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[1] The aerosol spectral absorption efficiency (., in m*/g) is
measured over an extended wavelength range (350—2500 nm)
using an improved calibrated and validated reflectance
technique and applied to urban aerosol samples from Sao
Paulo, Brazil and from a site in Virginia, Eastern US, that
experiences transported urban/industrial aerosol. The
average «, values (~3m?/g at 550 nm) for Sao Paulo
samples are 10 times larger than o, values obtained for
aerosols in Virginia. Sao Paulo aerosols also show evidence
of enhanced UV absorption in selected samples, probably
associated with organic aerosol components. This extra UV
absorption can double the absorption efficiency observed
from black carbon alone, therefore reducing by up to 50%
the surface UV fluxes, with important implications for
climate, UV photolysis rates, and remote sensing from
space. Citation: Martins, J. V., P. Artaxo, Y. J. Kaufman, A. D.
Castanho, and L. A. Remer (2009), Spectral absorption properties
of aerosol particles from 350—2500nm, Geophys. Res. Lett., 36,
L13810, doi:10.1029/2009GL037435.

1. Introduction

[2] In recent years aerosol absorption, mainly by black
carbon (BC), has been highlighted in climate change studies
for its strong effects. BC absorbs solar energy over most of
the solar spectrum, therefore, contrary to other aerosols (e.g.,
sulfates from urban pollution or even desert dust), BC acts
like a greenhouse gas, and contributes to global warming.
Hansen and Sato [2001] estimate a global average total
forcing of non-absorbing aerosols of about —1.3 W/m?* and
the forcing due to black carbon of +0.8 W/m?. The absorption
properties of aerosol particles are still one of the largest
uncertainties in estimating aerosol forcing of the climate.
Global measurements of BC are not available and are badly
needed. In situ aerosol absorption measurements are often
inaccurate, and usually cover a narrow spectral range missing
significant absorption features. This work presents spectral
measurements of aerosol absorption efficiency in a broad
spectral range (350—2500 nm) highlighting some character-
istics of BC and other aerosol absorbers. We also discuss
implications of these results to atmospheric studies. BC is
the main absorbing material present in atmospheric aero-
sols, but it is not the only one. Soil dust absorbs light in the
UV and visible, some organic materials absorb in the UV,
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and there is recent evidence that some organic materials
also absorb light across the solar spectrum [Kirchstetter et
al., 2004].

2. Aerosol and BC Mass Absorption Efficiencies

[3] The interaction between aerosols and solar radiation
in the Earth’s atmosphere is well represented by three main
parameters: the aerosol optical thickness (7), the phase func-
tion, and the single scattering albedo (w, = ratio between
scattering and extinction properties). Other representations of
the particle properties can be more appropriate for specific
applications. For instance, the mass scattering or absorption
efficiencies (m?/g) are the most appropriate parameters
relating the aerosol mass (or particle mass emissions) with
the particle optical properties. This is an essential connection
between optics and aerosol transport and chemical models.
Although optical measurements do not measure mass directly,
the relationship between aerosol absorption and the mass of
the absorber (BC for instance) is represented by the mass
absorption efficiency. The aerosol absorption optical thick-
ness (T,ps) itself can be decomposed into aerosol absorption
efficiency (a, in m*/g) multiplied by the aerosol total mass
column per unit area (o in g/m?):

Tabs = 0 - Qg (1)

[4] Asshown in equation (2), the aerosol mass absorption
efficiency can be defined as the ratio between the aerosol
absorption coefficient (3, [m~']) and the acrosol mass con-
centration (M [g/m’]). A similar definition can be applied to
the BC mass absorption efficiency (o,pc) by taking the ratio
between (3, and the BC mass concentration (Mzc [g/m’]).
Also, a, and oy pc are related to each other by the fraction of
BC mass to the total aerosol mass concentrations (7zc).

Ba

a = 3, 2
o =" @)
and
Ba Qg
Qupc = =— 3
BC = A = 3)

Martins et al. [1998] show large variability for both o, 3¢ and
rgc for the Amazonian biomass burning aerosols (3—20 m*/g
and 2—15% respectively). Since the mass of black carbon
cannot be measured directly, o, is a more straightforward
parameter to be measured and can be obtained by col-
lecting aerosol particles on filters and measuring the col-
lected aerosol mass and the light absorption on the filter.
This work reports «a, results for aerosols from two areas
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and will discuss some important characteristics of these
aerosols.

3. In Situ Measurements of Aerosol Absorption
Properties Using Filter Reflectance: Measurement
and Calibration Methodologies

[s] Nuclepore filters are used to collect atmospheric
acrosol particles and measure their mass concentration and
spectral optical absorption properties. These filters have the
important characteristic of collecting particles on the surface
of the filter rather than having them embed inside the filter
substrate (an effect commonly observed in quartz, Teflon, or
paper filters). Measurements of embedded particles would
exhibit artificially enhanced absorption due to multiple scat-
tering inside the substrate.

[6] The Nuclepore filters are weighed before and after
sampling using a high accuracy microbalance. The weigh-
ing procedure occurs after the filters are kept at low relative
humidity (<50%) for over a week, and are subjected to
irradiation by Po sources for the elimination of electrostatic
charges. The filters are then placed on the top of a highly
reflective (albedo ~1.0) lambertian spectralon panel, and
their spectral reflectance is measured by an ASD (Analytical
Spectral Devices) reflectance probe and spectrometer with
nominal resolution of 1 nm between 350 to 2500 nm.
Absorbing particles in contrast with bright surface back-
grounds cause a strong reduction in the reflectance of the
system (particle + surface) providing great sensitivity for this
technique.

[7] The reflectance set-up consists of a pointed light
source and a fiber optics probe connected to a detection
spectrometer. The light source illuminates the filter with an
average zenith angle (6,) of approximately 45°, while the
probe receives the reflected light with an average zenith
angle 10°, in the same azimuth. Thus the average scattering
angle is approximately 145°. The reflectances of blank
Nuclepore filters on the top of the same spectralon panel
were used as the surface references for the measurement and
quantification of loaded filters.

[s] We use a set of 23 Nuclepore calibration filters
produced at the University of Sdo Paulo, Brazil, using
Monarch 71 black carbon particles manufactured by the
Cabot Corporation [Clarke et al., 1987; Hitzenberger et al.,
1996] with a large range of mass loadings to calibrate the
system. The volume size distribution of the Monarch 71
particles peaks at 0.5 pm diameter, which is slightly higher
than the peak of either urban pollution or biomass burning
particles at roughly 0.3 to 0.4 pum. Figure 1 shows a plot of
the measured mass density of each calibration filter (in units
of m?/g) as a function of the natural logarithm of the filter
reflectance, normalized by the reflectance of a blank filter.
The dashed line represents pure Lambert-Beer’s law
(equations (4), (5), and (6)) for the two way transmittance
through the aerosol layer on the surface of the filter,
multiplied by the previously measured surface reflectance
of the blank Nuclepore filter on the top of the spectralon panel
(Psurp)- Since the particles are collected right on the surface
of the Nuclepore filters, effects of the multiple scattering
between the aerosol layer and the surface are minimized,
and were basically neglected in the development of this
simplified model. As shown in Figure 1 and confirmed by
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Figure 1. Measured relationship between the mass density
of the standard BC samples versus the natural logarithm of
the reflectance ratio (p/pg.y) at A = 0.55 pm, for 23 filters
with different mass loadings. Inserts on the left and right
corner of the plot show a schematic comparison between
(a) the atmospheric remote sensing case where particles are
detached from the surface with important multiple reflections
between the particles and the surface, versus (b) the filter case
where particles are attached to the filter and this multiple
reflection effect is suppressed.

radiative transfer calculations with DISORT [Stamnes et al.,
1988] (not shown) the Lambert-Beer’s law is a good approx-
imation for filters with low aerosol loading, represented here
by values of In(p/pgrt) less than 0.25 in Figure 1.

1 2T abs
p= 7 = Psurf " exp<— Gh ) (4)
Therefore,
_ 2Taps 20 qy
—In(p/psuy) = T =2 5)
which implies:
0= 5 n(p/psuy) (6)

where the total column mass density (o) and the mass
absorption efficiency («,) were defined previously, G is a
geometric factor that depends on the effective illumination
zenith angle (Ao), and on the view zenith angle (0). The
application of this model will be tested and validated in the
next section.

[o] For high loading cases, the shadowing between
neighbor particles and other effects produce important
deviations not accounted by Lambert-Beer’s law. In order
to compensate for these deviations an empirical scaling
coefficient (b) is fitted to the data points, producing a power
law correction on Lambert-Beer’s law. Results of this
power law are shown in Figure 1, fitting well on the top
of the experimental data points. These corrections have
been applied to all reflectance measurements with this
particular reflectometer system.

[10] Equation (7) shows the addition of the empirical
power law coefficient to the Lambert-Beer’s Law function.
Notice that the scaling coefficient b is the only change in the
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Figure 2. The picture shows a Scanning Electron Micro-
scopy (SEM) photograph of a Nuclepore filter (pores in
white, particles in black) containing the artificial BC particles
used in the calibration of the reflectance technique. For scale
purposes the pore diameters are in average 0.3 pm.

model as compared with equation (6). This result implies
that the absorption efficiency («,) can still be determined as
part of the slope of equation (7) similarly to the case for
equation (6).

L 1) S

[11] Applying equation (7) to the power law fit result
(Figure 1) assuming G = 1 for this particular geometry
produces o, = 6.7 m?/g for the Monarch 71 samples. This
result is consistent with previously published results for
Monarch 71 particles and our Mie calculations of the mass
absorption efficiency of these particles:

[12] 1) Monarch 71 samples measured by Clarke et al.
[1987] show o, = 6.4 + 0.3 m*/g (considering results from
Nuclepore filters with particles in the same size range as
here), and Hitzenberger et al. [1996] present o, = 6.6 +
1.0 m%*/g, both in good agreement with the 6.7 m?/g
results obtained from the power law slope in Figure 1
and equation (7).

[13] 2) Using a 6.8 m%/g calibration coefficient obtained
from the same standard filters plotted in Figure 1, the paper
by Reid et al. [1998] shows an absolute validation of the
reflectance technique discussed here by comparing it with an
standard extinction cell plus nephelometer for several sam-
ples of biomass burning aerosols collected in the Amazon
region, in Brazil. The reflectance results were in excellent
agreement with the extinction cell measurements for a large
range of aerosol loading.

[14] 3) Our results are also in agreement with the theo-
retical modeling of the Monarch 71 particle properties using
the measured size distribution by SEM (scanning electron
microscopy) and pure BC refractive indices, which provided
an estimated absorption efficiency of 6.8 m*/g, discussed in
more details below. A scanning electron microscope (SEM)
picture of the Monarch 71 sample collected on a Nuclepore
filter is shown in Figure 2. Although Mie calculations of
absorption and scattering coefficients rely on many assump-
tions (refractive indices, size distribution, particle homoge-
neity and shape, etc.) and often do not provide realistic
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results, this particular case is in excellent agreement with
the literature and with the results presented here.

4. Results From Urban Aerosol Samples

4.1. Spectral Absorption Efficiency
of Sao Paulo Aerosols

[15] Sao Paulo is a major urban center with about
18 million people in the metropolitan area. The main sources
of pollution are widespread trucks, buses, cars, and indus-
tries. Sao Paulo has a relatively old fleet of transportation
vehicles and due to little (or no) control on vehicular emission
and the low technology applied to engines and industrial
processes, the locally generated aerosol can be quite absorb-
ing. The AERONET Sunphotometer located in Sao Paulo
shows single scattering albedo at 0.55 pm varying from 0.76
up to 0.96 during the winter time. Lower single scattering
albedo represents higher concentration of BC and propor-
tionally larger aerosol absorption efficiency.

[16] Aerosol samples were collected every 12 hours in
the fine mode (diameter <2.5 pm) Nuclepore filters during
the local winter time (July—August 1999). These filters were
submitted to gravimetric analysis before and after sampling,
and were analyzed by the spectral absorption reflectance
technique described above. Eleven randomly selected filters
collected during this period were analyzed and used to create
the mean spectral absorption efficiency of the fine mode
aerosols shown by the red curve in Figure 3. The yellow area
indicates the standard deviation of the curves measured
during that winter. Fine mode aerosols, basically follow a
spectral dependence similar to 1/\ from 400 to 2100 nm,
denoted by the blue curve in Figure 3.

[17] Figure 3 also shows the average and standard devi-
ation (pink) values obtained at the Wallops Flight Facility on
the Virginia Coast during the CLAMS (Chesapeake Light-
house & Aircraft Measurements for Satellites) experiment
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Figure 3. Average and standard deviation of the spectral
absorption efficiencies for Sao Paulo (red and yellow) and
for the east coast of the United States (blue and pink), for
particles with diameter smaller that 2.5 pm. The blue line
over the Sao Paulo curve corresponds to //\ spectral
dependence. The figure excerpt shows «, for two individual
days in Sao Paulo with and without the enhanced UV
absorption.
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Table 1. Effect of the Excess UV Absorption as Seen by the Set of Sao Paulo Curves Seen in the Inset of Figure 3 in Reducing

the Downward Solar UV Flux at the Surface®

A(nm) wo T g TOA dwd Flux/Surf dwd Flux (W/m*/um) % Extra Reduction
b. 550 0.80 0.40 0.60

b. 440 0.81 0.59 0.65

b. 350 0.83 0.84 0.70 590/230

e. 350 0.73 0.96 0.70 590/179 22

b. 300 0.85 1.12 0.73 183/0.357

e. 300 0.76 1.26 0.73 183/0.177 50

*The labels b. and e. indicate baseline and enhanced UV absorption, respectively.

during June and July 2001. The Wallops curve in Figure 3
represents statistics of a total of 45 filters for particles with
diameters less than 2.5 pm, and changed every 12 hours. All
filters collected were analyzed and contributed to the curve in
Figure 3. The Wallops aerosols represent locally emitted rural
and marine aerosols, and episodes of long distance transport
of urban/industrial pollution from the Ohio valley and other
industrial and population centers of the eastern portion of the
U.S. During the CLAMS experiment approximately 1/3 of
the sampling days experienced elevated fine particle mass
concentrations of over 15 pg/m> or 7> 0.30 [Castanho et al.,
2005].

[18] Figure 3 contains several important results. First, the
Sao Paulo aerosols show absorption efficiency 10 times
larger then the Wallops particles. Second, the //\ spectral
dependence (solid blue curve) holds very well for the average
Sao Paulo aerosol in a very wide spectral range, from 400—
2100 nm, which is compatible with expected BC absorption
present in relatively small particles. Finally, the average
Sao Paulo aerosols show significant enhancement in the
UV absorption efficiency indicating larger imaginary refrac-
tive index in that range. This UV feature is emphasized in the
Figure 3 excerpt, which shows «,, for two individual days in
Sao Paulo (pink and green lines), as well as a I/\ curve
(continuous blue line) expected for absorption by pure BC
particles. The enhanced UV absorption feature occurred in 4
of'the 11 Sao Paulo cases. The case with extra UV absorption
in Figure 3 shows about twice as much absorption as the one
expected for pure BC particles, corresponding to an increase
in the imaginary refractive index for the UV range. Jacobson
[1999] shows several “nitrated and/or aromatic particulate
organic substances observed in the atmosphere or in emis-
sions” that contain UV absorption exactly in the range of the
observations in Sao Paulo. Kirchstetter et al. [2004] show
strong spectral dependence on the light absorption by organic
aerosols in the UV. The production of these compounds and
their day-to-day variability still needs further understanding,
but will not be explored in this work.

4.2. Effects of Enhanced UV Absorption
by Organic Aerosols

[19] The Santa Barbara DISORT Radiative Transfer
(SBDART) model [Ricchiazzi et al., 1998] was used to
calculate the effect of the enhanced absorption by organic
aerosols on the UV radiative fluxes at the top and bottom of
the atmosphere. First, aerosol optical properties in the UV
spectral range were required. We used retrievals from the
Aerosol Robotics NETwork (AERONET) instrument located
in Sao Paulo. AERONET is a global network of sun/sky
radiometers that provide retrievals of total column aerosol

properties, including w, [Dubovik and King, 2000]. The
shortest wavelength of w, and asymmetry parameter (g) that
AERONET derives is at 440 nm. AERONET results from
Sao Paulo show 440 nm w, values ranging from 0.76 to 0.96.
Assuming AERONET imaginary and real refractive indices
are constant from 440 nm throughout the UV, and using an
average aerosol size distribution, values of 7, w, and g
derived at 440 nm were extrapolated to 300 and 350 nm for
the baseline case (no enhanced UV absorption), as indicated
in Table 1. Then, starting from this baseline and assuming the
absorption enhancement shown in Figure 3, new w, values
were calculated for the high UV absorbing case. Due to
multiple scattering effects, aerosol absorption is a very effi-
cient suppressant of UV photons. Table 1 summarizes the
studied cases and the effect of the enhanced absorption on the
downward UV flux for the baseline and enhanced models
(labeled b. and e., respectively), using the given w,, 7, asym-
metry parameter (g), and surface albedo equal to 0.05. The
excess UV absorption contributed to reducing w, and in-
creasing the total aerosol optical thickness as indicated in
Table 1. Higher surface albedo, lower w,, or higher 7, will
produce stronger absorption effects. The total effect in the
downward UV flux at the surface is indicated for the two
wavelengths (350 and 300 nm) showing, respectively, an
extra 22 and 50% decrease in UV flux due to the extra UV
absorption. Top of the atmosphere (TOA) values of UV
fluxes are also shown as a reference. This reduction has an
impact on atmospheric photochemical and biological pro-
cesses. The results presented for 300 nm may be conservative
due to the assumption of constant absorption efficiency
between 350 and 300 nm. Looking at Figure 3 the absorption
efficiency tendency appears to increase towards shorter
wavelengths, which could potentially increase even further
the enhanced UV absorption. Additional measurements are
needed in shorter wavelengths in order to complement and
better understand these results.

5. Discussion and Conclusion

[20] The accurate spectral absorption measurements per-
formed in this work are important for a full characterization
of the aerosol radiative effects over the solar spectrum. The
factor of 10 larger absorption efficiency observed in Sao
Paulo versus Virginia, corresponds to a lower single scatter-
ing albedo, and higher BC emissions. These characteristics
are usually associated with lower technology applied in
engines and industries, as well as domestic activities.

[21] The UV results show an important example of UV
absorbing aerosols, most likely organics, produced occasion-
ally over the Sao Paulo metropolitan area that significantly

4 of 5



L13810

reduce surface UV fluxes. This enhanced absorption can
reduce surface UV radiative fluxes by 50%. Such a large
decrease in UV at the surface suggests potentially large
effects on photochemistry and biological processes. More
measurements are still needed in shorter UV wavelengths to
fully characterize this issue.
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