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ABSTRACT

We introduce a new instrument to measure spectral light absorption by aerosol particles. BLANCA (Broadband Light Analyzer of Complex Aerosol) is an automatic
laboratory instrument for offline measurement of aerosol collected on suitable media. BLAnCA is equipped with a white light source and a high-resolution spec-
trometer, and measures in the range between 375 and 1000 nm with a spectral resolution of 5 nm. This allows for the determination of fine structure of the ab-
sorption properties of a sampled aerosol, which can lead to improvement in the robustness and scope of source apportionment and the evaluation of climate-relevant
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properties such as the aerosol mass absorption cross-section. The new instrument has been validated against a multi-wavelength absorbance analyzer, obtaining an
agreement of up to 99 % between absorption coefficient measurements. The absorption coefficient limit of detection for BLAnNCA has been estimated at 1.20 Mm™!

(2.70 Mm’l) for standard EU (EPA) sampling conditions, corresponding to an elemental carbon detection limit of about 1.3 yg cm™

2, if a mass absorption cross-

section of 4.7 m?g™! at 1000 nm is considered. The instrument has been used to characterize several types of aerosol samples, each with its own distinct absorp-
tion features, which show the potential for BLAnCA to identify different kinds of particulate matter based on their optical properties.

1. Introduction

Airborne particulate matter (PM) is present in the atmosphere in a
variety of forms, which differ from each other in their origin, size, shape
and composition (Boucher, 2015; Kolb and Worsnop, 2012; Seinfeld and
Pandis, 2016). Atmospheric aerosols have a direct effect on the Earth’s
radiation budget, climate and ecosystems, by absorbing and scattering
radiation (Bellouin et al., 2020), and several indirect effects, such as
serving as condensation nuclei for warm and ice cloud formation
(Engelhart et al., 2012) and promoting ocean productivity (Jickells and
Moore, 2015). PM also has implications on health, due both to its small
size, which makes aerosol particles inhalable, and to its chemical
composition, which can render it toxic (Shiraiwa et al., 2017).

Among aerosol species, carbonaceous aerosols (CA) have the most
relevant impact on the atmospheric radiative budget through their
strong, broadband absorption (Chung et al., 2012). In particular, black
carbon (BC) is defined as the black fraction of CA due to the wavelength
independence of the imaginary part of its refractive index, which makes
it a strong absorber across the entire visible range (Bond and Bergstrom,
2006; Moosmiiller et al., 2009). Brown carbon (BrC) is a class of organic
carbonaceous compounds which scatter light, and also absorb more
selectively at shorter wavelengths (Andreae and Gelencsér, 2006). This
gives BrC its characteristic brown-yellowish appearance. The main
source of CA is combustion, with primary BrC being emitted from
biomass combustion especially during the smoldering phase, while BC is
emitted in varying proportions in all combustion processes (Yan et al.,
2018). Secondary formation or aging of organic molecules can be other
sources of BrC (Laskin et al., 2015).

Another aerosol category which absorbs solar radiation is mineral
dust (MD). MD is the second most abundant PM species in the atmo-
sphere (Knippertz and Stuut, 2014). It is mostly emitted by aeolian
erosion on arid and semi-arid areas of the globe, but it is also has con-
tributions from the resuspension of dust from human activities such as
handling of resources, transport of goods and pasture (Kok et al., 2021;
Scerri et al., 2023). Due to its mineralogical composition, in the solar
spectrum MD interacts with light by scattering, and by absorption in
relatively narrow spectral bands (Sokolik and Toon, 1999). While its
mass specific absorption is at least one order of magnitude lower than for
BC and BrC, its atmospheric load makes it relevant in the energy balance
of the atmosphere (Caponi et al., 2017; Lafon et al., 2006; Nousiainen,
2009).

Generally, atmospheric aerosols contain species from several sources
in varying proportions and at different stages of aging. The magnitude
and spectral dependence of their light-absorption capabilities make it
possible to distinguish them by their optical signature, and to perform
source apportionment that allows the identification of their sources. A
metric for the optical absorption behavior is the absorption Angstrém
exponent (AAE), defined as AAE = — In(bgps(M) /baps(A2))/In(A1 /A2),
representing the spectral dependence of the aerosol absorption coeffi-
cient (bgps) between two wavelengths of interest A; and A,. The AAE
value is linked to the PM composition as a function of its type, source,
age and size distribution, with values close to 1 for BC and higher than 2
for BrC and MD (Caponi et al., 2017; Lack and Langridge, 2013) and is
therefore a powerful tool to identify the light-absorbing components and
the apportionment of their sources (Bernardoni et al., 2017a; Massabo
et al., 2015; Sandradewi et al., 2008). To calculate the AAE of a PM
species, it is necessary to measure its aerosol optical absorption coeffi-
cient at multiple wavelengths. A higher resolution can open the way to

more sophisticated apportionment models by highlighting distinctive
features in the absorption spectrum such as different curvatures or
specific absorption bands. These features can be exploited to identify
different aerosol species which could otherwise not be distinguished
with a lower resolution.

Many instruments, both commercial and custom-made, have been
developed over the years to accomplish this task. The aethalometer
(Hansen et al., 1984) is an online instrument which measures attenua-
tion of laser diode light as it passes through a filtering tape which is
being progressively sampled with ambient aerosol, to obtain informa-
tion on aerosol absorption. The instrument in its current version
(Drinovec et al., 2015) measures at several wavelengths, ranging from
the UV to the near-IR, and it is widely used although it suffers from some
well-known artifacts which stem from its inability to measure the scat-
tered light and to quantify the multiple scattering effect between filter
matrix and aerosol (Coen et al., 2010; Virkkula et al., 2015). The
correction of these artifacts requires knowledge of the scattering prop-
erties of the sampled aerosol, which must be obtained through inde-
pendent techniques (e.g. Bernardoni et al., 2021).

The Multi Angle Absorption Photometer (MAAP), now discontinued,
addressed this issue by measuring directly the light scattered by the
sample at two backward angles, in addition to the transmitted light
(Petzold and Schonlinner, 2004). This allows an estimation of the
transmitted and backscattered light, which leads to a direct online
determination of the aerosol by, through a data reduction scheme that
takes into account the multiple scattering effects. The main drawback of
the MAAP is that it works at only one wavelength, making it impossible
to perform source apportionment studies based on measurements solely
by this instrument.

An offline, custom instrument that moves forward from the MAAP is
the Multi-Wavelength Absorbance Analyzer (MWAA), developed at the
Physics Dept. of the University of Genoa (Massabo et al., 2013). The
MWAA measures the absorption coefficient of PM samples at 5 wave-
lengths, ranging from the UV to the near-IR, following the MAAP
multi-angle approach and data reduction scheme and giving its name to
a new apportionment method (Bernardoni et al., 2017a; Massabo et al.,
2015). Another multi-wavelength laboratory instrument based on the
MAAP, but measuring the scattered light at high angular resolution, is
the polar photometer PP_UNIMI (Vecchi et al., 2014, Bernardoni et al.,
2017b). Both instruments were recently used to retrieve the
multiple-scattering correction factors for the Aethalometer data
(Bernardoni et al., 2021; Moschos et al., 2024; Yus-Diez et al., 2021).

As a further step forward in the measurement and source appor-
tionment capability of the state-of-the-art instrumentation, we introduce
here the new Broadband Light Analyzer of Complex Aerosol (BLAnCA), a
custom laboratory instrument for offline light absorption measurements
of PM samples. BLANCA uses a white light source and a fiber-optic
spectrometer to measure aerosol light absorption over a wide spec-
trum ranging from 375 to 1000 nm, with a 5 nm resolution (i.e.
providing information at 125 wavelengths, whereas other currently
existing instruments all work at less than 10 wavelengths). Furthermore,
as already performed in PP_UniMI, BLAnCA measures the scattering
profile at high angular resolution without relying on detectors placed at
fixed angles. These features allow to identify the fine structure of the
aerosol light absorption spectra that are indistinguishable with previous,
lower-resolution devices, and to operate in principle on any kind of
filters with no need of a-priori information on the shape of the sample
phase function.
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This paper presents a description of the instrument and its technical
features, and the results of a characterization and validation campaign
we carried out using an atmospheric simulation chamber. Examples of
possible applications of BLANCA to measure the absorption coefficient of
a variety of laboratory-generated and ambient atmospheric aerosols are
provided.

2. Instrument description

The schematic drawing and the photograph of the setup of BLANCA
are shown in Fig. 1. BLAnCA is assembled on an optical bench (STANDA
optomechanics ltd, Lithuania) for stability and mounting convenience.

The light source is a broadband tungsten halogen lamp (Mighty Light
Plus, Spectrolight Inc., USA), with a black-body emission spectrum
peaked at approximately 680 nm. Two light transport configurations can
be set up. In the standard configuration (Fig. 1), a light guide and a
system of convex lenses of 2 cm of diameter (item c in Fig. 1) collimate
the light onto the sample under analysis. The collimated light spot has a
diameter of approximately 2 cm. A second configuration can be obtained
by replacing the light guide with a fiber optic cable of 1000 ym diameter
and an optical bandpass between 350 and 2500 nm (FC-IR1000-1,
Avantes BV, The Netherlands) and the 2 cm lenses system with a smaller
convex lens (COL-UV/VIS, Avantes BV, The Netherlands) whose focal
point coincides with the end of the fiber cable, creating a collimated
light diameter of approximately 0.6 cm. This configuration reduces the
incident light intensity by 70 %, but it allows the analysis of samples
where the aerosol is deposited on a smaller surface.

The spectrum of the incident light, in the standard configuration, is
shown in Fig. 2.

Light transmitted through and scattered by the aerosol sample is
carried to a CMOS spectrometer (AvaSpec ULS2048CL Avantes BV, The
Netherlands) through a 200 ym diameter UV-VIS-NIR optical fiber
cable (FC-UVIR-3, Avantes BV, The Netherlands). The spectral range of
the spectrometer is 200-1100 nm, and its resolution is 5 nm. For our
setup, the combination of the lamp emission spectrum, the efficiency of
the light guide and of the fiber optic cable gives a reliable measurement
range between 375 and 1000 nm. Outside of this range, the light
reaching the spectrometer detecting element is comparable with the
background noise and it is therefore impossible to extract meaningful

Sample holder wheel

Spectrometer

Fig. 1. The BLAnCA setup. Top: a scheme of the instrument. Bottom: a picture
of the setup.
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Fig. 2. Incident light spectrum. Note that the light guide and the collimating
system of lenses have a lower transmittivity for long wavelengths, which are
suppressed compared to a standard black-body emission curve.

information.

Aerosol samples are placed on a 12-position motorized filter holder
wheel, indicated with a in Fig. 1, which enables the automatic sequential
measurement of PM samples collected on circular filters. The fiber optic
cable that feeds the spectrometer is mounted on a motorized arm (item b
in Fig. 1), which rotates on the horizontal plane around the sample at a
distance of 6 cm. The minimum rotation step is 0.1°, which allows a
precise measurement of the light scattering profile of both blank and
sampled filters, across the entire spectral range. Detailed description of
the treatment of the raw data and the use of the scattering profile as
input for the retrieval of aerosol absorption, is described in the supple-
mentary material. For quartz fiber filters, we use an angular step of 5°
since the scattering profile does not vary rapidly. For other types of
filtering supports, the angular resolution can be adjusted according to
the expected rate of change of the scattering profile (see the supple-
mentary material). A custom LabView program controls the rotation of
the filter holder wheel and the detector arm and acquires the data from
the spectrometer via USB connection.

The absorbance of an aerosol sample, defined as ABS = (1 —0)- T
where o is the single-scattering albedo of the aerosol-filter layer, and 7 is
its optical thickness, is determined by the radiative transfer model
developed by Hanel (1987, 1994). This model necessitates precise
measurements of light scattered in both the forward (A) and backward
hemispheres (B) relative to the direction of travel of the light beam. In
the case of BLANCA, these hemispherical scattering measurements are
directly obtained using the rotating arm. This setup allows for accurate
detection of scattered light in both directions. The procedure for
calculating ABS at a specific wavelength involves the following steps:

1) Data Acquisition: raw measurements of (A) and (B) are collected for
both blank (particle-free) and particle-loaded filters. For quartz fiber
filters, average values from blank filters can be utilized without
compromising measurement accuracy.

Radiative Transfer Analysis: The collected data are input into the
radiative transfer equations as outlined by Hanel (1987, 1994) and
further refined by Petzold and Schonlinner (2004). These equations
account for multiple scattering effects and interactions between the
aerosol particles and the filter matrix.

Numerical Solution: By solving the radiative budget equations
numerically (and with an assumption on the asymmetry parameter of
the aerosol-filter layer), values for SSA and t are derived. Subse-
quently, ABS is calculated using the initial equation.

2

—

3

-
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From ABS, the aerosol absorption coefficient (bgs, in Mm™!) is ob-
tained as bgs = ABS-%, where A is the area of the filter covered by
deposited aerosol and V is the total volume of sampled air. A review of
the data analysis scheme from raw measurements leading to the values
of absorbance is presented in the supplementary material.

As pointed out by Valentini et al. (2021), the direct numerical inte-
gration of the scattering profiles makes the analysis model independent
of assumptions on the scattering phase function shape, which are needed
by other instruments (MAAP, MWAA). This allows the measurement of
aerosol collected on every kind of non-absorbing filter medium.

3. Experimental methods

To characterize and validate the new instrument, we carried out an
aerosol sampling campaign within an atmospheric simulation chamber
(ASC) to produce PM samples on quartz filters, covering a wide range of
loadings to compare the optical performance of BLAnCA against
different benchmark instruments. We worked at the ChAMBRe (Cham-
ber for Aerosol Modeling and Bio-aerosol Research) ASC (Vernocchi
et al., 2023), installed at the Genoa division of the Italian National
Institute of Nuclear Physics (INFN).

Artificial soot was produced by incomplete propane combustion in a
Mini Inverted Soot Generator (MISG), with an air flow of 7 L min anda
fuel flow of 75 mL min?, according to the specifications in (Vernocchi
et al., 2022). The injection time was varied, across the different exper-
iments, between 30 s and 2 min, according to the desired soot concen-
tration inside the chamber. The atmosphere inside the chamber was
homogenized for 3 min by a fan placed on the bottom of the volume.
After that, the aerosol was sampled on 47 mm quartz fiber filters (Pall
Tissuquartz, 2500QA0-UP). We used a low-volume sampler (TCR
Tecora, Italy) at different rates and sampling duration. The sampling
variability, coupled with changes in soot concentration both within the
same experiment (due to dilution induced by sampling) and across
different experiments (due to different injection times), led to a very
wide range of soot loading on the filters. A total of 30 samples were
produced.

Another experiment was conducted in identical conditions as
described above, with the additional deployment of three Photoacoustic
Extinctiometers (PAX. Droplet Measurement Technologies, Inc., USA).
The PAXs measure the aerosol absorption coefficient with an online
technique where the aerosol particles are illuminated with pulsed laser
and are consequently heated due to light absorption. Such (pulsed) heat
acquired by the particles is rapidly transferred to the surrounding air
and generates a compression wave which is then picked up by a
microphone. Each of the three units works at a specific wavelength,
namely 407, 532 and 870 nm. Each PAX unit had been calibrated
following the procedure described in the user manual. During the ex-
periments, the maximum by, measured by PAXs was less 1.2- 10* Mm™!,
well within the linear upper limit reported in Nakayama et al. (2015);
Zhang et al. (2021) (about 5-10* Mm™!). More details on the instruments
and their deployment in the ChAMBRe ASC can be found in Vernocchi
et al. (2022). In this experiment, a total of 15 filter samples were
produced.

Samples containing BrC aerosols were generated in an indoor com-
bustion system that uses a tube furnace and a well characterized 9-m?
Teflon environmental chamber (Smith et al., 2019) at the North Carolina
A&T State University. Colophospermum mopane wood was placed in the
tube furnace at an ignition temperature of 450 °C to induce controlled
smoldered combustion (Moschos et al., 2024; Smith et al., 2020, McRee
et al., 2025). The relative humidity inside the chamber system was 0 %.
The resulting aerosol was sampled on 47 mm quartz filters.

Samples of mineral dust aerosols were generated from a natural soil
from the Sonora desert (Arizona), previously sieved to 1 mm and dried
in an oven for an hour at 100 °C, using a laboratory apparatus previously
described in Baldo et al. (2020). A Buchner flask containing the dried
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soil sample was placed on a Retsch AS200 sieve shaker. The dry soil was
shaken for a few minutes to mimic the natural process of emission. The
generated dust aerosol particles were flowed through a cyclone impactor
which selected only the particles with aerodynamic diameter less than
2.5 pm (PM2.5) and then sampled on pre-weighted 47 mm quartz filters
by a pump operating at 16.7 L min-1.

Ambient aerosol samples were collected during a winter measure-
ment campaign in Propata, a rural site in the Italian Apennine moun-
tains (see for example Bernardoni et al., 2017a) and on the terrace of the
Physics Dept. at the University of Genoa, Italy, an urban background
site. In both campaigns a low-volume sampler (TCR-Tecora, Italy) was
deployed to collect aerosol on quartz filters at a flow rate of 38.3 L
min~!, with an inlet impactor stage to select only the particles with
aerodynamic diameter less than 10 pm (PM10). In Propata, the sampling
time was 48 h; in Genoa it was 24 h.

A subset of 11 samples produced in ChAMBRe was analyzed with a
thermo-optical EC/OC analyzer (Sunset Laboratory Inc.) to quantify the
concentration of elemental carbon (EC) load on each filter. Elemental
carbon is operationally defined as the fraction of the total carbonaceous
PM present in a sample which does not combust at low temperatures in
absence of oxygen (Bauer et al., 2009; Massabo and Prati, 2021). It is
closely related to BC but the two quantities do not coincide (Petzold
et al. 2013, and references therein). Considering the MISG combustion
characteristics (Kazemimanesh et al., 2018; Vernocchi et al., 2022), we
can assume that the analyzed ASC samples contain only BC as light
absorbing species, and the EC quantified by the EC/OC analysis can be
considered as a proxy for BC. The EC/TC ratio found with the EC/OC
analysis was 0.7 for the samples presented in this work. Therefore, an
EC/0C analysis performed on these filters allows to measure the mass of
the absorbing species, and we expect a linear relationship between the
surface mass concentration of the EC (cgc) and the optical absorbance
ABS. The proportionality coefficient is the mass absorption cross-section
Gaps, as expressed in:

ABS()) =1072 64s())-Crc, M

where 64 is expressed in m?g ™! and cgc in pg cm™2.

4. Measurements of spectral absorption

In this section, we present measurements conducted with the
BLANCA instrument. To illustrate the ability of the instrument to mea-
sure the spectral absorbance of three major light-absorbing aerosols (BC,
BrC and mineral dust), we show the results from measurements con-
ducted on samples generated in simplified conditions in the laboratory.
Secondly, we resent the results obtained on samples collected in ambient
conditions to demonstrate the ability of the instrument to identify the
absorbing components of a complex aerosol mixture as found in the real
atmosphere.

4.1. Laboratory experiments

The normalised light absorption spectra of propane soot, brown
carbon and mineral dust generated in the laboratory are shown in Fig. 3.

The absorption of the propane soot sample (black dotted line) is
consistent with the imaginary part of the refractive index of BC being
independent of the wavelength (Bond and Bergstrom, 2006). The ab-
sorption Angstrom exponent of this sample, calculated between the
endpoints of the experimental range, is AAEJre 1500 = 0.95 £ 0.03. The
artificial BrC sample (red dashed line) evidences the typical absorption
enhancement at low wavelengths that can be expected from this type of
aerosol; its AAE is AAESS | o = 2.33 +0.03. Finally, the Arizona
desert dust sample (blue solid line) shows a more complex absorption
behavior which can be split into three distinct sections, each of which
has its own AAE: AAEZS! o =2.67 +0.16, AAESS o0 =3.65 £0.11
and AAEZS |0 = 3.27 =+ 0.06. The overall AAE for the dust sample is
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Fig. 3. Normalised absorption coefficient for the samples of propane soot,
brown carbon biomass burning aerosols and mineral dust generated in the
laboratory. Data (solid lines, with a 5 nm spectral resolution) are shown with
their experimental uncertainty (shaded regions). (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web
version of this article.)

AAEZS! |00 =326 +0.03.

4.2. Ambient samples

Fig. 4 shows the spectra of two ambient aerosol samples collected in
Propata, a rural site in the Italian Apennine mountains.

The absorption of the rural aerosol sample (red dashed line) is due to
carbonaceous aerosol from vehicular emission and local wood burning,
the latter being the predominant fuel used for heating at the sampling
location (Bernardoni et al., 2017b; Massabo et al., 2015). The absorption
of this sample drops less rapidly than in the case of artificial BrC, shown
in Fig. 3. This is because, while the ASC sample was BrC-dominated, the
real sample is a complex mixture of aerosol from different sources and at
different aging stages, of which wood burning aerosol is a primary
component. The presence of BC in the sample increases the overall ab-
sorption, and in particular the relative value of absorption at longer
wavelengths (i.e., decreasing the absorption ;\ngstrém exponent). The

1.2
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Fig. 4. Normalised absorption coefficient for ambient aerosol sampled during a
campaign in a rural site in Propata, in the Italian Apennines. Data (solid lines,
with 5 nm resolution) are shown with their experimental uncertainty
(shaded regions).
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AAE for this sample is AAEE .0 = 1.33 +0.03. It is worth noting
that, from a qualitative perspective, the measured absorption spectrum
of rural aerosol in Fig. 4 can be obtained from a superposition of a pure
BC and a pure BrC absorption. In fact, the AAE for this sample is in
between the values found for the artificial BC and BrC shown in Section
4.1. The absorption spectrum plotted in blue (solid line) in Fig. 4 shows
an evident sharp bend at 600 nm, which is very similar to the behavior of
the dust sample in Fig. 3, suggesting that the ambient sample was
affected by the transport of mineral dust. This hypothesis is confirmed
by the airmass back trajectory calculated using HYSPLIT, which shows
winds coming from northern Africa (see the supplementary material).
Subdivision of this absorption spectrum into three regions yields the
following values for the absorption Angstrom exponents: AAES .o/ =
2.69 £0.16, AAESS oo = 4.29 £0.11 and AAEZS" 1000 =
2.00 + 0.06. The overall AAE for the dust sample is AAEZS: | =
2.76 £0.03.

Fig. 5 shows the absorption of aerosol sampled on the terrace of the
Physics Dept. at the University of Genoa, Italy, an urban background
site.

The black dashed spectrum shows the average absorption of four
filters collected during the campaign, excluding one sample whose

spectrum is shown in the red solid line. The campaign average shows no

significant spectral features, with an AAEY2*™ o = 0.90 + 0.03 which

is indeed compatible with BC absorption shown in Fig. 3. An evident
bump around 550 nm in the red solid absorption spectrum can be seen
thanks to BLAnCA’s high spectral resolution. On that day, construction
works were going on near the department and some of the displaced soil
and construction materials were sampled on the filter. During the rest of
the campaign, no such events occurred, and therefore we attribute the
absorption peak to such works. In this case, the absorption f\ngstrém
exponent is not a meaningful metric to evaluate the absorption char-
acteristics of the sample.

5. Instrument characterization and validation
5.1. BLAnCA validation against the MWAA

In this section the performance of BLAnCA is evaluated by compar-
ison with the MWAA, here considered as reference instrument. MWAA
was validated against state-of-the-art instruments, such as the MAAP,
and is therefore a good benchmark to evaluate the performance of
BLANnCA (Massabo et al., 2013, 2015). The optical absorption coefficient
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Fig. 5. Normalised absorption coefficient of aerosol sampled during a
campaign at the Physics Dept. in Genova, an urban background site. Data (solid
and dashed lines, with a 5 nm spectral resolution) are shown with their
experimental uncertainty (shaded regions).
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of the samples collected during the first ChAMBRe campaign is
compared at the common wavelengths (375, 407, 532, 635 and 850
nm), performing a linear regression on the entire dataset (Fig. 6, left
panel). The slope of the regression line on the entire dataset is 0.97+
0.01. The slope of the regression lines at each wavelength (Fig. 6, right
panel) are between 0.96 + 0.01 for A = 407 nm and 0.99+ 0.01 for A =
850 nm. In all cases, the R? of the regression is not lower than 0.99.

5.2. BLAnCA validation against the PAXs

Here we compare the performance of BLAnCA with the three Pho-
toacoustic Extinctiometers. The optical absorption coefficient of the
artificial soot samples collected during the second ChAMBRe campaign
was measured offline with BLANCA. The by of each filter sample was
compared with the average of the online PAX measurement, taken over
the filter sampling period. The comparison was made at the three
common wavelengths (405, 532 and 870 nm) performing a linear
regression on the entire dataset and also for each wavelength separately
(Fig. 7). The slope of the regression line on the entire dataset is 0.96 +
0.01. The slopes of the regression lines for the individual wavelengths
are 0.95 + 0.01 for 405 nm, 0.97 + 0.01 for 532 nm and 0.96 + 0.01
for 870 nm. The R? of the regression is always higher than 0.98.

5.3. Uncertainty estimation

Several factors contribute to the uncertainty of an absorbance mea-
surement performed by BLAnCA. First, the radiative transfer scheme
that we follow to retrieve ABS needs a blank filter measurement as a
reference. Since it is not always possible to measure a filter before PM
sampling, the blank reference is often a different filter of the same batch.
This leads to a wrong estimation of the power radiated in the forward
and in the backward hemispheres by the aerosol. We estimated this
uncertainty (8,) by measuring ABS for the same filter sample using five
different blank references. Secondly, repeated measurements on the
same sample give slightly different results due to changes in contour
conditions, giving rise to hardware repeatability uncertainty (&p).
Thirdly, we performed a sensitivity test to check how much a variation
of 5 % in the raw spectrometer data propagates through the post-
processing data analysis stages to the final ABS value; 5 % is a conser-
vative estimate of the raw measurement statistical uncertainty, which
rarely exceeds 1 %. This translated to the software sensitivity uncer-
tainty (8;). Finally, when using a 5° angular resolution for the scattering
profile measurement, the decreased resolution involves a slight drop in
accuracy in ABS compared to the value obtained from a measurement at
1° resolution. This effect is captured in the angular uncertainty (8,). The
uncertainty from each of the sources has a dependency on the wave-

length. Therefore, the overall maximum relative uncertainty (5”) on a
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BLANCA absorption measurement is given by:

8%(2) = 8y (2) + 8 (4) +8(2) + 8;°(4)

13% if 375nm < A < 400nm
9% if 400nm < A < 900nm (2)
10% if 900nm < A < 1000nm

The values we obtained are, then, a conservative estimate of the
measurement error. The uncertainty thus calculated is a sum of a sta-
tistical part and a systematic part, which contribute to each of the
sources detailed above. The systematic uncertainty can be estimated
from the comparison with the MWAA in section 4.1, assuming that the
discrepancy between the BLANCA and MWAA measurements can be
attributed to systematics present in the setup. Therefore, we estimate the
systematic contribution to relative uncertainty on a BLANCA measure-
ment as 4 %.

5.4. Evaluation of the limits of detection

Fig. 8 shows the scatter plot between ABS and cgc and the corre-
sponding regression lines at 375 and 1000 nm, chosen as they represent
the lowest and highest boundaries of the experimental range, as well as
550 and 635 nm, commonly considered wavelengths for optical analysis
of atmospheric aerosol. The linear regression between the measured ABS
and cgc is calculated to evaluate the spectrally resolved mass absorption
cross-section of EC. For the propane soot produced in the ASC campaign,
Gaps 1S 7.5+ 0.1 ng’l at 635 nm, consistent with the literature values
for black carbon (for example Bond and Bergstrom, 2006 and references
therein), 11.5 + 0.2 m?g~! at 375 nm, 8.7 + 0.1 m?g~! at 550 nm and
4.7 +0.1 m?g! at 1000 nm.

In addition to confirming the robustness of the measurements, this
also gives an indication of the instrumental limits of detection. Since the
scatter plots do not exhibit significant deviation from the linear corre-
lation, we can estimate the limits of detection for BLAnCA. The lower
limit of detection is ABS; = 0.06, since 0.06 is the lowest ABS value
that we measured at 1000 nm, and this value is still very well correlated
with cgc. We therefore conclude that the lower limit of detection is less
than this conservative figure. With the same reasoning, we conserva-
tively estimate the upper limit of detection ABS;qx ~ 2.3 from the UV
measurements. Our present dataset does not allow further exploration of
the measurement limits, but these figures already indicate BLAnCA can
measure PM across a broad range of loadings. The detection limits we
found are similar to those of the MWAA, already presented in previous
works, and approximately a factor 2 worse than the MAAP due to the
more challenging evaluation of the blank response, which in BLAnCA is
not measured simultaneously as it is with online instruments.

From the aforementioned considerations, from the minimum
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Fig. 6. Comparison of by, values measured by MWAA and BLANCA, for all the wavelengths (left) and separated at the different A s (rights).
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Fig. 8. Regression analysis to retrieve the 64 of soot generated with the Mini
Inverted Soot Generator inside an atmospheric simulation chamber. The
intercept of the regression lines is compatible with zero. The aerosol absor-
bance, on the y-axis, was measured with BLAnCA. The EC concentration on
each filter, on the x-axis, was measured with a Sunset Laboratory EC/
OC analyzer.

detectable ABS and o4 (1000 nm) we can evaluate the minimum
equivalent black carbon (eBC) detectable surface concentration from
equation (1) as ¢W2 ~ 1.3 pg em 2, Considering a 24-h PM filter
sampled at a flow rate of 38.3 L min~! as per EU normative, this
translates to a minimum detectable absorption coefficient of 1.20 Mm ?,
and a minimum detectable eBC concentration of eBC™" ~ 250 ng m°.
With an EPA standard flow rate of 16.7 L min~!, the minimum detect-
able absorption coefficient is 2.70 Mm ! and the minimum detectable
eBC concentration is 580 ng mS.

6. Conclusion

We have introduced BLANCA, a new laboratory instrument for high
spectral resolution measurements of the aerosol absorption coefficient.
Thanks to the broad spectral range of the light source and of the spec-
trometer, BLANCA can perform measurements from 375 to 1000 nm,
with a resolution of 5 nm. This resolution allows to probe the fine
structure of the absorption coefficient for a wide variety of aerosols
sampled on filters. Indeed, the use of BLAnCA on laboratory-generated
and ambient aerosol samples is successful in distinguishing the typical
spectral dependence of black and brown carbon, and mineral dust
aerosols. The spectra of mineral dust show a change in slope around 600
nm, differently from carbonaceous aerosols, for which the absorption

curves are smoother, with variation (represented by the absorption
Angstrom exponent) and curvature depending on the type of carbona-
ceous aerosol present in the sample.

The performance of the instrument has been validated against a well-
established instrument, the MWAA, obtaining a very good agreement at
all the wavelengths at which the reference instrument operates. For
black carbon, the maximum difference in the absorbance measured by
the two instruments is 4 %, which we consider as an estimate of the
systematic uncertainty on the BLANCA measurement.

We have described the sources of experimental uncertainties of
BLANCA. The uncertainties have a dependency on wavelength; there-
fore, we identified three separate spectral regions where the relative
error on the absorbance is different. We found a maximum relative
uncertainty of 13 % in the 375-400 nm range, 9 % in the 400-900 nm
range and 10 % in the 900-1000 nm range.

We have estimated the lower limit of detection of the instrument to
be 1.20 Mm ! (2.70 Mm’l), corresponding to 250 ng m—3 (580 ng m’3)
for 24 h filters sampled with a standard EU (EPA) air flow. This limit of
detection indeed allows the measurement of filters with a wide range of
aerosol load, including those sampled in rural areas or otherwise sites
that are only slightly polluted. Moreover, we emphasize that the primary
function of BLANCA is the offline measurement of the optical behavior of
particulate matter and the study of physical properties of different types
of aerosols, and not the determination of atmospheric PM concentration.

The high spectral resolution of the new instruments can be exploited
to measure climate relevant physical properties of the PM, and for
aerosol source apportionment with existing optical apportionment
models, such as the MWAA model (Isolabella et al., 2024; Massabo et al.,
2015). However, to fully utilize the amount of data provided by
BLANCA, a new optical apportionment model will be developed, with
the aim of distinguishing more aerosol sources and components based on
their optical signature.
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