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Abstract. Particle light absorption enhancement, also known as the lensing effect, is a complex phenomenon
where particles undergo optical transformation as they age. This process is influenced by several factors, in-
cluding particle size. To investigate the lensing effect, this study introduces and validates a novel method for
size-resolved light absorption measurements using nigrosin particles as a model system. The method combines
a three-wavelength cantilever-enhanced photoacoustic spectrometer (CEPAS) with a differential mobility anal-
yser (DMA) to achieve particle-size-resolved measurements. Nigrosin, a well-characterised, spherically shaped,
and water-soluble material, was selected to demonstrate the feasibility and precision of the approach. The sys-
tem showed strong agreement (R2 > 0.94) with Mie-modelled absorption, confirming its reliability. While the
broader motivation for this work lies in advancing techniques for studying ageing, coating, and absorption en-
hancement in black carbon and other atmospheric aerosols, the present study serves as a foundational step by
validating the methodology in a controlled and simplified context. Future studies will expand the application of
this method to complex systems, including coated and aggregated black carbon particles, to explore phenomena
such as absorption enhancement.

1 Introduction

Light-absorbing particles, such as black carbon (BC) and
brown carbon (BrC), have an important role in the Earth’s cli-
mate system. Unlike many other aerosol types that primarily
scatter light, these particles absorb solar radiation, contribut-
ing to atmospheric warming (Bond et al., 2013). Addition-
ally, they influence the optical properties of clouds, reduce
surface albedo, and accelerate the melting of snow and ice
(Lohmann et al., 2020; Qian et al., 2015). Given their rel-
atively short atmospheric lifetimes compared to long-lived

greenhouse gases like carbon dioxide, mitigating the emis-
sions of light-absorbing particles presents a potential short-
term strategy for addressing climate change (Xu and Ra-
manathan, 2017).

Despite their significance, aerosol particles remain a
source of considerable uncertainty in climate-forcing esti-
mates. Global climate models employed in the Sixth As-
sessment Report of the Intergovernmental Panel on Climate
Change (IPCC) attribute a direct radiative forcing (DRF) of
−0.22 W m−2 (−0.47 to 0.04; 5 %–95 % “very likely range”)
to aerosol particles (Forster et al., 2023). In contrast, observa-
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tional estimates have suggested that the corresponding DRF
is approximately 0.75 W m−2 (e.g. Chung et al., 2012). These
discrepancies between climate models and observations are
believed to stem, in part, from the complex nature of particle
ageing and the subsequent optical transformation, which are
difficult to measure and model comprehensively across dif-
ferent regions and time periods (Li et al., 2024; Sipkens et
al., 2023).

Black carbon particles emitted in combustion processes
exhibit varying morphologies over time (Zhang et al., 2008).
Initially, the freshly emitted particles, or spheres, form
fractal-like chain agglomerates, whose optical characteris-
tics can be derived mathematically from those of the indi-
vidual spheres (Michelsen, 2017; Romshoo et al., 2021). As
the agglomerates age, different materials – both gas- and
particle-phased – merge onto them and transform them. The
fractal-like form collapses, and the particles start to grow as
a result of coating. Eventually, unless removed via deposi-
tion or washout, the particles reach a spherical state, where
their light absorption has increased compared to that of the
original agglomerate. In the literature, this process of trans-
formation, and the consequent increase in light absorption,
is referred to as the light absorption enhancement or lens-
ing effect. Previous studies have shown that the light absorp-
tion enhancement factor, which scales the DRF, can vary be-
tween approximately 1 and 3.5, depending on several factors
(Cappa et al., 2019; Wu et al., 2018).

The state of transformation and the subsequent thickness
of the accumulated coating are significant factors influenc-
ing light absorption enhancement (Liu et al., 2015; Peng et
al., 2016). However, properties such as particle morphology
and mixing state, which relate to whether the particle “core”
is fully encapsulated by the coating (internally mixed) or
partly/completely separate (externally mixed), are also im-
portant (Liu et al., 2017). Recent theoretical studies suggest
that, above all else, particle size may be a key factor to con-
sider (Fierce et al., 2020; Matsui et al., 2018). The underlying
reason for this is that the coating accumulation and particle
mixing state depend on coagulation and condensation, which
are both, in part, driven by particle size. For instance, it has
been hypothesised that climate models’ unrealistic approxi-
mation of the uniform distribution of coating material across
differently sized particles is a source of discrepancy and that,
in reality, the growth rate of a particle is nonlinear and de-
pendent on, among other things, particle size (Fierce et al.,
2020).

Particle light absorption can be measured using a variety of
different methods and instruments. When aiming at particle-
size-resolved light absorption measurement, key character-
istics to consider are sensitivity and speed of the absorp-
tion measurement. Candidate techniques include filter pho-
tometers (e.g. Drinovec et al., 2015; Petzold et al., 2005)
and photoacoustic spectrometers (Ajtai et al., 2010; Arnott
et al., 1999; Lack et al., 2006), both of which are avail-
able in several different commercial instruments. Filter pho-

tometers are robust and widely used especially in air quality
studies (e.g. Helin et al., 2018; Luoma et al., 2021). How-
ever, depositing particles on a filter may cause morphologi-
cal changes in particles and thus alter their optical properties
(Collaud Coen et al., 2010; Virkkula et al., 2007). Conse-
quently, previous studies have suggested avoiding these in-
struments in studies of particle coating and absorption en-
hancement (Cappa et al., 2012; Lack et al., 2008, 2009).
Photoacoustic spectrometers may not be as common as fil-
ter photometers, but they measure absorption directly in the
aerosol phase without disturbing the sample (assuming no
phase change when exposed to the laser). Photothermal inter-
ferometry, as well as a method known as extinction-minus-
scattering (EMS), is also a technique that does not physically
disturb the sample particles. In photothermal interferometry,
the sample is illuminated with a light beam, and some of the
light is absorbed by the gases and particles in the sample.
Similar to the photoacoustic effect, this causes the sample to
heat up and increase the temperature of the surrounding air.
The increased temperature causes a small reduction in the
air refractive index, which can be observed and measured
(Kalbermatter et al., 2022; Moosmüller and Arnott, 1996;
Sedlacek and Lee, 2007; Visser et al., 2020). In the method of
EMS, the light absorption is derived by subtracting the mea-
sured scattering coefficient from the measured extinction co-
efficient. Traditionally, the measurements of these two coef-
ficients have been performed using two separate instruments
(e.g. an integrating nephelometer for aerosol scattering and a
separate extinction monitor) (Singh et al., 2014). While the
key benefit of the EMS is its traceability, it suffers from the
occurrence of large subtractive error amplification, especially
for scattering aerosols, and, as does the photothermal inter-
ferometry, from the relatively low sensitivity (Drinovec et al.,
2022; Modini et al., 2021). Besides measurement sensitivity
and speed, the ability to measure absorption in multiple dif-
ferent wavelengths is important as it enables the investigation
of spectral dependency and thus aerosol composition. How-
ever, this feature is often readily available in many of the
previously discussed instrument types.

Development in photoacoustic spectroscopy research has
led to a detection technique, where the conventional micro-
phone is replaced with a miniature silicon cantilever (Kaup-
pinen et al., 2004). Unlike the stretching-based membrane
microphone used in conventional instruments, the cantilever
responds to the photoacoustic wave generated inside the sam-
ple cell by bending, which allows for a larger linear mo-
tion. Furthermore, the position of the cantilever is measured
optically using an interferometer. These features allow for
a higher measurement sensitivity than previously demon-
strated photoacoustic spectrometers and filter photometers;
for instance, a noise-equivalent detection limit (1σ ) of 50 ppt
(parts per trillion) in 1 s of integration time was achieved
in NO2 detection using a visible light source (Peltola et al.,
2015). With respect to aerosol studies, Karhu et al. (2021)
demonstrated a noise-equivalent absorption coefficient (1σ )
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of 0.013 Mm−1 (= 1.3× 10−10 cm−1) in 20 s of integration
time for the measurement of atomised nigrosin particles.

This study introduces a method to measure size-resolved
light absorption of particles. A key instrument in the devel-
oped method is a three-wavelength cantilever-enhanced pho-
toacoustic spectrometer (CEPAS), which is coupled with a
conventional differential mobility analyser (DMA) to enable
particle-size-resolved measurement. With the developed and
fully integrated DMA–CEPAS instrument, a laboratory ex-
periment is conducted to explore the validity of the concept,
where the size-resolved light absorption of atomised nigrosin
reference particles is measured, and the results are compared
to that of the Mie-modelled light absorption. Nigrosin is a
well-characterised, water-soluble material that forms spher-
ical particles when atomised. While the broader motivation
for this work lies in advancing techniques for studying age-
ing, coating, and absorption enhancement in black carbon
and other atmospheric aerosols, the present study serves as
a foundational step by validating the methodology and the
developed system in a controlled, simplified context. Future
studies will expand the application of this method to complex
systems, including coated and aggregated black carbon parti-
cles, to explore phenomena such as absorption enhancement.

2 Materials and methods

2.1 Size-resolved light absorption measurement

2.1.1 Cantilever-enhanced photoacoustic spectrometer
(CEPAS)

This study used CEPAS to measure particle light absorption.
This instrumentation is based on instrumentation described
in Karhu et al. (2021) and in Karhu et al. (2025), and a
summary is provided here. The measurement setup, shown
in Fig. 1, uses a photoacoustic cell from Gasera PA201 gas
measurement system (Gasera Ltd., Finland), which has been
adapted for aerosol measurements. This means that sampling
losses in the sampling lines are minimised to the extent that
is possible; used sample tubes and fittings are as large as pos-
sible with a minimum number of bends in them. The inter-
action volume of the photoacoustic cell is 4 mm in diame-
ter and a 90 mm long and hollow cylinder through which a
laser beam is shone. The measurement cell is closed during
the measurement (no continuous flow through the cell dur-
ing measurement), which increases the measurement time.
In practice, obtaining a single measurement point takes ap-
prox. 10–20 s and involves several sequential steps, namely
sample intake, a brief stabilisation period, recording of the
photoacoustic signal, and flushing the sample from the cell.
The time duration of these actions is adjustable. When the
cell is closed, the sample flow (0.3 L min−1) bypasses the
cell. When taking in a sample, the total sample flow flows
through the cell. This is the main difference in comparison
to the setup used in the parallel study by Karhu et al. (2025),

Figure 1. A schematic of the CEPAS. The iris and the lens are
used to shape the laser beam to fill the acoustic cell. Poorly shaped
beams (e.g. the beam hits the cell walls) lead to increased noise. The
acoustic signal is recorded with the interferometer.

where the sample is drawn to the cell using a secondary pump
and a T-junction connected to the main sample flow. The
laser source (RGB laser module by Opt Lasers, Tomorrow’s
System Sp. z o.o., Poland) uses three different wavelengths
(measured at 439.5, 516, and 635 nm), and they are multi-
plexed at modulation frequencies of 105, 115, and 125 Hz.
These frequencies were chosen to avoid spectral overlap with
external acoustic noise and mechanical vibrations, such as
those caused by nearby gas pumps. The different technical
details of the CEPAS are summarised in Table 1.

Prior to the laboratory experiments conducted in this
study, the CEPAS was initially calibrated using a known stan-
dard concentration of NO2. In practice, NO2 (concentration
of 1.17 ppm) was diluted using mass flow controllers and
compressed air, and four different measurement points were
then recorded, each with a 10 min integration time. It was
estimated that gas-phase calibration provided the most inde-
pendent and reliable baseline when transitioning to particle-
phase measurements. Furthermore, it mitigated uncertainties
associated with particle-size-dependent deposition losses. In
contrast, the NO2-based calibration suffers from drawbacks
as well. For example, NO2 exhibits photodissociation below
wavelengths of approximately 420 nm and has a relatively
low-absorption cross section beyond 650 nm. Further details
on the calibration of the CEPAS are also discussed exten-
sively in another study by Karhu et al. (2025).

2.1.2 CEPAS coupling with a differential mobility
analyser (DMA)

To obtain particle size-resolved data, the CEPAS was cou-
pled with a long-type DMA column (TSI Inc., USA). The
general operating principles of a DMA are described in Hop-
pel (1978). The high-voltage and sheath airflow controls
were replaced with aftermarket components for practical pur-
poses, and the system (encompassing both the CEPAS and
DMA) was operated using a custom LabVIEW program. For
the sheath flow, a closed-loop arrangement and a manually
adjustable blower were used. Temperature and relative hu-
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Table 1. Technical specifications of the CEPAS photoacoustic instrument.

CEPAS technical specification

Microphone/detector Silicon cantilever whose position is measured using interferometer
Acoustic cell type and dimensions Cylindrical; length 90 mm; diameter 4 mm
Cell block material Aluminium with nickel coating
Cell window material Antireflection-coated and fused silica planar windows
Cell window angle 35° (with respect to the laser beam)
Acoustic operation mode Non-resonant
Operation frequencies 105, 110, and 125 Hz
Laser type Multimode continuous-wave diode laser (three pieces)
Laser wavelengths 439.5, 516, and 635 nm
Laser powers 300, 210, and 130 mW
Laser beam diameter < 4 mm
Detection limit 0.0014 Mm−1

Response time 10–20 s; adjustable
Data-processing method Fast Fourier transform (FFT)

midity were also measured (SHT75; Sensirion AG, Switzer-
land) from the sheath flow. The aerosol flow was set by
the CEPAS, and a model 3776 condensation particle counter
(CPC; TSI Inc., USA) (lower particle detection size limit of
2.5 nm) sampled flow pumps. This arrangement and all the
running parameters are described in more detail in Sect. 2.2.

In the initialisation phase, the LabVIEW program takes
in the physical dimensions of the DMA, aerosol, and sheath
airflow rates and the desired range of the particle size distri-
bution. It then proceeds to calculate the corresponding DMA
voltages. A measurement scan (i.e. a complete size distri-
bution measurement in which all the different particle sizes
are measured one by one) begins with a background correc-
tion for the CEPAS; the DMA voltage is adjusted to zero,
and the resulting CEPAS response is set as the zero back-
ground. Throughout the measurement process, the program
iterates through DMA voltages incrementally, starting from
the lowest and progressing to the highest. Upon complet-
ing the scan, the program conducts another zero-background
check for the CEPAS. The DMA voltage stepping and the
CEPAS sample exchange were configured to avoid mea-
suring transient events in the DMA output. Each measure-
ment step lasted 20 s, which included DMA voltage change,
CEPAS cell flushing and stabilisation, and a 5 s measure-
ment. The time delay for particles to travel from the DMA
to CEPAS was approximately 8 s. For a full scan compris-
ing 12 steps (i.e. 12 different particle sizes; see Table 2 for
the exact particle sizes), the total measurement duration was
4 min and 40 s (12 measurements and two zero-background
checks).

2.1.3 Data processing

For the size distribution measurement to represent true con-
ditions, a data inversion needs to be conducted (Knutson and
Whitby, 1975). This inversion accounts for deposition losses

occurring in the sample lines, the particle charging efficiency,
and the probability of multiply charged particles passing
through the charge neutraliser in the DMA (Wiedensohler,
1988). In comparison to conventional particle number size
distributions, the issue of multiply charged particles is more
complex because light absorption is nonlinearly dependent
on particle size. Therefore, each size bin and each charge
multiple would require an individual correction. To minimise
the effect of multiply charged particles, a pre-impactor with
a cut point of 457 nm was used. This cut point was 57 nm
greater than the upper limit of the measured particle size (see
all running parameters in Table 2). A similar approach has
been used by Bluvshtein et al. (2017).

Deposition losses in the CEPAS were estimated using both
experimental and modelling approaches. A detailed explana-
tion of these methods and results can be found in the study
by Grahn and Kuula (2024), but a summary is provided here.

For the experimental approach, single-sized particles rang-
ing from 50 to 500 nm were introduced either through the
CEPAS sample lines or through a bypass line. The number
concentrations measured in these two scenarios were then
compared using a CPC. The results, shown in Fig. 2, indi-
cated minimal to negligible losses for particles between 50
and 400 nm, with a slight increase in losses for sizes larger
than 400 nm. However, a constant transmission efficiency of
approximately 80 % was observed for particles between 50
and 400 nm. This offset was not reflected in the modelling
results and is believed to be an artefact.

The root cause for this offset was estimated to be small
flow channels and tube fitting sizes (inner diameter 2 mm),
which resulted in a significant under-pressure within the sys-
tem. When sampling through the CEPAS, the CPC indicated
a pressure of approximately 0.50 atm compared to 0.90 atm
during bypass measurements. The literature suggests that
CPCs may undercount particles under low-pressure condi-
tions (Bauer et al., 2023). Since the current photoacoustic cell
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Figure 2. CEPAS sampling losses as a function of particle size de-
rived from the experimental and modelling studies.

is a commercial component originally designed and manu-
factured by Gasera Ltd. for trace-gas measurement, redesign-
ing and optimising the flow channels for aerosol-phase mea-
surements was beyond the scope and resources of this study.
While the hypothesis of low pressure as the root cause of the
transmission offset remains to be fully validated, the study’s
results are considered useful and reliable within its context.
The sub-optimal flow channels will be addressed in future
work.

In the modelling approach, the model was first validated
using test cases from the literature. A detailed 3D model of
the CEPAS cell and sampling lines was then created, and
computational fluid dynamics were employed to simulate the
losses. Only inertial-type losses were considered diffusion
losses for particles larger than 50 nm and were deemed neg-
ligible. The particles were assumed to be spherical, although
their morphology was not explicitly verified. The modelling
results indicated no significant inertial losses for particles
smaller than 1 µm at a flow rate of 0.3 L min−1, as seen in
Fig. 2. In the inversion calculations, a loss function derived
from the experimental studies was used with a constant off-
set compensated and to which a second-order polynomial
fit was applied. Further discussion about the particle-size-
dependency of the DMA–CEPAS is provided in the Sect. 3.

2.2 Laboratory validation

The evaluation of the DMA–CEPAS instrument was carried
out by comparing its measured light absorption size distri-
bution to the Mie-modelled light absorption size distribu-
tion derived from a concurrent CPC number size distribution
measurement. An inversion was also applied to the CPC-
derived measurement, with the exception that the particle
loss function used in the CEPAS inversion was replaced with
a CPC counting efficiency function. This counting efficiency
function was 1 for the particle sizes measured in this study

(30–400 nm; see Table 2). The Mie-based light absorption
efficiencies (Qabs) for different wavelengths were calculated
using a MATLAB program by Baldi (2024). Equation (1)
was then used to calculate the reference absorption coeffi-
cients (babs).

babs(λ)=
∫
Qabs

(
λ,Dp,m

) πD2
p

4
n(Dp), (1)

where λ is the wavelength, Dp is the particle diameter, m is
the complex refractive index, and n is the particle number
concentration. The unit of babs is Mm−1.

In essence, to use Mie’s theory, one must know the par-
ticle size and particle number concentration, as well as the
refractive index of the particle material. The reference parti-
cles used in this study were water-soluble nigrosin (CAS no.
8005-03-6) for which refractive index has been previously
defined by Drinovec et al. (2022). The exact refractive in-
dices used in the Mie calculations in this study are shown in
Table 2. Notably, Drinovec et al. provided values for wave-
lengths of 450, 532, and 633 nm, which differ slightly from
the CEPAS laser wavelengths of 439.5, 516, and 635 nm. To
account for this, a second-degree polynomial fit was applied
to the original data, allowing the extrapolation and interpola-
tion of the refractive indices for the CEPAS wavelengths. Ad-
ditionally, as stated in the source material, an uncertainty of
±3 % was also added to the imaginary part of the refractive
indices to account for potential inaccuracies in its definition.
The imaginary part of the refractive index drives the attenu-
ation of light within the particle and therefore essentially de-
fines the particle’s light absorption. Nigrosin is often used in
light absorption instrument testing as there is literature avail-
able describing its optical properties and because it forms
spherically shaped particles when aerosolised and dried (Dri-
novec et al., 2022; Lack et al., 2006). Particle sphericity is an
assumption of Mie’s theory.

A schematic of the measurement setup is shown in Fig. 3.
The reference aerosol generated with a model ATM 226
aerosol generator (Topas GmbH, Germany) was first dried
with a silica gel dryer (relative humidity measured at the
DMA was 10 %–30 % throughout the measurements) and
subsequently diluted with varying ratios of 1 : 5, 1 : 7.5, and
1 : 10. The measurements were conducted separately with all
the different dilution ratios. After dilution, the sample aerosol
was fed through the pre-impactor and then to a three-way
valve, which directed the sample either through or past the
DMA. By checking the total output concentration and by
comparing it to the inverted concentration, it was possible
to ensure the validity of the inversion calculation. After the
DMA, the sample was split symmetrically into CEPAS and
CPC with flow rates of 0.3 L min−1.
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Table 2. Parameters used in the DMA–CEPAS laboratory validation. The refractive indices were obtained from the study by Drinovec et
al. (2022), and the imaginary values shown in parentheses correspond to the ±3 % uncertainty range.

Parameter Unit value

Sheath flow rate 6 L min−1

Aerosol flow rate (CEPAS and CPC) 0.6 L min−1

Dp min 30 nm
Dp max 400 nm
Number of steps (bins) 12
All particle sizes 30.0, 38.0, 48.0, 60.8, 76.9, 97.4,

123, 156, 197, 250, 316, and 400 nm
Pre-impactor cut point 457 nm
Nigrosin solution concentration 0.5 g L−1

Atomiser output flow 2 L min−1

Dilution ratio 1 1 : 5
Dilution ratio 2 1 : 7.5
Dilution ratio 3 1 : 10
Nigrosin refractive index (439.5 nm) 1.58 + 0.156i (0.152i–0.161i)
Nigrosin refractive index (516 nm) 1.60 + 0.216i (0.209i–0.222i)
Nigrosin refractive index (635 nm) 1.75 + 0.231i (0.224i–0.237i)

Figure 3. A schematic of the experimental setup.

3 Results and discussion

3.1 Baseline validation

3.1.1 Light absorption size distribution profiles

Light absorption size distributions measured with the DMA–
CEPAS and calculated using the Mie model are shown in
Fig. 4. The three columns correspond to the three different
dilution ratios of 1 : 5 (10 L min−1), 1 : 7.5 (15 L min−1), and
1 : 10 (20 L min−1). The flow rates noted in the parentheses
correspond to the rate of dilution flow. Altogether, 16, 22,
and 17 measurement scans (from 30 to 400 nm in 12 size
bins) were recorded for the three different dilution ratio sce-
narios, respectively. The different line colours correspond to
different CEPAS laser wavelengths, and the dashed black line
corresponds to the Mie reference light absorption. The solid
line indicates the measurement mean, and the shaded back-
ground area is the respective standard deviation. The stan-

dard deviation (statistical uncertainty) of the Mie absorption
is derived from the CPC measurement. The Mie theory itself
is deterministic.

Overall, the distributions across the different wavelengths
and different dilution ratios exhibit fairly similar profiles.
On average, the geometric mean diameters (GMDs) between
the CEPAS and Mie-modelled distributions differ by 7.2 %
(range of 3.7 %–12 %) and the geometric standard deviations
(GSDs) differ by 2.8 % (range of 0.6 %–6.8 %). With respect
to the maximum measured absorption levels, the blue wave-
length shows on average 23 % higher maximum absorption
levels, the green wavelength shows 39 % higher maximum
absorption levels, and the red wavelength shows 9.0 % lower
maximum absorption levels compared to the respective Mie-
modelled values. The statistical uncertainty in the CEPAS is
higher than the Mie-modelled one in all dilution scenarios
and wavelengths as seen in the panel legends.

3.1.2 Correlation

Scatter plots, where the data from the different dilution ra-
tio scenarios have been combined, are shown for different
wavelengths in Fig. 5. The solid black line shows a 1 : 1 re-
lation, and the dashed black line shows the fit for an ordi-
nary least squares regression. The error bars represent stan-
dard deviations. Overall, the CEPAS and Mie-modelled ab-
sorption show a strong correlation at all wavelengths as the
coefficient of determination (R2) ranges from 0.94 to 0.97.
The agreement between the two methods is best at the red
wavelength as the normalised and ordinary root mean square
errors (NRMSE and RMSE) are 27 % and 7.5 Mm−1, respec-
tively. The respective values for the blue and green wave-
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Figure 4. Light absorption size distributions measured and mod-
elled with 10, 15, and 20 L min−1 dilution flow rates. The line
colours correspond to different wavelengths of the CEPAS, and the
dashed black line is the Mie reference absorption. The solid line in-
dicates the measurement mean, and the shaded background area is
the respective standard deviation. The shaded black area of the Mie
absorption is a sum of the standard deviation of the CPC measure-
ment and the ±3 % uncertainty in the imaginary part of the refrac-
tive index. The abbreviation “DR” stands for “dilution ratio”.

Figure 5. Scatter plots showing the correlation between the CEPAS
and Mie-modelled light absorption. The panel legends show the re-
gression functions, the coefficient of determinations (R2), and nor-
malised and ordinary root mean square errors (NRMSE and RMSE,
respectively).

length are 39 % and 12 Mm−1 and 62 % and 20 Mm−1, re-
spectively.

3.2 Particle size dependency

Further analysis of the CEPAS particle size dependency was
conducted. Figure 6 shows the relative difference between
the CEPAS and Mie-modelled absorption as a function of
particle size. The first three size bins (30, 38, and 48 nm)
were omitted because these bins had very low values in all
measurement scenarios. This caused the relative difference
to exhibit outliers in comparison to the other size bins. The
dashed black line, representing an ordinary least squares lin-
ear regression, shows a decreasing trend. This indicates that
as the particle size decreases, the CEPAS-measured absorp-
tion increases more than the Mie-modelled absorption. Since

Figure 6. Particle size dependency of the CEPAS is illustrated as a
ratio of CEPAS absorption divided by Mie absorption. A value of
1 indicates exact equivalence. The first three size bins (30, 38, and
48 nm) were omitted due to being outliers. The dashed black line
represents the ordinary least squares regression line.

CEPAS and CPC-derived Mie absorption measure the same-
sized particles simultaneously, this size dependency is likely
due to an incorrectly formulated loss function used in the in-
version.

To address the size-dependent response, a correction pro-
cedure was applied to the original loss function. The linear
regression shown in Fig. 6 (dashed black line) and in Eq. (2)
was first used to calculate an intermediary variable yi for all
particle size bins. The final correction factors Ci were then
derived by dividing the array of intermediary variables with
the first element of the array. This calculation is shown in
Eq. (3).

yi =−0.0017 ·Dp,i + 1.6 (2)

Ci =
yi

y1
(3)

Dp,i is the particle size of the ith bin in nanometres. The cor-
rections factors Ci were multiplied with original loss func-
tion values to scale the slope of the regression function to
zero. A slope of zero indicates that the relative difference be-
tween the CEPAS and Mie-modelled absorption has no par-
ticle size dependency. The corrected size-dependency scatter
plot and the corrected loss function are shown in Fig. 7a and
b, respectively.

Figure 8 shows the light absorption size distribution pro-
files calculated using the re-formulated loss function. In com-
parison to the baseline validation, the similarity of the GMD
and GSD improved; on average, the GMDs differ now by
3.1 % (7.2 %) and the GSD by 2.7 % (2.8 %) (previous val-
ues in parentheses). The corresponding scatter plots with data
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Figure 7. Corrected scatter plot of the DMA–CEPAS size depen-
dency and the corrected loss function used in the inversion.

Figure 8. Final particle-size-corrected and particle-size-calibrated
light absorption size distributions measured with the DMA–CEPAS.

combined from the different dilution scenarios are shown in
Fig. 9. TheR2 values indicate an increased correlation across
all wavelengths; blue improved from 0.97 to 0.98, green from
0.96 to 0.98, and red from 0.94 to 0.97. However, the met-
rics for accuracy deteriorated for the blue and green wave-
lengths. The RMSE and NRMSE values increased from 12 to
20 Mm−1 and from 39 % to 60 % for the blue wavelength and
from 20 to 30 Mm−1 and 62 % to 90 % for the green wave-
length. Conversely, the red wavelength exhibited improved
accuracy, with RMSE and NRMSE values decreasing from
7.5 to 5.8 Mm−1 and from 27 % to 21 %, respectively.

3.3 The novelty of DMA–CEPAS in relation to
size-resolved light absorption measurement

Currently, the most technologically advanced and commer-
cially available devices for measuring size-resolved light-
absorbing particles include the single-particle soot photome-
ter (SP2; Droplet Measurement Technologies LLC., USA)
and the soot particle aerosol mass spectrometer (SP-AMS;
Aerodyne Research Inc., USA). These instruments have
proven vital for aerosol research, particularly in the study

Figure 9. Final particle size-corrected light absorption data mea-
sured with the DMA–CEPAS. The solid black line indicates a 1 : 1
relation.

of carbonaceous particles (e.g. Chen et al., 2018; Liu et al.,
2019; Schwarz et al., 2006). The SP2 measures the number
and mass size distributions of refractory black carbon (i.e. va-
porises only at very high temperatures) and its coating thick-
ness using techniques based on light scattering and incan-
descence (Baumgardner et al., 2004; Stephens et al., 2003).
The SP-AMS, on the other hand, measures the size-resolved
chemical composition of particles using mass spectrometry
and ion concentration quantification (Onasch et al., 2012).
Despite the utility of the SP2 and SP-AMS, they do not ex-
plicitly measure particle light absorption, which is an essen-
tial aerosol parameter when considering the impact of light-
absorbing particles on climate.

More conventional light absorption measurement instru-
ments have been employed for size-resolved light absorption
measurements in various ways. For example, a method in-
volving sample collection using a multi-stage impactor fol-
lowed by optical or chemical analysis (e.g. measurement of
transmission or methanol/water extraction and spectropho-
tometer measurement) has been utilised in multiple studies
(Feng et al., 2023; Gao et al., 2015; Horvath, 1995; Lei et
al., 2018; Liu et al., 2013; Wu et al., 2020). Although this
is a valid method, it suffers from poor temporal resolution
(typically > 1 h) and does not produce real-time data. More-
over, depositing particles on a filter may cause morphological
changes and thus alter their optical properties, as discussed in
Sect. 1. A more autonomous method, similar to the DMA–
CEPAS, is to couple a particle sizer such as a DMA or an
aerodynamic aerosol classifier (AAC) with a filter photome-
ter. This approach has been employed in several studies using
various instrument configurations (Baxla et al., 2009; Ning
et al., 2013; Stabile et al., 2012; Tunved et al., 2021; Zhao
et al., 2019, 2022). The challenges associated with the filter
photometers are mostly the same as those of the manual sam-
ple collection, namely the deposition of particles on a filter,
as well as the temporal resolution arising from the sensitivity
and speed of the measurement. Comparatively, similar stud-
ies in which a photoacoustic spectrometer has been used in-
stead of a filter photometer are also available (Chakrabarty et
al., 2007; Forestieri et al., 2018; Slowik et al., 2007a, b). The
focus of these studies has been on the investigation of particle
ageing, coating, and absorption enhancement in a laboratory
setting. To the degree that can be interpreted from the ex-
perimental descriptions, the DMA (used in these cases) has
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not been integrated with the spectrometer with respect to in-
strument control and data processing. Although this deviates
from the DMA–CEPAS design, the end result is practically
the same. The EMS method discussed in Sect. 1 has also
been used in particle-size-resolved absorption measurements
(Khalizov et al., 2009). With respect to fully integrated de-
vices, a photoacoustic instrument capable of indicative size-
selectiveness was recently developed by Ajtai et al. (2023).
The size selection is based on the measurement of phase
shift between the modulation of the light and the resulting
photoacoustic signal. The key benefit compared to other dis-
cussed systems is that the size selection is essentially per-
formed within the domain of the photoacoustic instrument
itself; it does not rely on “external” means of classifying par-
ticle sizes, and therefore, many of its design and operation
characteristics remain fairly simple (e.g. no data inversion re-
quired). However, until further improvements are made, the
size-resolving power of this method remains limited in com-
parison to traditional DMAs or AACs.

To date, there appears to be no established method for
the measurement of particle-size-resolved light absorption.
In comparison to the previous implementations, the main ad-
vantages of the DMA–CEPAS are its high level of instrument
integration and sensitivity, as well as the aerosol-phased mea-
surement. As noted in Sect. 1, Karhu et al. (2021) demon-
strated the noise-equivalent absorption coefficient (1σ ) of the
CEPAS to be 0.013 Mm−1 (= 1.3× 10−10 cm−1) in a 20 s
integration time. Nevertheless, the DMA–CEPAS requires
more development and testing. For example, its adaptation
to field measurements may require re-configurations in sys-
tem running parameters, although the standalone version of
the CEPAS without the DMA has been used successfully in
the field (Karhu et al., 2025). Additionally, re-visiting the in-
strument calibration using gas- and particle-phase references
would be beneficial.

4 Summary and conclusions

A method for the measurement of particle-size-resolved
light absorption was developed. A key instrument used
was a highly sensitive and fast three-wavelength cantilever-
enhanced photoacoustic spectrometer (CEPAS) adopted for
particle measurements, which was coupled with a con-
ventional differential mobility analyser (DMA) to enable
size-resolved measurement. The laboratory validation of the
DMA–CEPAS system showed high comparability (R2 >

0.94) against the Mie-modelled reference light absorption of
atomised nigrosin particles. An important aspect of the sys-
tem configuration was found to be the particle loss function
used in inversion calculation. Despite utilising both experi-
mental and theoretical approaches, the initial estimation of
the loss function differed slightly from what the compari-
son to the Mie reference absorption indicated. Furthermore,
despite calibrating the CEPAS prior to the experiments, the

measured absolute absorption levels for the blue and green
wavelengths deviated from that of the Mie-predicted values.
Therefore, re-calibration is necessary before deploying the
system to outdoor measurements, for example.

To the authors’ best knowledge, the introduced DMA–
CEPAS is a unique system capable of measuring particle-
size-resolved light absorption with moderately fast speed
(< 5 min sample duration) in aerosol phase and in real-life
absorption levels. This enables intriguing opportunities for
future studies, such as those investigating particle ageing
and the so-called lensing effect. The uncertainties related to
these complex processes hinder the trustworthiness of cli-
mate change predictions, and therefore, systematic research
in this area is warranted. While black carbon ageing, coat-
ing, and absorption enhancement are key applications mo-
tivating the broader development of this methodology, the
present study only focused on nigrosine as a simplified test
case for demonstrating the validity and feasibility of the ap-
proach. Possible future developments could include the in-
tegration of DMA–CEPAS with particle mass measurement
using a centrifugal particle mass analyser. This would allow
more detailed investigations of particle morphology, which
is – besides particle size – an essential factor controlling par-
ticle light absorption and light absorption enhancement.
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Drinovec, L., Močnik, G., Zotter, P., Prévôt, A. S. H., Ruck-
stuhl, C., Coz, E., Rupakheti, M., Sciare, J., Müller, T., Wieden-
sohler, A., and Hansen, A. D. A.: The “dual-spot” Aethalome-
ter: an improved measurement of aerosol black carbon with real-
time loading compensation, Atmos. Meas. Tech., 8, 1965–1979,
https://doi.org/10.5194/amt-8-1965-2015, 2015.
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