) for LBA-EUSTACH 1 and 2, respec-
tively (with n the total number of data points considered for
each season). This indicates that, within the range of,,..
observed for each season, not correcting for truncation leads
to an error of ca. 16% for the LBA-EUSTACH 1 campaign,
and ca. 6% for LBA-EUSTACH 2. We note here that in- ’H\h s
clusion of data collected between 80% and 92% RH did not ‘ ‘ ‘ R

05.04.99 15.04.99 25.04.99 05.05.99 15.05.99 25.05.99
produce a significant change in the regression parameters ok Date
tained.

We have performed a sensitivity study for the truncation Fig. 10a. Daily averages of the absorption coefficients measured

factor, Fiyune, Using the individual uncertainties associated PY @ Radiance Research PSAR) during the LBA-EUSTACH 1

with the measurements from the various instruments (Seé:ampalgn. The vertical bars represent the standard deviation of the

Guyon (2002) and Guyon et al. (2003) for a detailed de_measurements.
scription of the sensitivity test). We found the slog&, () 100
to be virtually insensitive to changes in any of the individual o = Absorpion coefcent measured
parameters. We can conclude ti#at,,. is constant overthe < _ | # Gonected absorpron coeffiient, KK < 9226
whole range of scattering coefficients and particle number

concentrations observed during both seasons, and is therefor

only dependent on particle type and size. Our method for ;
calculating the truncated part of the scattering coefficient ob-
tained from an integrating nephelometer, therefore, appears.
very robust. Nevertheless, it should be noted that the lowest g 4 |
values measured during the second measurement campaig™ 1o | %

(05.trune < €a. 30MnT1) do not lie on the linear fit ob- 0 ‘ 4 Mt S ‘ :
07.09.99 17.09.99 27.09.99 07.10.99 17.10.99 27.10.99 06.11.99

Date

—— Absorption coefficient measured

A Corrected absorption coefficient, RH < 92%

Absorption coefficient, o, (Mm‘l)

do r N W A O O N © ©
S A R

70 A

t, oa (MM

60 1

icien

50 4

ff

40 +

1on coe;

30

Absorpt

tained for this season, but tend to be closer to the one for
the LBA-EUSTACH 1 data. The two equations found for the
truncation factor agree well with those found by Anderson etgjg 10, Daily averages of the absorption coefficients measured
al. (1996), if we consider that the LBA-EUSTACH 2 cam- py a Radiance Research PSAR ) during the LBA-EUSTACH 2
paign was largely dominated by submicron smoke particlescampaign. The vertical bars represent the standard deviation of the
whereas the LBA-EUSTACH 1 campaign included a large measurements.

contribution of supermicrometer particles (Sect. 3.3).

to a value of 5.6t 0.5 Mm~1 (on 21 May 1999) when aged
biomass burning smoke began reaching the site.

Our background values are lower than the ones reported by
Daily averages of measured,(...s) and Bond-corrected Artaxo et al. (2002) for the same campaign. An aethalome-
absorption coefficientsof) for the LBA-EUSTACH 1 and  ter situated at a pasture site 80 km away from the forest site
2 campaigns are presented in Figs. 10a and b, respectivelyneasured 0.1 0.22,.g m~2 of absorbing material on aver-
Because the Bond correction of the PSAP data requires thage, corresponding tosg, value of 1.9+ 2.2 Mm~1, assum-
use of simultaneously measured scattering coefficients, théng an absorption cross section of 18g11. However, their
correcteds, were computed for R 92% only, in orderto  measurements were more influenced by local anthropogenic
not overcorrect for the instrument response to scattering (sepollution. This is supported by higher particle concentrations
Sect. 3.4). The missing, values, comparing t0, ,...;, are ~ measured with a CPC at the pasture site (89820 cn13)
due to either the absence of scattering data or to extensiveompared to the tower site (median of ca. 400 énindi-
periods of RH> 92%, in which cases the Bond correction cating that the conditions encountered at the tower site dur-
could not be applied to the PSAP data. Overall, absorptioring the LBA-EUSTACH 1 campaign were closer to pristine
coefficients showed a similar temporal variation to the otherbackground conditions.
aerosol properties that were measured. Daily averages of the During LBA-EUSTACH 2, absorption coefficients fluctu-
values recorded during the first part of the LBA-EUSTACH ated, as all other aerosol characteristics did, depending on
1 campaign were below 14 0.8 Mm~! (average of 0.4- local meteorology and biomass burning activity. A large day-
0.5 Mm 1 for the period 08 April-12 May 1999), increasing to-day variation is noticeable from Fig. 10b, as well as a

3.5 Absorption coefficients
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e entustAH (1999), and could be an indication that the Bond correction
100 | *:;AIWZM . may overcorrect the PSAP data in some cases. However, this
Background " pattern was not observed during the LBA-EUSTACH 2 cam-
paign, when absorption coefficients were larger overall.

Itis clear from Figure 11 that the LBA-EUSTACH 1 cam-
paign showed two distinct frequency maxima. The first pe-
40 1 riod of the campaign (9 April-12 May 1999), characteris-
"l tic of pristine background conditions, showed a maximum at

/'\/ wp = 0.97. For a comparison, Carrico et al. (2000) found
s ‘ == ‘ ‘ b — wp values centered around 0.950.04 at 550 nm for clean
0.7 0.75 0.8 0.85 0.9 0.95 1 1.05 . . . . . .
marine air, at comparable ambient RH and using a similar
instrumentation to ours. However, the whole campaign pe-
Fig. 11. Frequency plot of the single-scattering albedg, calcu-  riod exhibited a mediamg value (first; third quartile) of only
lated for the LBA-EUSTACH 1 (gray lines and symbols) and LBA- 0.95 (0.90; 0.98) due to some biomass burning-influenced
EUSTACH 2 (black line and symbols) campaigns. Hhaxis scale  episodes occurring throughout the campaign. The single-
is normalized to 100 at the highest frequency bin for each cam-scattering albedo dropped dramatically from 13 May 1999
paign. The symbols represent the center of the different frequencyhnwards, when aged biomass smoke reached the site, to val-
bins. The LBA-EUSTACH 1 data set has been separated into twQ,es centered af = 0.84 (0.83; 0.86). It is important to note
parts: 9 April—12 May 1999 (open cirqles and light grayiline) and that for Fig. 11 the apparent higher frequency of logwal-
13-21 April 1999 (open triangles and light gray dashed line). ues (observed predominantly during the second part of the
LBA-EUSTACH 1 campaign) is an artifact arising from the
large fraction of the backgrounay values that had to be dis-

large within-day variation, indicated by the large measure-carded from the analysis because of the high ambient RH at
ment standard deviations. We observed an overall mediatvhich they were measured.

A--13-21 April 1999, aged
smoke

—8—LBA-EUSTACH 2,
60 4 whole season

80

Frequency count

Single scattering albedo, w,

(first; third quartile)o, value of ca. 4.8Mm* (2.8; 8.6), Ackerman et al. (2000) found in a model study of sim-
peaking at ca. 70-90 Mnt for short periods of time on 6 ilar absorbing aerosolsvg = 0.88 at 500 nm) that a mod-
Oct 1999. est humber concentration increase, comparable to the one
we observed, may result in a dramatic alteration of radia-
3.6 Single-scattering albedo tive forcing through cloud evaporation. Thus, even the mod-

est increase in particle number concentration observed be-
By combining measurements of scattering coefficients cortween 13—-21 May 1999, resulting from diluted plumes arriv-
rected for the truncationo(), and absorption coefficients ing from fire sources some 2—-3 days away from the sampling
(04), an estimate of the single-scattering albedg, for a  site (Fig. 1), may potentially have a significant bearing on

wavelength of 550 nm could be obtained according to: climatic and water cycle processes occurring within the re-
oy gion.
wo=_— 3 It is interesting to note that for the biomass burning haze
S a

period (LBA-EUSTACH 2), the median single-scattering
Figure 11 presents a frequency plot of the single-scatteringlbedo o = 0.91 (0.89; 0.93)) was found to be higher than
albedo measured over both field campaigns when ambierthat observed at the end of the first campaign. This could be
RH was below 80%, relative to the maximum frequency attributable to the formation of a shell around a soot core for
value for each campaign. The errors associated with theaged smoke plume particles, which would have enhanced the
single-scattering albedo measurements were obtained by eabsorption properties of the aerosols sampled during the sec-
ror propagation, using an error of 5% for the nephelometerond part of the LBA-EUSTACH 1 campaign relative to those
(Sect. 2.4) and 20% for the PSAP (the largest possible abscsampled during LBA-EUSTACH 2 (Hallett et al., 1989; Hor-
lute error associated with this instrument) (Bond et al., 1999).vath, 1993; Martins et al., 1998). It is also noted here that
Because the error is, is larger than that iw, the errorin ~ the same central value of 0.91 (0.90; 0.93) was found for
wp increases with decreasing values«#f. We found ab-  this season when using only the PSAP data obtained for filter
solute errors ranging fromt:0.01, for the beginning of the transmittance-0.7, and that the lower sensitivity of the in-
first campaign, tat0.03 towards the end of this campaign. strument at lower transmittance was not responsible for sig-
Errors inwg for the LBA-EUSTACH 2 campaign ranged be- nificant differences in the reported value.
tween these two values. Note should be taken that correcting The aerosol community has recently become aware of a
the PSAP data according to Bond et al. (1999) created capossible systematic discrepancy between valuesyahea-
3% of artifact negative, values at RH< 80% during LBA-  sured in situ and those retrieved from remote sensing data.
EUSTACH 1, and, therefore correspondiag values larger  For example, in situ measurements performed by Reid et al.
than unity. This was already observed by Anderson et al(1998) during SCAR-B yielded averaga values of 0.79
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for young plumes and regional haze, and 0.83-0.86 for age@003). Averages values of 0.12+ 0.01, 0.10+ 0.01, and
haze (at 550 nm). Somewhat controversially, Remer et al0.08 + 0.01 were found for the first and second periods of
(1998) argued that such low values could not be reconciledhe LBA-EUSTACH 1 campaign, and LBA-EUSTACH 2,
with sky radiance data obtained during the same experimentespectively. Consequently, in our case the value)gf,

and gave avg estimate of 0.90 at 550 nm. Other sky radi- would be 0.46—-0.61 over tropical forest and 0.51-0.66 over
ance measurements of biomass burning haze during SCAR-Be ocean, leading to a net cooling by the aerosols for both
yielded wg values ranging from approximately 0.82 to 0.94 environments. We note here that at increasing solar zenith
(Eck et al., 1998). More recently, Dubovik et al. (2002) angle,8 would increase, decreasing furthey,;;. Therefore,
used sky radiance data to estimaigvalues of ca. 0.94t even when biomass burning dominates the aerosol loading
0.02 at 440 nm and 0.98 0.02 at 670 nm for biomass burn- andwg decreases, the sign of the TOA forcing remains neg-
ing aerosols found over the Amazonian rainforest, and caative, although its amplitude may vary. This effect is cer-
0.90 for smoke aerosol produced by the burning of Brazil-tainly due to the very lowk; values characteristic for ever-
ian cerrado. Remote sensing techniques based on upwagteen forests and oceans. Applying a typical global mean
radiance, usually involving satellite sensors, show typically R, of about 0.15 would lead to an almost negligible effect at
even highewg values. Kaufman et al. (1990), for instance, TOA for the aged haze at the end of the first campaign, and a
reported an averageg value of 0.98 for forest fire aerosol net cooling for the regional biomass burning haze (at a solar
in Rondnia between mid-visible (630 nm) and near-infrared zenith angle of 8). Biomass burning aerosol over cerrado,
(840nm) wavelengths. More recently, Li et al. (2000) with an R, value of ca. 0.11, would lead to similar effects.
used in situ-measuredy values (e.g.wo = 0.88 for forest
fire) from the SCAR-B experiment to retrieve aerosol opti-
cal depth from satellite data. Wong and Li (2002), however,

argued that the aerosol properties (single-scattering albedﬁ] this manuscript, we have described the main physical char-
and asymmetry parameter) reported from various field exper- '

) h . a\cteristics of Amazonian aerosols and their abundance for
iments cannot be used to retrieve comparable aerosol Optlc%oth the wet and drv seasons. as well as during the transi-
depth. They found that in order to usevg of ca. 0.87 for Y ' 9

, . . tion periods between the seasons. It is clearly evident from
forest fire aerosols in their model, the asymmetry paramete[he data set that anthropogenic biomass burning activities
would have to be substantially decreased to vaki@st at Pog 9

650 nm (a typical value is 0.57 at this wavelength). Our in have a dramatic impact on the total aerosol loading, even

; ; . . above a remote site located within a primary rainforest re-
situ wg measurements for biomass burning haze are higher ; : .
: - serve. Scattering and absorption by even relatively mod-

than those reported by Reid et al. (1998), but are still in the
est amounts of smoke aerosol overwhelms the effects of the

lower range of most of those derived from remote sensingb L
: X ackground aerosol, which is present at very low concentra-
measurements. Certainly our correction of the nephelometer.

data toward larger values, together with the Bond correctiontlons during the wet season under unpolluted conditions. The

of the PSAP absorption coefficients, contributed toward re_potential certainly exists for these changes to alter the radi-

. . . oo ation balance, as well as cloud formation and rain-out pro-
ducing this discrepancy. Nevertheless, the disparitygn : ;

X : . Lo cesses, and thus the whole hydrological cycle in the Amazon
estimates obtained from remote sensing and in situ method

. . . . L Basin. However, whilst the data attest to the significant differ-
remains unexplained and requires further investigation, espe-

. . o .. “ence between biomass burning and background atmospheric
cially given that the derivation of accurate aerosol radiative s Y . o
; . . . conditions, the actual climatic impacts of burning activities
forcing estimates is dependent upon this parameter.

. o . remain uncertain. For instance, the valuesvgffor forest
Although an estimate of the aerosol layer radiative forcing.. . .
. . . fires cover a wide range and could lead to a prediction of
is far beyond the scope of this paper, the sign of the top-of- . . ) .
a considerable warming or cooling effect by biomass burn-

atmosphere (TOA) forcing can be estimated. The boundary . .
. : : . .’Ing aerosol, depending on which values are chosen. Thus,
between cooling and heating can be given relative to a crit- S . . :
. . : . we consider it vital that intensive research efforts continue to
ical single-scattering albeda,;;, as a function of the sur- .
) . be directed toward more accurate measurements of absorp-
face albedoR,, and the upscatter fractiop, (Seinfeld and . . . . "
. ) tion and single-scattering albedo. Such studies are critical
Pandis, 1998): .
not only for the Amazon region, but also from a global per-
2R; ) spective, due to the fact that the large-scale atmospheric cir-
2R, + B(1 — R,)? culation in the tropics may mean that the products of burning
. activities can be carried to higher latitudes, where their cli-
where values ofyg > w.;; lead to a net cooling.

Ross et al. (1998) reportek, values of 0.05 for tropical matic effects may also be significant (Andreae, 1991; Pick-

forest, and 0.06 for the reflectance of the ocean, at Waveggg%et al., 1996; Andreae and Merlet, 2001; Andreae etal.,
lengths between 500 and 700 nm. We have derived estimates '

of g from Mie scattering calculations, for a solar zenith an-
gle 6p = O° (i.e., the backscattered fraction) (Guyon et al.,

4  Conclusions

Werit =
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