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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, including particle size. To 15 

investigate the lensing effect, this study introduces and validates a novel method and technique for measuring size-resolved 

light absorption of particlesmeasurements using nigrosin particles as a model system. The method combines a three-

wavelength Cantilever-Enhanced Photoacoustic Spectrometer (CEPAS) with a Differential Mobility Analyzer (DMA) to 

achieve particle-size-resolved measurements. Nigrosin, a well-characterized, spherically shaped, and water-soluble material, 

was selected to demonstrate the feasibility and precision of the approach. The system showed strong agreement (R² > 0.94) 20 

with Mie-modelled absorption, confirming its reliability. While the broader motivation for this work lies in advancing 

techniques for studying ageing, coating, and absorption enhancement in black carbon and other atmospheric aerosols, the 

present study serves as a foundational step by validating the methodology in a controlled, 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 the absorption enhancement.The key instrument in this method is a 3-wavelength Cantilever-25 

Enhanced Photoacoustic Spectrometer, which is a fast and sensitive tool that measures absorption directly in the aerosol 

phase. By coupling the CEPAS with a conventional Differential Mobility Analyzer, particle-size resolved measurements are 

achieved. Evaluation of the developed system showed a strong correlation (R² > 0.97) with Mie-modelled light absorption of 

nigrosin reference particles, paving the way for intriguing new opportunities in future studies. 

1 Introduction 30 
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Light-absorbing particles, such as black carbon (BC) and brown carbon (BrC), have an important role in the climate system 

of EarthEarth’s climate system. In contrast toUnlike many other aerosol types that primarily scatter light, these particles 

absorb solar radiation, contributing to atmospheric warming and thus warm the surrounding climate (Bond et al., 2013). 

Additionally, They they also influence the optical properties of clouds, change reduce surface albedo, and alter accelerate the 35 

melting of snow and ice (Lohmann et al., 2020; Qian et al., 2015). Given their relatively short atmospheric lifetimes In 

comparisoncompared to long-lived greenhouse gases like carbon dioxide, mitigating the emissionslifespan of light-absorbing 

particles in the atmosphere is relatively short due to deposition, and therefore sustained reduction in their emissions 

representspresents a potential short-term strategy for mitigating addressing climate change (Xu and Ramanathan, 2017). 

Despite their significance, aerosol particles in general impose a relatively largeremain a source of considerable uncertainty in 40 

the estimations of radiative climate forcing estimates. Global climate models employed in the 6th Assessment Report of the 

Intergovernmental Panel on Climate Change (IPCC) attribute a direct radiative forcing (DRF) of -0.22 Wm-2 (-0.47 to 0.04, 

5-95 % 'very likely range') to aerosol particles (Forster et al., 2023). In contrast, certain satellite and ground-based 

observations have estimatedobservational estimates have suggested the corresponding DRF to be 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 45 

the complex nature of particle ageing and the subsequent optical transformation, which are difficult to measure and model 

comprehensively across different regions and time periods (Li et al., 2024; Sipkens et al., 2023). 

Black carbon Particles 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 characteristics 

can be derived mathematically from those of the individual spheres (Michelsen, 2017; Romshoo et al., 2021). As the 50 

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 deposition 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 transformation, and the consequent higher-than-predictedincrease in light absorption, is 

referred to as the light absorption enhancement or lensing effect. Previous studies have shown that the light absorption 55 

enhancement factor, which scales the DRF, can vary between 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 influencing 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 60 

separate (externally mixed), are also important (Liu et al., 2017). Recent theoretical studies suggest that, above all, particle 

size may be a key factor to consider  (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 hypothesized that climate models’ unrealistic approximation of uniform distribution of 
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coating material across different sized particles is a source of discrepancy, and that in reality, the growth rate of a particle is 65 

nonlinear and dependent 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 characteristics to consider are sensitivity and speed of the absorption 

measurement. Among cCandidate techniques are include filter photometers (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)(e.g. Arnott et al., 1999), both of 70 

which are available in several different commercial instruments. Filter photometers are robust and widely used especially in 

air quality studies (e.g. Helin et al., 2018; Luoma et al., 2021). However, depositing particles on a filter may cause 

morphological changes in particles and thus alter their optical properties (Collaud Coen et al., 2010; Virkkula et al., 2007). 

Consequently, previous studies have suggested avoiding these instruments in studies of particle coating and absorption 

enhancement (Cappa et al., 2012; Lack et al., 2008, 2009). Photoacoustic spectrometers may not be as common as filter 75 

photometers, but they measure absorption directly in the aerosol phase without disturbing the sample (assuming no phase 

change when exposed to the laser). Photothermal interferometry as well as a method known as extinction-minus-scattering 

(EMS) is also a technique that do 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. Similarly to the 

photoacoustic effect, this causes the sample to heat up and increase the temperature of the surrounding air. The increased 80 

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 measured scattering coefficient from the measured extinction coefficient. Traditionally, 

the measurements of these two coefficients 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 85 

is its traceability, it suffers from the occurrence of large subtractive error amplification, especially for scattering aerosols, 

and, as does the photothermal interferometry, from the relatively low sensitivity (Drinovec et al., 2022; Modini et al., 2021). 

This makes them better suited for studies investigating particle optical properties specifically.  Besides measurement 

sensitivity and speed, the ability to measure absorption in multiple different wavelengths is important as it enables the 

investigation of spectral dependency and thus aerosol composition. However, This this feature is often readily available in 90 

both filter photometers and photoacoustic spectrometersmany of the previously discussed instrument types. 

Development in photoacoustic spectroscopy research has led to a detection technique, where the conventional microphone is 

replaced with a miniature silicon cantilever (Kauppinen et al., 2004). Unlike the stretching-based membrane microphone 

used in conventional instruments, the cantilever responds to the photoacoustic wave generated inside the sample cell by 

bending, which allows for a larger linear motion. Furthermore, the position of the cantilever is measured optically using an 95 

interferometer. These features allow for a have a higher measurement sensitivity than previously demonstrated photoacoustic 

spectrometers and filter photometers; for instance, a noise equivalent detection limit (1σ) of 50 ppt in 1 s integration time 

was achieved in NO2 detection using a visible light source (Peltola et al., 2015). With respect to aerosol studies, Karhu et al. 
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(2021) demonstrated noise equivalent absorption coefficient (1σ) of 0.013 Mm-1 (= 1.3 × 10−10 cm−1) in 20 s integration time 

for the measurement of atomized nigrosin particles. 100 

This study introduces a method and a technique to measure size-resolved light absorption of particles. A key instrument in 

the developed method is a 3-wavelength Cantilever-Enhanced Photoacoustic Spectrometer (CEPAS), which is coupled with 

a conventional Differential Mobility Analyzer (DMA) to enable particle-size resolved measurement. With the developed and 

fully integrated DMA-CEPAS instrument, a laboratory experiment is conducted to explore the validity of the concept: size-

resolved light absorption of atomized nigrosin reference particles is measured, and the results are compared to that of the 105 

Mie-modelled light absorption. Nigrosin is a well-characterized, water-soluble material that forms spherical particles when 

atomized. While the broader motivation for this work lies in advancing techniques for studying ageing, 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 particles, to explore 110 

phenomena such as absorption enhancement. 

 

2 Materials and methods 

2.1 Size-resolved light absorption measurement 

2.1.1 Cantilever-enhanced photoacoustic spectrometer (CEPAS) 115 

 

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., 2024)Karhu et al. (2024), 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 minimized to the extent 120 

that is possible: used sample tubes and fittings are as large as possible with a minimum number of bends in them. The 

interaction volume of the photoacoustic cell is 4 mm in diameter and 90 mm long hollow cylinder, through which a laser 

beam is shone. The measurement cell is closed during the measurement (no continuous flow through the cell during 

measurement), which increases the measurement time. In practice, a obtaining a single measurement point can be 

obtainedtakes in approx. 10 – 20 s, which includes sample intake and cell flushing and involves several sequential steps: 125 

sample intake, a brief stabilization 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. (2024), where the sample is drawn to the cell using a secondary pump and a T-junction 
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connected to the main sample flow. The laser source (RGB laser module by Opt Lasers, Tomorrow’s System Sp. z o.o., 130 

Poland) uses three different wavelengths (measured at 439.5, 516, and 635 nm) and they are multiplexed 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 standard 135 

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 independent 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 140 

of approximately 420 nm and has relatively low absorption cross-section beyond 650 nm. Further details on the calibration 

of the CEPAS are also discussed extensively in another study by Karhu et al. (2024). 

 

 

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 145 
beam (e.g. the beam hits the cell walls) leads to increased noise. The acoustic signal is recorded with the interferometer.  
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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 Aluminum with nickel coating 

Cell window material Antireflection-coated fused silica planar windows 

Cell window angle 35° (with respect to 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) 

 

2.1.2 CEPAS coupling with a Differential Mobility Analyzer (DMA) 

 150 

To obtain particle size-resolved data, the CEPAS was coupled with a long-type DMA column (TSI Inc., USA). The general 

operating principles of a DMA are described in Hoppel (1978). The high voltage and sheath air flow controls were replaced 

with aftermarket components for practical purposes, 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 humidity were also measured (SHT75, Sensirion AG., Switzerland) from the 155 

sheath flow. 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) sample flow pumps. This arrangement and all the running parameters are 

described in more detail in section 2.2. 

In the initialization phase, the LabVIEW program takes in the physical dimensions of the DMA, aerosol and sheath air flow 

rates, and the desired range of particle size distribution. It then proceeds to calculate the corresponding DMA voltages. A 160 

measurement scan (i.e. a complete size distribution measurement in which all the different particle sizes are measured one-

by-one) begins with a background correction for the CEPAS: the DMA voltage is adjusted to zero, and the resulting CEPAS 
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response is set as the zero background. Throughout the measurement process, the program iterates through DMA voltages 

incrementally, starting from the lowest and progressing to the highest. Upon completing the scan, the program conducts 

another zero-background check for the CEPAS. The DMA voltage stepping and the CEPAS sample exchange were 165 

configured to avoid measuring transient events in the DMA output. Each measurement step lasted 20 seconds, which 

included DMA voltage change, CEPAS cell flushing and stabilization, and a 5-second measurement. The time delay for 

particles to travel from the DMA to CEPAS was approximately 8 seconds. For a full scan comprising 12 steps (i.e., 12 

different particle sizes, see Table 2 for the exact particle sizes), the total measurement duration was 4 minutes and 40 

seconds (12 measurements and two zero-background checks). 170 

 

2.1.3 Data processing 

 

For the size distribution measurement to represent true conditions, 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, 175 

and the probability of multiply charged particles passing through the charge neutralizer 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 minimize 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 180 

in Table 12). 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 explanation 

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 ranging 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 185 

using a CPC. The results, shown in Fig. 2, indicated minimal to negligible losses for particles between 50 and 400 nm, with a 

slight increase in losses for sizes above larger than 400 nm. However, The observeda 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 artifact as this offset was not observed in the modelling results.   

The root cause for this offset was estimated to be small flow channels and tube fitting sizes (inner diameter 2 mm), resulting 190 

which resulted in significant system under-pressure within the system., and therefore lower-than-expected number 

concentrations when sampling through the CEPAS. When sampling through the CEPAS, the CPC indicated a pressure of 

approximately 0.50 atm compared to 0.90 atm during bypass measurements. Literature suggests that CPCs may undercount 

particles under low-pressure conditions (Bauer et al., 2023). Since the current photoacoustic cell is a commercial component 

originally designed and manufactured by Gasera Ltd. for trace gas measurement, redesigning and optimizing the flow 195 
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channels for aerosol-phase measurements 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 the 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. 200 

Only inertial type losses were considered as diffusion losses for particles larger than 50 nm were deemed negligible. 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 offset compensated 

and to which a 2nd order polynomial fit was applied. Further discussion about the particle size-dependency of the DMA-205 

CEPAS is provided in the Results section. 

 

 

Figure 2. CEPAS sampling losses as a function of particle size derived from the experimental and modelling studies. 
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 210 

2.2 Laboratory validation 

 

The evaluation of the DMA-CEPAS instrument was carried out by comparing its measured light absorption size distribution 

to the Mie-modelled light absorption size distribution, 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 215 

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 12). 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 coefficients (𝑏𝑎𝑏𝑠). 

 220 

𝑏𝑎𝑏𝑠(𝜆) = ∫ 𝑄𝑎𝑏𝑠(𝜆, 𝐷𝑝, 𝑚)
𝜋𝐷𝑝

2

4
𝑛(𝐷𝑝)         (1) 

 

Where 𝜆  is the wavelength, 𝐷𝑝  is 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 theory one must know the particle size and particle number concentration as well as the refractive 225 

index of the particle material. The reference particles 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 indices used in the Mie 

calculations in this study are shown in Table 12. To noteNotably, Drinovec et al. defined provided these values for 

wavelengths of 450, 532, and 633 nm, which are differ slightly different than from the CEPAS laser wavelengths of 439.5, 

516, and 635 nm. However, this was considered an acceptable compromise as no better estimates, to the authors’ best 230 

knowledge, were availableTo account for this, a 2nd degree polynomial fit was applied to the original data, allowing 

extrapolation and interpolation of the refractive indices for the CEPAS wavelengths. Additionally, 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 attenuation of light within the particle and 

therefore essentially defines the particle’s light absorption. Nigrosin is often used in light absorption instrument testing as 235 

there is literature available describing its optical properties and because it forms spherically shaped particles when 

aerosolized and dried (Drinovec et al., 2022; Lack et al., 2006). Particle sphericity is an assumption of Mie 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 240 

were conducted separately with all the different dilution ratios. After dilution the sample aerosol was fed through the pre-



10 

 

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 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. 

 245 

Figure 3. A schematic of the experimental setup. 
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Table 12. 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 parenthesis 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 

Atomizer 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 + 0.167i156i (0.152i–0.161i) 

Nigrosin refractive index (516 nm) 1.62 60 + 0.223i216i (0.209i–0.222i) 

Nigrosin refractive index (635 nm) 1.75 + 0.231i (0.224i–0.237i) 

 250 

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. 255 

The three panel rows 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 scenarios, 

respectively. The different line colors 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 background 260 

area the respective standard deviation. The standard deviation (statistical uncertainty) of the Mie absorption is derived from 

the CPC measurement. The Mie theory itself is deterministic. 
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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 7.17.2 % (range 

of 3.2-133.7-12 %) and the geometric standard deviations (GSDs) 2.92.8 % (range of 0.6-6.8 %). With respect to the 265 

maximum measured absorption levels, the blue shows on average 17 23 % higher, the green 35 39 % higher, and the red 9.0 

% lower maximum absorption levels compared to the respective Mie-modelled values. The statistical uncertainty of the 

CEPAS is higher than the Mie-modelled in all dilution scenarios and wavelengths as seen in the figure info panels. 

 

270 
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Figure 4. Light absorption size distributions measured and modelled with 10, 15, and 20 L min-1 dilution flow rates. The line colors 

correspond to different wavelengths of the CEPAS, and the dashed black line is the Mie reference absorption. The solid line 

indicates the measurement mean and the shaded background area the respective standard deviation. The standard deviation of 

theblack shaded area of the Mie absorption is a sum of the standard deviation of the CPC measurement and the ±3 % uncertainty 275 
of the imaginary part of the refractive index. derived from the uncertainty of the CPC measurement. The abbreviation “DR” 

stands for “dilution ratio”. 

 

3.1.2 Correlation 

 280 

Scatter plots, where the data from the different dilution ratio scenarios have been combined, are shown for different 

wavelengths in Fig. 5. The solid black line shows 1:1 relation and the dashed black line the fit for ordinary least squares 



14 

 

regression. The error bars represent standard deviations. Overall, the CEPAS and Mie-modelled absorption show 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 normalized and ordinary root-mean-square errors (NRSME, RMSE) are 285 

276.8 % and 7.5 Mm-1, respectively. The respective values for the blue and green wavelength are 30.939 % and 10 12 Mm-1 

and 56.562 % and 19 20 Mm-1. 

 

Figure 5. Scatter plots showing the correlation between the CEPAS and Mie-modelled light absorption. The info panels show the 290 
regression functions, the coefficient of determinations (R2), and normalized and ordinary root-mean-square errors (NRMSE and 

RMSE, respectively). 

 

3.2 Particle size-dependency 

 295 

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 linear regression, 

shows a decreasing trend. This indicates that as the particle size decreases, the CEPAS-measured absorption increases more 300 

than the Mie-modelled absorption. Since 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 inversion. 
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To address the size-dependent response, a correction procedure was applied to the original loss function. The linear 

regression shown in Fig. 6 (dashed black line) and in Equation 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 305 

first element of the array. This calculation is shown in Equation 3. 

 

𝑦𝑖 =  −0.00176 ∗ 𝐷𝑝,𝑖 + 1.65          (2) 

𝐶𝑖 =
𝑦𝑖

𝑦1
             (3) 

 310 

𝐷𝑝,𝑖 is the particle size of the ith bin in nanometers. The corrections factors 𝐶𝑖 were multiplied with original loss function 

values to scale the slope of the regression function to zero. A slope of zero indicates that the relative difference between the 

CEPAS and Mie-modelled absorption has no particle size-dependency. The corrected size-dependency scatter plot and the 

corrected loss function are shown in Fig. 7 panels a) and b), respectively. 

 315 
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Figure 6. Particle size-dependency of the CEPAS illustrated as a ratio of CEPAS absorption divided by Mie absorption. A value of 

one 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. 320 
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Figure 7. Corrected scatter plot of the DMA-CEPAS size-dependency and the corrected loss function used in the inversion. 

 325 

Figure 8 shows the light absorption size distribution profiles calculated using the re-formulated loss function. Additionally, 

these data have been corrected using ordinary least squares regression. In comparison to the baseline validation, the 

similarity of the GMD and GSD improved: on average the GMDs differ now 2.83.1 % (7.1 2 %) and the GSD 2.71 % (2.89 

%) (previous values in parenthesis). Likewise, the maximum absorption levels between the CEPAS and Mie-modelled now 

differ on average 10 % (17 %), 5.5 % (35 %), and 5.7 % (9.0 %) for the blue, green, and red, respectively. The 330 

corresponding scatter plots with data combined from the different dilution scenarios are shown in Fig. 9. The R2 values 

indicate an increased correlation in across all wavelengths: blue improved from 0.97 to 0.98, green (from 0.96 to 0.98,) and 
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red (from 0.94 to 0.97.) wavelengths. For the blue wavelength the R2 value remained the same (0.97). Good and consistent 

performance was shown at all wavelengths, the NRMSE and RMSE values now being 5.5 Mm-1 (10 Mm-1) and 17 % (30.9 

%) for the blue, 5.2 Mm-1 (19 Mm-1) and 15.2 % (56.5 %) for the green, and 4.8 Mm-1 (7.5 Mm-1) and 17.3 % (26.8 %) for 335 

the red wavelength. However, the metrics for accuracy deteriorated for the blue and green wavelengths. 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 wavelength. 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. 

 340 
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Figure 8. Final particle size-corrected and calibrated light absorption size distributions measured with the DMA-CEPAS. 



22 

 

 345 

Figure 9. Final particle size-corrected and calibrated light absorption data measured with the DMA-CEPAS. The solid black line 

indicates 1:1 relation. 

 

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

 350 

Currently, the most technologically advanced and commercially available devices for measuring size-resolved light-

absorbing particles include the Single Particle Soot Photometer (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 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., vaporizes only at very 355 

high temperatures) and its coating thickness using techniques based on light scattering and incandescence (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 explicitly measure particle light absorption, which is an essential aerosol parameter when 

considering the impact of light-absorbing particles on climate. 360 

More conventional light absorption measurement instruments have been employed for size-resolved light absorption 

measurements in various ways. For example, a method involving sample collection using a multi-stage impactor followed by 
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optical or chemical analysis (e.g., measurement of transmission or methanol/water extraction and spectrophotometer 

measurement) has been utilized 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-hour) 365 

and does not produce real-time data. Moreover, depositing particles on a filter may cause morphological changes and thus 

alter their optical properties, as discussed in the introduction. 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 photometer. 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 370 

same as those of the manual sample collection: the deposition of particles on a filter as well as the temporal resolution 

arising from the sensitivity and speed of the measurement. Comparatively, similar studies where a photoacoustic 

spectrometer has been used instead of a filter photometer are also available (Chakrabarty et al., 2007; Forestieri et al., 2018; 

Slowik et al., 2007a, 2007b). The focus of these studies has been in the investigation of particle ageing, coating, and 

absorption enhancement in a laboratory setting. To the degree that can be interpreted from the experimental descriptions, the 375 

DMA (used in these cases) has not been integrated with the spectrometer with respect to instrument control and data 

processing. Although this deviates from the DMA-CEPAS design, the end result is practically the same. The EMS method 

discussed in the introduction has also been used in particle size-resolved absorption measurements (Khalizov et al., 2009). 

With respect to fully integrated devices, 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 380 

the light and the resulting photoacoustic signal. The key benefit compared to other discussed systems is that the size-

selection is essentially performed within the domain of the photoacoustic instrument itself; it does not rely on “external” 

means of classifying particle sizes and, therefore, many of its design and operation characteristics remain fairly simple (e.g. 

no data inversion required). However, until further improvements are made, the size-resolving power of this method remains 

limited in comparison traditional DMAs or AACs. 385 

 

To date, there appears to be no established method for the measurement of particle size-resolved light absorption. The DMA-

CEPAS introduced in this study is novel in a sense that the utilization of photoacoustic spectroscopy, to the authors’ 

knowledge, has not been carried out previously. In comparison to the previous implementations, the main advantages of the 

DMA-CEPAS are its high level of instrument integration, sensitivity as well as the aerosol-phased measurement. As noted in 390 

the introduction, Karhu et al. (2021) demonstrated noise equivalent absorption coefficient (1σ) of the CEPAS to be 0.013 

Mm-1 (= 1.3 × 10−10 cm−1) in 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 system running parameters, although the 

standalone version of the CEPAS without the DMA has been used successfully in the field (Karhu et al., 2024). 

Additionally, re-visiting the instrument calibration using both gas- and particle-phase reference would be beneficial. 395 
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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 3-wavelength Cantilever-Enhanced Photoacoustic Spectrometer (CEPAS) adopted for particle 400 

measurements, which was coupled with a conventional Differential Mobility Analyzer (DMA) to enable size-resolved 

measurement. After calibration, tThe laboratory validation of the DMA-CEPAS system showed high comparability (R2 > 

0.9794) against Mie-modelled reference light absorption of atomized nigrosin particles. An important aspect of the system 

configuration was found to be the particle loss function used in inversion calculation. Despite utilizing both experimental and 

theoretical approaches, the initial estimation of the loss function differed slightly from what the comparison to Mie reference 405 

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. However, this discrepancy was ultimately 

resolved. 

To the authors’ best knowledge, the introduced DMA-CEPAS is a unique system capable of measuring particle size-resolved 410 

light absorption with moderately fast speed (< 5-min sample duration), in aerosol phase, and in real-life absorption levels. 

This enables intriguing new 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 climate change predictions, 

and therefore, systematic research in this area is warranted. While black carbon ageing, coating, and the absorption 

enhancement are key applications motivating the broader development of this methodology, the present study only focused 415 

on nigrosine as a simplified test case for demonstrating the validity and feasibility of the approach. Possible future 

developments could include the integration of DMA-CEPAS with particle mass measurement using a Centrifugal Particle 

Mass Analyzer. This would allow more detailed investigations of particle morphology, which is – besides particle size – an 

essential factor controlling particle light absorption and light absorption enhancement. 
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