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Abstract. In this study, we examine the spectral depen-
dence of aerosol absorption at different sites and seasons in
the Amazon Basin. The analysis is based on measurements
performed during three intensive field experiments at a pas-
ture site (Fazenda Nossa Senhora, Rondônia) and at a pri-
mary forest site (Cuieiras Reserve, Amazonas), from 1999
to 2004. Aerosol absorption spectra were measured using
two Aethalometers: a 7-wavelength Aethalometer (AE30)
that covers the visible (VIS) to near-infrared (NIR) spectral
range, and a 2-wavelength Aethalometer (AE20) that mea-
sures absorption in the UV and in the NIR. As a consequence
of biomass burning emissions, about 10 times greater absorp-
tion values were observed in the dry season in comparison
to the wet season. Power law expressions were fitted to the
measurements in order to derive the absorptionÅngstr̈om ex-
ponent, defined as the negative slope of absorption versus
wavelength in a log-log plot. At the pasture site, about 70 %
of the absorption̊Angstr̈om exponents fell between 1.5 and
2.5 during the dry season, indicating that biomass burning
aerosols have a stronger spectral dependence than soot car-
bon particles.Ångstr̈om exponents decreased from the dry
to the wet season, in agreement with the shift from biomass
burning aerosols, predominant in the fine mode, to biogenic
and dust aerosols, predominant in the coarse mode. The low-
est absorption̊Angstr̈om exponents (90 % of data below 1.5)
were observed at the forest site during the dry season. Also,
results indicate that low absorption coefficients were asso-
ciated with lowÅngstr̈om exponents. This finding suggests
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that biogenic aerosols from Amazonia have a weaker spectral
dependence for absorption than biomass burning aerosols,
contradicting our expectations of biogenic particles behaving
as brown carbon. In a first order assessment, results indicate
a small (<1 %) effect of variations in absorption̊Angstr̈om
exponents on 24-h aerosol forcings, at least in the spectral
range of 450–880 nm. Further studies should be taken to as-
sess the corresponding impact in the UV spectral range. The
assumption that soot spectral properties represent all ambi-
ent light absorbing particles may cause a misjudgment of ab-
sorption towards the UV, especially in remote areas. There-
fore, it is recommended to measure aerosol absorption at sev-
eral wavelengths to accurately assess the impact of non-soot
aerosols on climate and on photochemical atmospheric pro-
cesses.

1 Introduction

Aerosols directly influence the Earth’s energy budget by scat-
tering and absorbing solar radiation. Aerosol light absorption
affects the atmosphere by reducing the radiation reaching the
surface. Furthermore, it can influence the tropospheric tem-
perature structure, which in turn may have an effect on cloud
formation, a phenomenon that has been called the semi-direct
effect (Hansen et al., 1997). Also, aerosol absorption in
the UV may affect atmospheric photolysis rates, influencing,
for example, ozone concentrations in the troposphere (Albu-
querque et al., 2005; Jacobson, 1999). In spite of the efforts
to improve measurements and datasets over recent years,
large uncertainties remain in the current estimates of aerosol
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forcing on climate, in part due to incomplete knowledge of
aerosol absorption properties (Yu et al., 2006; IPCC, 2007).

Several studies have shown that the aerosol absorption
coefficient decreases monotonically with wavelength (e.g.,
Bergstrom et al., 2007). It is usual to approximate this wave-
length dependence by a power-law expression, taking the
logarithm of absorption as a function of the logarithm of the
wavelength. Often, a “linear” fit to this log-log curve is a
good approximation:
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whereσ abs(λ) is the absorption coefficient measured at the
wavelengthλ, åabs is known as the absorption̊Angstr̈om ex-
ponent, andb is known as the turbidity coefficient (Schus-
ter et al., 2006). According to the original formulation by
Ångstr̈om (1929), the fitting parameteråabsdoes not depend
on wavelength. However, in some casesåabs shows a sig-
nificant variation depending on the selected spectral range,
requiring the application of a “quadratic” fit:
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in which c is known as the curvature term (Schuster et al.,
2006). Alternatively, it is possible to assess the variability
of åabs by calculating its value from neighboring spectrum
points (σ abs(λ1); σabs(λ2)) all across the measured spectral
range:
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The spectral dependence of absorption relies on aerosol
physical and chemical properties. The major light-absorbing
components of aerosols are carbonaceous substances and
mineral dust. According to Andreae and Gelencsér (2006),
soot carbon particles, formed during combustion processes,
consist of aggregates of spherules made of graphene layers,
being almost purely carbon. Due to its morphology and rel-
atively constant refractive index, the absorption spectrum of
soot carbon is expected to exhibitÅngstr̈om exponents of
about 1.0±0.1 for particles with diameters in the range 10–
100 nm (Sun et al., 2007; Gyawali et al., 2009). Measure-
ments taken at urban areas support this statement (e.g., Mar-
ley et al., 2009; Bond and Bergstrom, 2006; Schnaiter et al.,
2003). Besides soot, there are other kinds of light-absorbing
carbonaceous aerosols in the atmosphere, originated either
from low temperature combustion or from processes like ox-
idation of biogenic materials and polymerization (Andreae
and Crutzen, 1997). These light absorbing particles are of-
ten denominated “brown carbon”, and include soil humics,
humic-like substances and biogenic aerosols, among oth-
ers (Andreae and Gelencsér, 2006; Sun et al., 2007). The
absorption cross section of non-soot carbon increases very

sharply with decreasing wavelength, resulting inÅngstr̈om
exponents significantly greater than unity.Ångstr̈om expo-
nents greater than 1.5 have also been observed in dust aerosol
(Bergstrom et al., 2007; Alexander et al., 2008).Ångstr̈om
exponents for mixed aerosols originated from combustion of
lignite, hard coal and biomass range from 1.0 to 2.5 (Kirch-
stetter 2004). Studies indicate that, if soot particles were re-
moved from these samples, theÅngstr̈om exponent for the
remaining material would be greater than 2.5 (Sun et al.,
2007). In accordance with that, Hoffer et al. (2006) obtained
absorptionÅngstr̈om exponents in the range of 6.0–7.0 for
humic-like substances (HULIS) isolated from the fine frac-
tion of biomass burning aerosols in Amazonia.

The different spectral dependence of absorption by soot
carbon and other light absorbing aerosols implies that caution
should be taken when extrapolating absorption measured at
one single wavelength over the entire solar spectrum. The
assumption that soot spectral properties represent all ambient
light absorbing particles may underestimate the absorption
of UV radiation, especially when the mass concentration of
soot is relatively low in comparison to that of brown carbon
and dust. Therefore, it is important to describe accurately
the spectral dependence of representative types of ambient
aerosols to assess the impact of light absorbing particles on
the Earth’s energy budget.

This paper presents a systematic analysis of aerosol ab-
sorption spectra measured during three different field cam-
paigns in Amazonia. It provides a general description of
the wavelength dependence of absorption both during the
Amazonian wet season, when the aerosol population is dom-
inated by biogenic particles, comprising primary and sec-
ondary aerosols of biological origin (Fuzzi et al., 2006), and
during the dry season, when there is a dominant influence
of biomass burning emissions. It is important to describe
accurately the optical behavior of these particles in order to
assess the impact of anthropogenic changes on the regional
climate. Since the Amazon forest is located in a region of
intense convective activity, the aerosols released there can
be long-range transported, potentially resulting in climate ef-
fects that are globally relevant (Ramanathan and Carmichael,
2008; Freitas et al., 2005; Andreae et al., 2001).

2 Materials and methods

2.1 Field experiments

This study is based on measurements taken during three in-
tensive field experiments at two Amazonian sites, from 1999
to 2004. The pasture site (Fazenda Nossa Senhora, Rondônia
State, Brazil) is located in the southwestern margin of the
Amazon Basin, in an area under the influence of vegetation
fire emissions during the dry season. The forest site (Cuieiras
Reserve, Amazonas State, Brazil) is in a nature preserve,
but occasionally receives the influence of regional biomass
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Fig. 1. Diagram showing the locations of the two Amazonian sam-
pling sites considered in this study. Satellite data available from the
US Geological Survey.

burning pollution during the dry season (Fig. 1). All ex-
periments were taken under the scope of the LBA project
(Large-scale Biosphere-Atmosphere experiment in Amazo-
nia) (Avissar et al., 2002; Davidson and Artaxo, 2004). Mea-
surement conditions during each field experiment are briefly
described below.

1. Pasture Dry 1999 – LBA/EUSTACH (European Stud-
ies on Trace gases and Atmospheric Chemistry): this
intensive field experiment was conducted at a pasture
site (Fazenda Nossa Senhora – FNS, 10◦ 45.73′ S, 62◦

21.45′ W, 315 m a.s.l.) in Western Amazonia, from 17
September to 26 October 1999. During the whole exper-
iment, the site was heavily affected by biomass burn-
ing emissions. Aerosol attenuation was measured at a
height of 2 m, using a 7-wavelength Aethalometer (AE-
30) (λ = 450, 571, 590, 615, 660, 880, and 950 nm).
The 571nm channel was not included in the analysis due
to its systematically low signal. The Aethalometer was
operated under ambient conditions with a 10 µm cut-off
diameter. More details about this field experiment can
be found in Andreae et al. (2002) or Artaxo et al. (2002).

2. Pasture Dry to Wet 2002 – LBA/SMOCC (Smoke,
Aerosols, Clouds, Rainfall and Climate): the ground-
based component of this intensive field experiment was
conducted at the FNS pasture site from 5 September
to 14 November 2002. Three periods can be distin-
guished: the dry period heavily influenced by biomass
burning events (5 September–7 October); a transition
period in which the biomass burning signature was sig-
nificantly reduced (8–30 October); and the wet period

when the aerosol concentration reached its lowest lev-
els (31 October–14 November) (Fuzzi et al., 2007).
Aerosol attenuation was measured at a height of 2 m,
using a 7-wavelength Aethalometer (AE-30) (λ = 450,
571, 590, 615, 660, 880, and 950 nm). The 571-nm and
590-nm channels were not included in the analysis due
to systematically low signals. The Aethalometer was
operated under ambient conditions with a 10 µm cut-off
diameter. More details about this field experiment can
be found in Andreae et al. (2004).

3. Forest Dry 2004 – LBA/ZF2-C14 Tower: this intensive
field experiment was conducted at a forest site, Reserva
do Cuieiras, located about 60 km NNW of Manaus. The
experiment ran during the dry season, from 13 August
to 1 October 2004 at the C14 tower (2◦ 35.35′ S, 60◦

06.89′ W, 140 m a.s.l.), located at km 14 of the ZF2 ac-
cess road in the Cuieiras ecological reserve. The site is
undisturbed by local biomass burning emissions. Nev-
ertheless, during the dry season the site suffers the in-
fluence of biomass burning emissions through regional
transport of air masses. Aerosol attenuation was mea-
sured above the canopy top (about 28 m), at a height
of 40 m, using a 2-wavelength Aethalometer (AE-20)
(370, 880 nm). The Aethalometer was operated under
ambient conditions with a 10 µm cut-off diameter. More
details about this field experiment can be found in Rizzo
et al. (2010).

2.2 Aerosol attenuation measurements

Aethalometers measure the light attenuation through a quartz
filter matrix as aerosols are deposited. The attenuation coef-
ficient (σATN) is given by

σATN =
Af

Q

1ATN

1t
, (4)

whereAf is the filter spot area,Q the volumetric flow rate,
and1ATN is the change in attenuation during the time in-
terval 1t . The standard output of the manufacturer pro-
vides equivalent black carbon mass concentration BCATN (ng
m−3), which is calculated fromσATN according to

BCATN =
σATN

αATN
, (5)

where

αATN

[
m2g

−1
]
=

14 625

λ [nm]
(6)

is the spectral mass-specific attenuation cross-section based
on a calibration using a solvent-based thermal desorption
method for elemental carbon analysis. Aiming to minimize
uncertainties (Schmid et al., 2001), the primary measurement
parameter of the Aethalometer,σATN , will be investigated
in this study. Therefore, all BCATN values delivered by the
manufacturer’s data acquisition software were converted into
σATN using Eqs. (4) to (6).
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2.3 Inferring absorption coefficients from attenuation
measurements

Several studies report that the attenuation coefficient (σATN)

may differ significantly from the aerosol absorption coeffi-
cient,σ abs(e.g., Weingartner et al., 2003; Arnott et al., 2005;
Schmid et al., 2006; Moosm̈uller et al., 2009; M̈uller et al.,
2011). The need to deposit the aerosol on a filter substrate
during the measurement results in artifacts related to multi-
ple scattering effects within the filter matrix, as well as fil-
ter loading effects. Weingartner et al. (2003) proposed the
following correction to obtain absorption coefficients from
Aethalometer attenuation measurements:

σabs= σATN
1

C ·R(ATN)
, (7)

whereC (≥1) accounts for multiple light scattering effects
within the filter andR(ATN) (≤1) corrects for filter load-
ing effects. Due to aerosol-filter interactions, Aethalome-
ters require site-specific calibration factors. The filter load-
ing correction depends on attenuation, directly measured by
the Aethalometer, to account for the decrease in sensitivity
as the filter gets loaded with particles, and can be calculated
through an empirical relationship:

R(ATN) =

(
1

f
−1

)
lnATN − ln10

ln50− ln10
+1. (8)

The parameterf is known as the shadowing factor, and de-
pends on the type of the aerosol. Schmid et al. (2006) ob-
tainedf = 1.2 through an intercomparison of Aethalometer
and PAS (photoacoustic spectrometer) measurements during
the LBA/SMOCC experiment. They report that the loading
effect accounts for a maximum sensitivity reduction of about
20 % at 532 nm.

According to Schmid et al. (2006), the multiple scattering
correction (C) is by far the most important effect when in-
ferring absorption coefficients from attenuation. Its average
value for the SMOCC dry and transition periods was deter-
mined asC532= 5.23±0.17 at the reference wavelength of
532 nm. For the wet season, it was impossible to obtain cal-
ibration factors, mainly due to the poor signal-to-noise ratio
caused by low aerosol loadings. The spectral dependence of
C can be calculated using

C(λ) = C∗(λ)+ms(λ)
ω0(λ)

1−ω0(λ)
, (9)

wherems represents the fraction of the aerosol scattering co-
efficient that is erroneously interpreted as absorption,C∗ is
the multiple scattering correction factor that includes the ef-
fects of aerosol scattering,ω0 is the aerosol single scattering
albedo, andλ is the wavelength in nm. The parametersms
andC∗ are provided by Arnott et al. (2005) for ammonium
sulfate particles. We are not aware of other published works
investigating the performance of Aethalometers specifically
with regard to Amazonian aerosols that could provide us with

better estimates forms and C∗. ω0(λ) can be calculated
assuming that the spectral dependence of aerosol scattering
(σ scat) and absorption (σ abs) coefficients can be described by
power-law relationships, with̊ascatandåabsbeing the respec-
tive Ångstrom exponents:

ω0(λ) =
σscat

σscat+σabs
(10)

=

ω0(λref) ·
[

λ
λref

]−åscat

ω0(λref) ·
[

λ
λref

]−åscat
+ [1−ω0(λref)] ·

[
λ

λref

]−åabs

Therefore, the spectral dependence of the correction factorC

depends on the previous knowledge ofω0 at some reference
wavelength, as well as on the spectral dependence of aerosol
scattering (̊ascat) and absorption (̊aabs) itself. Unfortunately,
aerosol scattering coefficients at multiple wavelengths were
not measured during any of the three experiments analyzed
here. Thus, for lack of better choices, average values will be
used, following the procedure from Schmid et al. (2006). The
errors associated with the use of averages instead of specific
values ofω0 andåscatwill be discussed in Sect. 2.4. For the
SMOCC experiment, Chand et al. (2006) reported average
albedo values of 0.92±0.02 at 545 nm, and average scatter-
ing Ångstrom exponents of 2.0±0.4. Using these average
values,C(λ) now depends only on̊aabs. This is an awkward
situation, since̊aabs is actually what we want to determine,
and it depends on itself. Schmid et al. (2006) solved this im-
passe by choosing a reasonable range ofÅngstrom exponents
for absorption (̊aabs= 1.0, 1.5 and 2.0) and parameterizingC

as a function ofλ andåabs:

C(λ) = Cref ·
λAln(λ/nm)+B

λ
Aln(λref/nm)+B

ref

, (11)

whereCref = C532, λref = 532 nm, and the coefficientsA and
B are expressed as a function ofåabs:

A = 0.102· å2
abs−0.187· åabs−0.141

B = −1.275· å2
abs+2.564· åabs+1.827.

(12)

Using equations 11 and 12 it is possible to derive the spec-
tral dependence of the multiple scattering correction factor
as a function of̊aabs, specifically for the SMOCC experiment
conditions (ω0ref = 0.92 and̊ascat= 2.0). However, since̊aabs
is not known, an iterative procedure can be used, comprising
the following steps:

1. As a first guess, use the spectral dependence of mea-
sured attenuation, i.e., the̊Angstrom exponent for at-
tenuation (̊aATN), to calculateC(λ) from Eqs. (11) and
(12);

2. Determine absorption coefficients (σ abs) using Eqs. (7),
(8) and (11);

3. Calculate a better estimative foråabsbased on step II.
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4. Repeat steps II and III until̊aabsconverges with a preci-
sion of 0.005.

A similar procedure had been applied by Schmid et
al. (2006) to their average attenuation spectrum. In the
present work, the above procedure was applied for each mea-
sured attenuation spectrum, obtaining the best feasible deter-
minations foråabsandσ abs. With this iterative method,̊aabs
converged in less than 6 iterations for the dataset analyzed
here. Overall, the corrected absorption coefficients at 450 nm
were approximately 75 % lower than the corresponding raw
attenuation coefficients.̊Angstrom exponents for absorption
were roughly 40 % greater than the correspondingÅngstrom
exponents for attenuation. For comparison, Collaud Coen
et al. (2010) found multiple scattering correction constants
(C) ranging between 2.8 and 7.8 at 660 nm for several sites,
measurement conditions, and correction procedures. In this
work, C averaged 5.72±0.14 at 660 nm.

Schmid et al. (2006) concluded that there was no signif-
icant variation of the Aethalometer correction factors be-
tween the sampling periods of the SMOCC experiment (dry
and transition). For lack of a better alternative, they rec-
ommended to apply the correction factors derived for the
SMOCC dry and transition periods also to the data of the
SMOCC wet period. Going even further than that, we ap-
plied the parametersA andB (Eq. 9) and the calibration fac-
tor C532 derived specifically for the SMOCC data to another
two experiments conducted in Amazonia: LBA/EUSTACH
and LBA/ZF2-C14 (Sect. 2.1). The application of the
SMOCC correction parameters to the LBA/EUSTACH data
is reasonable, since the experiment was carried out at the
same pasture site and same season. The main reason for ap-
plying the same correction parameters to the LBA/ZF2-C14
experiment, carried out at a forest site during the dry season,
is the absence of reference absorption measurements, as well
as of site-specific estimates ofω0 andåscat. The errors asso-
ciated to an imprecise choice ofω0 andåscatwere evaluated
through sensitivity tests, to be discussed in the next section.

Recent works indicate that the multiple scattering cor-
rection depends on particle size, because it varies with
the aerosol penetration depth into the filter. Nakayama et
al. (2010) compared filter based absorption measurements
of nigrosin dye generated particles to predictions from Mie
theory, and found increased sensitivities with decreasing di-
ameters, leading to overestimations as high as 100 % for
100 nm aerosols in diameter. On the other hand, Lack et
al. (2009) reported underestimations of 50 % for absorbing
polystyrene spheres of 500 nm, through the comparison of
filter based to photoacoustic absorption measurements. As
stated in Sect. 2.1, in this study measurements were taken
with a 10 µm cut-off diameter. Fine mode particle mass (di-
ameter<2.5 µm) represented, respectively, 80 % and 60 % of
PM10 at the pasture site (Artaxo et al., 2002) and at the forest
site (Rizzo et al., 2010) during the dry season. Measurements
of fine mode number size distribution during the SMOCC

and LBA/ZF2-C14 experiments indicate that most particles
had diameters between 10 and 400 nm, with mean geomet-
ric diameters around 100 nm (Rissler et al., 2006; Rizzo et
al., 2010). With the available information, it is hard to say
whether there will be an underestimation or overestimation
of absorption coefficients due to aerosol size effects. Even
though this effect is difficult to quantify, this is important
to mention. To our knowledge a comprehensive investiga-
tion concerning the sensitivity of filter based measurements
to ambient aerosol size is still missing.

2.4 Potential errors associated with the calculation of
absorption coefficients

Observations ofω0 and åscat simultaneously with attenua-
tion measurements were not available for the three experi-
ments analyzed here. Therefore, average values had to be
used to derive the spectral dependence of the multiple scat-
tering correction factors, (C(λ)): ω0 = 0.92±0.02 (545 nm)
and åscat= 2.0 ±0.4 (Chand et al., 2006). Errors associated
with the use of averages instead of specific values were eval-
uated through sensitivity tests.

A range of values ofω0 (0.88 to 0.96) and̊ascat(1.2 to 2.8)
was used to calculateC(λ,åabs) through Eqs. (9) and (10).
The correction factorC was then parameterized as a func-
tion of åabsandλ, deriving new parametersA andB (similar
to Eq. 12), in accordance with the method used by Schmid
et al. (2006). Afterwards, the iteration procedure described
in Sect. 2.3 was used to calculateσ abs and åabs, evaluating
deviations for different combinations ofω0 andåscat.

Figure 2 shows the variability ofσ absandåabsas a function
of ω0 and åscat for two measured attenuation spectra, taken
as examples. Both spectra were measured in the transition
period, having attenuation coefficients (σATN) at 450 nm of
102 and 179 Mm−1, respectively, and attenuation̊Angstrom
exponents (̊aATN) of 1.72 and 1.04, correspondingly. Asåscat
increases, the calculatedσ absandåabsdecrease. The depen-
dence ofσ absandåabsonω0 can be approximately described
by a second order polynomial, based onåscat: as åscat in-
creases, the quadratic term of this dependence decreases. It
was observed that this quadratic term can reach negative val-
ues for spectra with̊aATN lower than approximately 1.2, in
a way thatσ abs and åabs decrease withω0 (Fig. 2c and d).
However, in most of the cases,σ abs and åabs increase with
ω0.

The sensitivity tests indicate that the main source of er-
ror to σ absandåabs is the choice of the scattering̊Angstr̈om
exponent (̊ascat). In the worst case, assuming the average
valueåscat= 2.0 may cause a maximum deviation of±10 %
onσ absand±40 % onåabs, depending on the different possi-
ble combinations of̊ascat andω0 values. In the best case,
the corresponding deviations would be±1 % on σ abs and
±2 % on åabs. All values reported in this work should be
considered subject to these uncertainty ranges. However, nei-
ther worst nor best case uncertainties might be applicable for
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Fig. 2. Dependence of calculatedσabsandåabsonω0 andåscatfor
two attenuation spectra measured during the LBA/SMOCC exper-
iment: (a), (b) 14 October 2002 18:25;(c), (d) 25 October 2002
23:00. The measured spectra had attenuation coefficients (σATN)

at 450 nm of 102 and 179 Mm−1, respectively, and attenuation
Ångstrom exponents (åATN) of 1.72 and 1.04, correspondingly.

every point of the dataset analyzed here. In our view, the
typical uncertainties are±5 % onσ absand±20 % onåabs.

2.5 Data treatment

For a systematic analysis of the aerosol absorption spectral
dependence in Amazonia, the linear fit (Eq. 1), the quadratic
fit (Eq. 2) and the slope between neighboring points (Eq. 3)
were computed for all corrected absorption spectra from the
7-wavelength Aethalometer (Pasture Dry 1999 and Pasture
Dry to Wet 2002). As will be discussed below, in most of the
cases the absolute value of the curvature term (c) was close
to zero, so that the quadratic fit was roughly equivalent to
the linear fit. For the spectra measured at two wavelengths
(Forest Dry 2004), it was only possible to calculate the slope
between 370 and 880 nm (Eq. 3).

Two criteria were used to filter the Aethalometer data sets
to assure the quality of the measured spectra:

1. The adjustedR2 of the quadratic fit should be greater
than 0.85. AdjustedR2 means the coefficient of deter-
mination (R2) adjusted by the degree of freedom of the
fitting. The reason for this criterion is that if a quadratic
curve cannot fit satisfactorily a spectrum, it means that
this particular measurement was too noisy and should
not be considered as a valid observation. More than
95 % of the spectra satisfied this criterion.

2. The measured attenuation should be above the detection
limit of the instrument, considering its sampling time
and flow. According to the Aethalometer manual, the
detection limit of the instrument corresponds to a mass
increase of 5 ng on the filter. This limit can be translated
into Mm−1 units using the following expression:

min(σabs) =
m ·αATN (λ)

1t ·Q

[
Mm−1

]
, (13)

where m = 5 ng, αATN(λ) is the specific absorption cross-
section in m2 g−1 (Eq. 6),1t is the sampling time in minutes,
andQ is the sampling flow in d m3 min−1.

Obviously, only the filter criterion II could be applied to
the absorption spectra measured at two wavelengths only.

Equation (13) was used to calculate the Aethalometer de-
tection limit for the different field studies considered here,
as shown in Table 1. This table also shows the total number
of observed attenuation spectra, as well as the percentage of
spectra satisfying the criteria described above.

3 Results and discussion

Average absorption spectra calculated for the three field ex-
periments are shown in Fig. 3. The SMOCC campaign was
divided into three periods, dry, transition and wet, as de-
scribed before (Sect. 2.1). The averages included all spec-
tra that fulfilled the filtering criteria mentioned in Sect. 2.5.
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Table 1. For all the field experiments considered in this analysis, this table shows: measurement period; Aethalometer sampling time;
calculated detection limit at 450 nm; total number of measured attenuation spectra; percentage of spectra satisfying the filtering criteria
described in the text. (∗ detection limit at 370 nm).

Experiment Measurement Sampling time Detection limit at Number of measured Percent of spectra satisfying
period (min) 450 nm (Mm−1) spectra the filtering criteria

Forest Dry 2004 LBA/ZF2-C14 13 Aug–1 Oct 2004 5 10.0∗ 9618 90 %
Pasture Dry to Wet 2002 LBA/SMOCC 5 Sep–14 Nov 2002 15 2.0 5840 90 %
Pasture Dry 1999 LBA/EUSTACH 17 Sep–26 Oct 1999 10 2.0 4684 91 %
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Fig. 3. Average aerosol absorption spectra for: Pasture Dry 1999
(EUSTACH) – comprising 4265 spectra; Pasture Dry to Wet 2002
(SMOCC) – comprising 5296 spectra; Forest Dry 2004 (ZF2-C14)
– comprising 7927 spectra. Error bars represent statistical standard
deviations. Also shown is a spectrum with a slope of−1, character-
istic of soot aerosol (black dashed line).

As expected, greater absorption values were observed during
the dry season, as a consequence of biomass burning emis-
sions. Note the good agreement between Pasture Dry 1999
(EUSTACH) and Pasture Dry 2002 (SMOCC) curves, mea-
sured at the same pasture site within a period of three years.
From the dry to the wet season, aerosol absorption at 450 nm
decreased approximately by a factor of 10 at the pasture site.
Absorption coefficients at the forest site during the dry sea-
son are intermediate in magnitude between the Pasture Dry
and Pasture Wet curves. While there were no local fires at the
forest site, the location was influenced by regional biomass
burning emissions carried along by air masses. An absorp-
tion spectrum with slope of−1, typical of soot aerosols, is
represented in Fig. 3 by a dashed black line.

To assess the variability of the spectral dependence over
the averages represented in Fig. 3,Ångstr̈om exponents were
calculated for each absorption spectrum measured during the
three field campaigns, considering the filtering criteria stated
in Sect. 2.3. Here will be discussed the variability of absorp-
tion Ångstr̈om exponents calculated through a linear fit over
the whole spectrum (Eq. 1) (ålin

abs), and as the negative slope

between two neighboring wavelength values (Eq. 3) (å450/615
abs

andå370/880
abs ). Fig. 4 shows histograms ofålin

abs for the three
field campaigns.

At the pasture site, 60 to 70 % percent ofålin
abs (Fig. 4a

and b) fell between 1.5 and 2.5 during the dry season. This
is in accordance with Kirchstetter et al. (2004), who re-
ported absorption̊Angstr̈om exponents of approximately 2.0
for biomass burning aerosols, as a result of enhanced light
absorption at wavelengths shorter than 600 nm. The au-
thors suggest that low-temperature and incomplete combus-
tion processes, such as biomass burning, can produce absorb-
ing aerosols with a stronger spectral dependence as compared
to high-temperature combustion processes that generate soot.

Particularly during the SMOCC experiment, it was possi-
ble to observe a consistent decrease of the average absorption
Ångstr̈om exponent as the weather regime moved from dry
to wet season (Fig. 4b). Figure 5 shows that, from dry to wet
season, the percentage of fine mode particles in PM10 mass
decreased from 80 % to about 50 %, a sign of the shift from
biomass burning aerosols, predominant in the fine mode, to
biogenic and dust aerosols, predominant in the coarse mode.
Also, Fig. 6 shows that in the SMOCC experiment low ab-
sorption coefficients were associated withÅngstr̈om expo-
nents below 1.0, with a typical uncertainty of±20 % (refer
to Sect. 2.4). That also holds for the other two experiments,
indicating that the Amazonian natural aerosol population has
a weaker absorption spectral dependence than biomass burn-
ing aerosols.

The reason for reduced̊Angstr̈om exponents during the
wet season can be attributed either to the increase of par-
ticle sizes (Fig. 5) or to a change in the physicochemical
properties of the aerosol population. The variation of ab-
sorption spectral dependency as a function of aerosol bulk
properties is still not well understood, especially for biogenic
aerosols. Nevertheless, the effect of particle size changes
on absorption̊Angstr̈om exponents is relatively well known.
For example, Moosm̈uller et al. (2011a) modeled the absorp-
tion spectra of homogeneous spherical brown carbon parti-
cles and found a decrease ofÅngstr̈om exponents for larger
particle diameters (from 0.1 to 10 µm). A similar result has
been found by Gyawali et al. (2009) for uncoated black car-
bon spheres. In addition to the effect of aerosol size, another
possible explanation would be the rain scavenging of soluble
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2002). Error bars represent typical uncertainties:±5 % inσabsand
±20 % inåabs.

organic aerosols during the wet season, resulting in an en-
richment of insoluble soot carbon particles in the remaining
aerosol. This effect could also shift theÅngstr̈om exponents
to lower values from dry to wet season.

The lowestÅngstr̈om exponents were observed at the for-
est site in the dry season (LBA/ZF2-C14 experiment), with
a mean value of̊a370/880

abs = 1.3±0.3 (Fig. 4c). As this forest
site is in a remote preserve, even during the dry season bio-
genic particles comprise the majority of the particulate mat-
ter (75 %), while other light absorbing particles (soil dust and
soot-like) account for 13 % of the total aerosol mass (Rizzo
et al., 2010). The fact that 90 % of the observedÅngstr̈om
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Table 2. Average absorption coefficient measured for each field experiment, as well as averageÅngstr̈om exponents calculated through

linear fit (ålin
abs), through the slope between 450 and 615 nm (å450/615

abs ) and between 370 and 880 nm (å370/880
abs ). Also shown the percentage

of spectra in which the linear fit was a good approximation (adjustedR2 >0.90). (∗ absorption at 370 nm;∗∗ equivalent to̊a370/880
abs ).

Experiment σabs Ångstr̈om Linear Fit Ångstr̈om 450/615 nm Percent of spectra
(450) Mm−1 (ålin ) (å450/615) with good linear fit

Forest Dry 2004 (ZF2-C14) 11±8∗ 1.3±1.3∗∗ – –
Pasture 2002 (SMOCC) 21±22 1.7±0.4 1.8±0.6 99 %
Pasture Dry 2002 (SMOCC) 33±5 1.8±0.4 1.9±0.5 100 %
Pasture Transition 2002 (SMOCC) 11± 1.6±0.4 1.7±0.5 99 %
Pasture Wet 2002 (SMOCC) 2.7±0.2 1.5±0.4 1.6±0.7 95 %
Pasture Dry 1999 (EUSTACH) 26±1 1.7±0.4 1.9±0.6 94 %

Table 3. First-order estimate of the 24 h radiative forcing between 450 and 880 nm at the surface, top of atmosphere (TOA), and in the
atmosphere, considering AOT = 1.0 and different spectral dependencies for the absorption coefficient.

AbsorptionÅngstr̈om ExtinctionÅngstr̈om Forcing at surface Forcing at TOA Forcing in atmosphere
exponent exponent [W m−2] [W m−2] [W m−2]

1.0 1.92 −32.07 −8.03 24.04
1.4 1.95 −32.03 −8.05 23.99
1.8 1.98 −32.00 −8.07 23.93
2.2 2.02 −31.95 −8.10 23.86

exponents are below 1.5 (± with a typical uncertainty of
20 %) reinforces the point that Amazonian biogenic particles
may have a weak spectral dependence for absorption. This
finding contradicts our expectations of biogenic particles be-
having as “brown carbon”, i.e., particles that show absorption
coefficients sharply increasing at wavelengths below 600 nm.
Nevertheless, additional measurements should be performed
at forest sites in Amazonia to provide a complete picture of
biogenic aerosol absorption spectral characteristics regarding
different seasons and geographic locations.

Table 2 summarizes the average magnitude of aerosol ab-
sorption observed at each site and season considered in this
study, which agrees with previously reported data (Artaxo et
al., 2002; Schmid et al., 2006; Chand et al., 2006). It also
shows the corresponding averageÅngstr̈om exponents̊alin

abs,

å450/615
abs and å370/880

abs . Considering the standard deviations,

the mean values of both̊alin
abs and å450/615

abs are statistically
comparable for all measurements taken at the pasture site.
The percentage of spectra in which the linear fit was a good
approximation (adjustedR2 greater than 0.90), was above
94 %, indicating that in most of the cases theÅngstr̈om ex-
ponent was approximately constant throughout the observed
spectral region.

Figure 7 shows the cumulative histogram ofÅngstr̈om
exponents for the field studies in which the 7-wavelength
Aethalometer was available. It indicates the variability of
Ångstr̈om exponents as a function of wavelength. The spec-
tral dependence between 450 and 615 nm can be up to 10 %

steeper than the̊Angstr̈om exponent derived from the com-
plete measured spectra (450–950 nm). Also, this 10 % differ-
ence between̊a450/615

abs andålin
abs does not justify the applica-

tion of quadratic fits to the aerosol absorption spectra. The
linear fit was a good approximation in more than 94 % of the
observed spectra (Table 2).

At the pasture site,̊Angstr̈om exponents observed during
the day were about 20 % lower than at nighttime (Fig. 8).
The diurnal cycle of absorption coefficients and aerosol num-
ber concentration (not shown) follow a similar pattern, most
likely a consequence of the dynamics of the boundary layer.
Chand et al. (2006) reported higher albedo values for the
SMOCC experiment during daytime, and argued that diurnal
aerosols are more aged than the nocturnal ones. Aged smoke
particles undergo a size increase due to coagulation and con-
densation of inorganic and organic species, with impacts on
aerosol optical properties (Reid et al., 1998). Accordingly,
Rissler et al. (2006) observed higher aerosol modal diame-
ters during daytime compared to nighttime for the SMOCC
experiment. The decreased absorptionÅngstr̈om exponents
observed at daytime might be either an outcome of increased
particle sizes (Moosm̈uller et al., 2011a), or a consequence of
changes in particle chemical composition due to combustion
conditions or biomass fuel type, or even a consequence of
the condensation of absorbing species with a weaker spectral
dependence to the surface of aerosols.

We made a first order estimate of the influence of the
observed absorption̊Angstr̈om exponents on the aerosol
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Fig. 7. Cumulative histogram of absorption̊Angstr̈om exponents for:(a) Pasture Dry 1999 (LBA/EUSTACH);(b) Pasture Dry 2002;
(c) Pasture Transition 2002 and(d) Pasture Wet 2002 (LBA/SMOCC).̊Angstr̈om exponents were calculated based on the slope between

neighboring wavelengths (å450/615
abs ) and based on linear fits over the whole measured spectrum (ålin

abs). The typical uncertainty in̊aabs is
±20 % (refer to Sect. 2.4).

radiative forcing. The 24-h aerosol radiative forcing was cal-
culated assuming an aerosol optical thickness (AOT) of 1.0
at 500 nm, typically observed in Amazonia during the dry
season (Procopio et al., 2004), over a vegetated surface. The
radiative fluxes were calculated between 450 and 880 nm by
means of SBDART (Santa Barbara DISORT Atmospheric
Radiative Transfer), using zero AOT as reference to calcu-
late the aerosol forcings. The latitude of 5◦ S and the Julian
day 258 were assumed in the calculations, representing the
average latitude of the Amazon Region and the middle of
the dry season, respectively. Aerosol optical properties at
500 nm were derived from a dynamic spectral aerosol model
developed by Procopio et al. (2003) for smoke aerosols in
Amazonia. The spectral dependency of aerosol optical prop-

erties was extrapolated using four extinctionÅngstr̈om ex-
ponents (̊aext), calculated using the following equation taken
from Moosm̈uller et al. (2011b):

åext= [1−ω0(λ)] åabs(λ)+ω0(λ)åscat(λ), (14)

The single scattering albedo and the scatteringÅngstr̈om ex-
ponent were assumed to be 0.92 and 2.0, respectively (Chand
et al., 2006), and independent of wavelength in the spectral
range under consideration. This is a reasonable assumption,
as we estimate a weak spectral dependency forω0, rang-
ing from 0.92 at 450 nm to 0.91 at 880 nm. Four values
of åabs were considered for the 24-h aerosol forcing calcu-
lations: 1.0 (usual absorption spectral dependency assumed
for soot carbon); 1.4 (corresponding to the average ofålin

absfor
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the Pasture Dry 2002 experiment minus one standard devia-
tion – refer to Table 2); 1.8 (average ofålin

abs for the Pasture
Dry 2002 experiment); and 2.2 (average ofålin

abs for the Pas-
ture Dry 2002 experiment plus one standard deviation). The
value of åabs was also assumed to be wavelength indepen-
dent, in accordance with our results (Table 2). Aerosols were
assumed to be distributed homogenously in an atmospheric
layer of 1.6 km of altitude.

Table 3 shows a first order assessment of the variability of
the 24-h aerosol radiative forcing as a function of absorption
Ångstr̈om exponents. The mean forcing found with this pa-
rameterization for AOT = 1 (500 nm) was−32 W m−2 at the
surface and−8 W m−2 at the top of atmosphere (TOA), with
24 W m−2 being absorbed in the atmosphere. This result is
comparable to other studies conducted in the Amazonian re-
gion, e.g., Procopio et al. (2004). Changingåabs from 1.0 to
2.2 causes a reduction of less than 1 % in the absolute val-
ues of instantaneous aerosol forcing at the surface and in the
atmosphere. At TOA, the instantaneous forcing calculated
assumingåabs= 2.2 can be up to 4.5 % greater in absolute
values compared to the forcing calculated assuming the ab-
sorption spectral dependency of soot aerosol (åabs= 1.0). For
the 24-h aerosol forcing at TOA, the corresponding increase
is about 0.9 %. Overall, the results indicate a small effect
of absorptionÅngstr̈om exponents on 24-h aerosol forcings,
at least in the spectral region of 450–880 nm. Further studies
should be taken to assess the corresponding impact in the UV
spectral range.

4 Summary and conclusions

The inference of aerosol absorption coefficients from attenu-
ation coefficients requires a previous knowledge of the spec-
tral dependency of the single scattering albedo, among other
parameters. In the absence of the necessary supporting mea-
surements, average values were used to obtain corrected ab-

sorption coefficients from Aethalometer observations. Er-
rors associated with the use of averages instead of specific
values of single scattering albedo and scatteringÅngstr̈om
exponents were evaluated through sensitivity tests. A pre-
cise value for the uncertainty of absorption coefficients or
Ångstr̈om exponents is not achievable, but it is possible to
predict a range of uncertainties. We estimate the typical un-
certainties as±5 % onσabs and±20 % onåabs. All values
reported in this work should be considered subject to these
uncertainties.

The magnitude and wavelength dependence of aerosol ab-
sorption in Amazonia was studied for different sites and sea-
sons. As expected, greater absorption values were observed
at the pasture site during the dry season, as a consequence
of biomass burning emissions, with average values around
30 Mm−1 at 450 nm. At the onset of the wet season, aerosol
absorption coefficients decreased by one order of magnitude
(to 2.7 Mm−1 at 450 nm on average). Absorption coefficients
at the forest site during the dry season were intermediate in
magnitude, falling between the observations taken during the
dry and wet seasons at the pasture site.

AbsorptionÅngstr̈om exponents did not vary significantly
with wavelength, so that, in most cases, a power law fit could
be applied over the whole measured spectral range (450–
950 nm). About 70 % of the̊alin

abs Ångstr̈om exponents ob-
served at the pasture site during the dry season fell between
1.5 and 2.5, suggesting the presence of light-absorbing or-
ganic carbon (brown carbon) released from biomass burning
emissions. Average diurnal cycles ofÅngstr̈om exponents
for the pasture site showed a clear pattern, with values 20 %
lower at daytime, when the aerosol population is dominated
by larger and more aged particles (Chand et al., 2006; Rissler
et al., 2006). The decreasedÅngstr̈om exponents during the
day might be either an outcome of increased particle sizes
(Moosm̈uller et al., 2011a),or a consequence of changes in
particle chemical composition due to combustion conditions
or biomass fuel type, or also a consequence of the condensa-
tion of absorbing species with a weaker spectral dependence
to the surface of aerosols.

At the pasture site, throughout the transition from dry
to wet season, average absorptionÅngstr̈om exponents de-
creased, in agreement with the shift from biomass burn-
ing aerosols, predominant in the fine mode, to biogenic
and dust aerosols, predominant in the coarse mode. Low
Ångstr̈om exponents (below 1.5) were also observed in 90 %
of the absorption spectra measured at the forest site dur-
ing the dry season. Results indicate that low absorption
coefficients (below ca. 15 Mm−1 at 450 nm), typically ob-
served under unpolluted conditions in Amazonia, are asso-
ciated with Ångstr̈om exponents below 1.0. This finding
suggests that biogenic aerosols from Amazonia may have
a weak spectral dependence for absorption when compared
to biomass burning aerosols, contradicting our expectations
of biogenic particles behaving as brown carbon. Neverthe-
less, additional measurements should be taken in the future,

www.atmos-chem-phys.net/11/8899/2011/ Atmos. Chem. Phys., 11, 8899–8912, 2011



8910 L. V. Rizzo et al.: Spectral dependence of aerosol light absorption over the Amazon Basin

to provide a complete picture of biogenic aerosol absorption
spectral characteristics in different seasons and geographic
locations. In a first order assessment, results indicate a small
(<1 %) effect of variations in absorption̊Angstr̈om expo-
nents on 24-h aerosol forcings, at least in the spectral range
of 450–880 nm. Further studies should be taken to assess the
corresponding impact in the UV spectral range. Our results
show that caution must be taken when extrapolating aerosol
absorption measured at one single wavelength over the entire
solar spectrum. The assumption that soot spectral proper-
ties represent all ambient light absorbing particles may cause
an underestimation of absorption in the UV spectral range.
Especially in remote areas, where non-soot light absorbing
aerosols predominate, it is advisable to measure aerosol ab-
sorption at several wavelengths to accurately assess the im-
pact of these particles on climate and photochemical atmo-
spheric processes. If measurements are taken using a filter-
based attenuation method, it is advisable to have simultane-
ous observations of aerosol scattering at several wavelengths
and a reference absorption measurement for proper calibra-
tion.
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H., and Scḧock, O. W.: UV-VIS-NIR spectral optical properties
of soot and soot-containing aerosols, J. Aerosol Sci., 34, 1421–
1444, 2003.

Schuster, G. L., Dubovick, O., and Holben, B. N.:Ångstr̈om ex-
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