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Abstract. The absorption coefficient of light absorbing aerosols is difficult to measure with low 
uncertainty and improvements of measurement procedures based on traceable calibration are needed. 
Reducing measurement artefacts can be achieved by using in-situ direct measurement methods such 
as photo-acoustic spectroscopy and photo-thermal interferometry. We developed a traceable 
calibration method based on monodisperse nigrosin particles. Nebulized nigrosin forms nearly spherical 25 
particles for which it is possible to calculate the absorption coefficient in the UV-NIR range using Mie 
theory. In the presented study, we have experimentally tested size- and mass-selection techniques 
using a differential mobility analyzer (DMA), a centrifugal particle mass analyzer (CPMA) and a tandem 
of both in series to compare Mie-calculated absorption coefficient with the measured one using the 
photo-thermal aerosol absorption monitor PTAAM, traceably calibrated with NO2. We observed that the 30 
nigrosin particle density changes with particle size. Because the absorption coefficient depends mainly 
on particle mass it is preferrable to base the Mie calculation on the measured particle mass instead of 
the mobility diameter. Calculated versus measured absorption coefficients differed by +5% to +11% for 
the DMA, -2% to -3% for the CPMA and +2% to +8% for tandem of the CPMA and the DMA. Combined 
standard uncertainties (coverage factor k=1) for PTAAM calibrated with monodisperse nigrosin particles 35 
selected by the DMA, the CPMA, and the CPMA and the DMA tandem are 6.9%, 5.8% and 5.2%, 
respectively. The optimal classification setup is a tandem of the CPMA and the DMA which avoids the 
systematic bias of both neutral (in the CPMA) and multiply-charged (in the DMA) particles and provides 
a high enough absorption signal. Experimentally the simplest selection method is based on the CPMA. 

 40 

  

https://doi.org/10.5194/egusphere-2026-1501
Preprint. Discussion started: 10 June 2026
c© Author(s) 2026. CC BY 4.0 License.



2 
 

List of Abbreviations  
 
PTAAM  Photo-thermal aerosol absorption monitor 
PTI  Photo-thermal interferometry 45 
PAS  Photo-acoustic spectroscopy 
TMPG  Traceable mobile permeation generator 
IR  Infrared 
UV  Ultraviolet 
DMA  Differential mobility analyzer  50 
Dp  Electrical mobility diameter 
CPMA  Centrifugal particle mass analyzer 
Dm  Mass equivalent diameter 
EMS  Extinction minus scattering 
CAPS  Cavity attenuated phase shift 55 
FCAE  Faraday cup aerosol electrometer 
CPC  Condensation particle counter 
babs  aerosol absorption coefficient 
 

1. Introduction 60 

Absorption and scattering of sunlight by ambient aerosol influence the Earth radiation budget and 
accurate and precise measurements are required to validate climate models (Bond et al., 2013; Zanatta 
et al., 2016; Saleh et al., 2018; Samset et al., 2018; Szopa et al., 2021). The aerosol absorption 
coefficient remains challenging to measure with low uncertainty and improvements in the measurement 
procedures based on a traceable calibration are needed (Vasilatou et al., 2025). The most common 65 
absorption instruments are filter photometers which measure attenuation of light transported through 
the filter on which particles are continuously collected. These methods suffer from various artefacts 
caused by the interaction of the particles with the filter matrix, such as cross-sensitivity to scattering 
(Collaud Coen et al., 2010), filter loading effect (Virkkula et al., 2007; Drinovec et al., 2015), multiple 
scattering within the filter (Weingartner et al., 2003), and size dependent response (Moteki et al., 2010; 70 
Yus-Diez et al., 2021; Romshoo et al, 2022; Drinovec et al., 2022; Yus- Díez et al., 2025). Such artefacts 
can bias derived intensive properties (eg., single scattering albedo) and aerosol absorption optical 
depth, propagating into uncertainties in aerosol direct radiative forcing. 

Reducing measurement artefacts is possible by using methods which are in-situ and direct, such as 
photo-acoustic spectroscopy (PAS; Arnott et al., 1999) and photo-thermal interferometry (PTI; 75 
Sedlacek, 2006; Drinovec et al., 2022). Measurement methods require calibration, which is usually 
performed with absorbing gases. The most common absorbing gas used for calibration of PAS is NO2, 
which absorbs strongly in the lower half of the visible wavelength range (Arnott et al., 2000; Schnaiter 
et al. 2023). However, NO2 absorption in the near-IR region is too low to allow calibration with sub-ppm 
concentrations. The main drawback with NO2 for calibration is reaction with the surface material, which 80 
reduces sample concentration in tubes and containers (Flores et al., 2021) and complicates the 
realization of stable, traceable reference concentrations. 

Ozone has also been used for calibration of photo-acoustic instruments; however, problems with photo-
dissociation and interaction with N2 have been reported (Bluvshtein et al., 2017; Davies et al., 2018; 
Fischer and Smith, 2018). Recently, Corbin et al. (2025) proposed a calibration with O2 at 760 nm, 85 
enabling calibration with ambient air.  The method is limited to a single wavelength. 
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An alternative calibration procedure is based on absorbing particles. For spherical particles with known 
size distribution and refractive index it is possible to calculate the absorption coefficient using Mie theory 
(Mie, 1908). A popular calibration material is a water-soluble version of nigrosin which can be nebulized 90 
to generate polydisperse spherical particles that absorb over a wide spectral range from the UV to the 
near-IR. The refractive index of the nigrosin sample must be predetermined, for example by using 
spectroscopy on thin films (Bluvshtein et al., 2017; Drinovec et al., 2022). Care should be taken due to 
differences in optical properties between batches of nigrosin (Foster et al., 2019). Foster et al. (2019) 
observed a good agreement between calculated and measured absorption of polydisperse nigrosin. 95 
Drinovec et al. (2022) used polydisperse nigrosin to transfer the calibration from the "green" (532 nm) 
to the IR channel (1064 nm). 

Calibration uncertainty can be further reduced by using monodisperse nigrosin particles (Radney and 
Zangmeister, 2015). To this end, the particle size has been selected using either an aerodynamic 
aerosol classifier (AAC) (Lawson et al., 2025) or a differential mobility analyzer (DMA) (Lack et al., 2006; 100 
Bluvshtein et al., 2017; Cotterell et al., 2020; Kuula et al., 2025).  

Here we develop and evaluate a traceable calibration method for aerosol absorption instruments based 
on monodisperse nigrosin particles.  In this study, we experimentally tested size- and mass- selection 
techniques using a DMA, a centrifugal particle mass analyzer (CPMA) and a tandem configuration of 
both in series. The DMA provides electrical mobility selection, whereas the CPMA enables mass 105 
selection; their tandem use constrains both size and mass simultaneously, improving control over 
particle properties used for calibration. We assess the performance of these approaches and discuss 
implications for reducing calibration uncertainty and improving intercomparability across absorption 
measurement techniques.  

 110 

2. Materials and methods 

2.1 Chemicals 

Nigrosin (Acid black 2, Nigrosin water soluble, CAS 8005-03-6) and ammonium sulfate (Mascagnite, 
ReagentPlus®, CAS 7783-20-2) were obtained from Sigma-Aldrich. Aqueous solutions of nigrosin and 
ammonium sulfate were prepared by dissolving chemicals in ultra-pure water (Milli-Q). Nigrosin 115 
solutions labeled Nig2 (0.1 g L-1) and Nig3 (1 g L-1) have been used for nebulization. 

Polystyrene beads (Sigma-Aldrich 433025ML-F) with a particle diameter of 95 nm ± 4% and a density 
of 1.05 g cm-3 were used to validate particle size and mass measurements. 

A bottle with a nominal amount fraction of 1 μmol mol-1 NO2 in synthetic air (Traceline, Messer Schweiz 
AG) was acquired for the PTAAM calibration. For calibration a Tedlar® SCV gas sampling bag (Sigma-120 
Aldrich) was filled with 10 L of sample from the bottle. 

 

2.2 Aerosol absorption measurements 

The absorption coefficient was measured using the version P02 of the PTAAM. The PTAAM P02 is 
based on version P01 described in Drinovec et al. (2022). Instruments differ in the pump lasers used 125 
for thermal excitation, with laser diodes (450 nm and 808 nm) being used in P02 instead of diode-
pumped solid-state lasers (532 nm and 1064 nm).  

The instrument was calibrated following the procedure described by Drinovec et al. (2022). In short, the 
450 nm channel was calibrated using a premixed sample of about 1 µmol mol-1 NO2 in synthetic air 
from the Tedlar bag filled with bottle sample. The exact amount fraction of the premixed sample was 130 
measured using a NO2 cavity attenuated phase shift analyzer (CAPS, Aerodyne Research Inc., USA), 
which was calibrated using the so-called traceable mobile permeation generator (TMPG, Haerri et al., 
2017). NO2 absorption was calculated based on the spectrum at 450 nm (pump beam) measured with 
a CCS100/M spectrometer (Thorlabs, USA) and the NO2 absorption spectrum from Vandaele et al. 
(2002). 135 
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The 808 nm channel was calibrated using polydisperse nigrosin particles transferring the calibration 
from the blue channel (450 nm) using the Mie calculated babs_808 nm/babs_450 nm ratio. Absorption 
measurements with the PTAAM were corrected for losses, 2% for NO2 and 5% for particles (Supplement 
S7). 

The PTAAM was running with 2-minute intervals containing 45 s of background absorption 140 
measurement, which was then subtracted from the measured total absorption. Typical instrument noise 
under controlled laboratory conditions (using filtered room air) is shown in Fig. 1 with 15 min average 
noise of 0.03 Mm-1. During actual experiments there are influences caused by e.g. pressure oscillations 
due to several instruments connected to the sample line, or by a possibility of larger variation in room 
temperature. Actual measurement uncertainty for 15 min experiments of 0.3 Mm-1 was determined by 145 
the variation of the absorption coefficient for the filtered sample. 

  

Figure 1. Allan deviation plot for absorption coefficient measured using filtered room air under stable 
laboratory conditions measured with PTAAM version P02. 

 150 

2.3 Aerosol generation and classification 

Nigrosin and ammonium sulfate aerosols were generated using the ATM 226 nebulizer (Topas GmbH, 
Germany) at sample flow of 3 L min-1 sample flow. The nebulizer was connected to a diffusion drier to 
reduce relative humidity below 30%. 

Particle mass was measured/selected using a centrifugal particle mass analyzer (CPMA, model Mk II, 155 
Cambustion Ltd.), as described by Olfert and Collings (2005). The distribution width is defined by a 
resolution parameter Rm=mp/FWHM, where mp is the selected particle mass and FWHM is full width at 
half maximum of the distribution. The CPMA was operated with positive polarity. 

Particle mobility diameter was measured/selected using a Vienna-type differential mobility analyzer 
(DMA, model 2083; TSI Inc., USA). The DMA was operated with negative polarity. 160 

A neutralizer with a Kr-85 source (model 3077A, TSI Inc., USA) was installed upstream of the CPMA 
and DMA to obtain the Boltzmann charge distribution in the aerosol sample. Particle charge was 
measured with Faraday-cup aerosol electrometer (FCAE, model 3068B from TSI Inc, USA). Particle 
number was measured with a condensation particle counter (CPC, model 3750; TSI Inc., USA).  

 165 

2.4 Data evaluation 

All aerosol concentrations were recalculated and reported at conditions of temperature and pressure of 
25 °C and 100 kPa.  
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Mie calculations were performed using MATLAB routines for homogeneous spheres (Mätzler, 2002). 170 
The refractive index of the Nigrosin batch was used in this study had been determined previously and 
was taken as 1.58 + i0.167 at 450 nm and 1.78 + i0.119 at 808 nm (Drinovec et al., 2022b) for the 
calculation of absorption coefficients. 

Measurement noise (standard error) was 0.1-0.2% for the CPC, 0.5-1.5% for the FCAE and 0.3-0.5% 
for the PTAAM. A typical experiment time series is shown in Supplement (Fig. S1).  175 

 

3. Results 

3.1 Density of nigrosin particles 

Particle density was measured for monodisperse particles whose mass mp was selected by the CPMA 
and mobility diameter Dp measured by the SMPS as shown in Fig. 2. The CPMA was run at Rm=10 180 
which resulted in distribution width of 10% of their selected mass. The number size distributions (Fig. 
3A) show two peaks corresponding to the mobility diameter of the doubly- and singly-charged particles. 
The distributions were fitted with two Gauss functions to obtain the peak mobility diameter. Effective 
particle density and particle volume were calculated based on the selected particle mass (Fig. 3A) and 
the mobility diameter, respectively. For nigrosin, the effective density increases with particle mass 185 
toward the nominal value of 1.6 g cm-3 (Moteki et al., 2010). Similar behavior was observed for the 
nebulized ammonium sulfate (Supplement - Fig. S2) but not for the 95 nm polystyrene beads, where 
the measured density agreed with the nominal value within 0.8% (Supplement – Table S1). The low 
experimental values in the particle density for nigrosin might be due to fusion of particles before being 
completely dry. Fused particles were found on nigrosin filter samples analyzed by SEM (Supplement – 190 
Fig. S5)  

Because the absorption coefficient depends mainly on particle mass, we decided to use the mass-
equivalent particle diameter Dm for Mie calculations, which is smaller than Dp for all the measured sizes 
(Table 1). The absorption coefficients calculated based on the measured mobility diameter results in 5-
20% higher values compared to calculations based on Dm. 195 

 

 

 

Figure 2. Schematic diagram of the experimental setup for particle density measurement. 

       200 
(A)                 (B) 

Figure 3. Electrical mobility number size distributions for nigrosin particles at different target masses (A), 
shown without correction for multiple charge. Nigrosin particle density (B) as a function of particle mass. 
Error bars represent measurement uncertainty of 9% (coverage factor_k= 1; 68% confidence interval). The 
dashed line represents a density of 1.6 g cm-3, as reported by Moteki et al. (2010). 205 
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Table 1. Measured mobility diameter Dp, effective density and mass-equivalent diameter Dm for nigrosin 
particles selected according to particle mass (mp). Uncertainties (k=1) for particle mass, mobility dimeter, 
effective density and mass equivalent diameter are 2%, 3%, 9.2% and 0.7%, respectively. 

mp (fg) Dp (nm) Effective density (g cm-3) Dm (nm) for ρ=1.6 g cm-3 

0.1 53.0 1.28 49.2 

0.3 75.2 1.35 71.0 

1 110.4 1.42 106.1 

3 157.4 1.47 153.0 

10 232.3 1.52 228.5 

 

3.2 Absorption of polydisperse nigrosin particles 210 

For a polydisperse distributions, the absorption coefficients calculated for each size bin were summed. 
These depend on the correct charge inversion algorithm which predicts the total particle number 
concentration from that obtained for singly-charged particles corrected for multiply-charged particles 
and diffusion losses. The calculated number and volume size distribution are shown in Fig 4A.  

The volume size distribution shows the presence of particles above 350 nm, which represent a non-215 
negligible fraction of total volume. Experiments with an impactor (not shown) failed to reduce the 
number of these particles, indicating an artefact related to limitations of the inversion algorithm. For the 
Mie calculation of the sample absorption, only particles smaller than 400 nm were used. 

Because of the nigrosin density size dependence (Fig. 3B), a size distribution based on the mass 
equivalent diameter Dm was used for the Mie calculation. The calculated absorption coefficient was 10% 220 
larger than the measured one at 450 nm (Fig. 4B). Because of the charge inversion, the uncertainty of 
particle number concentration for the polydisperse size distribution is 10% (Wiedensohler et al., 2018) 
which strongly influences the combined uncertainty for the calibration with polydisperse nigrosin (Table 
2). 

(A) (B)  225 

Figure 4. Measured particle size distributions of nigrosine aerosols (solution Nig2) shown as number-
based and volume-based distributions as a function of mobility diameter (A). Comparison between 
measured absorption coefficient and the absorption coefficient calculated using Mie theory based on the 
particle mobility diameter Dp and mass-equivalent diameter Dm (B). 
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3.3 Monodisperse nigrosin particles selected with a differential mobility analyzer (DMA) 

The first particle selection approach investigated in this study is based on size selection, performed 
using electrical mobility classification with a DMA. For each selected mobility diameter, the particle 
number concentration and absorption coefficient were measured using a CPC and a PTAAM, 235 
respectively (Fig. 5). DMA-based size selection is likely to remain the most common. However, electrical 
mobility selection intrinsically includes both singly charged particles at the target diameter and larger 
multiply charged particles with the same mobility, which must be considered when interpreting size-
resolved number, mass, and absorption measurements. To reduce the fraction of multiply‑charged 
particles (and the corresponding error), we shifted the selection to the descending side of the volume 240 
size distribution. This was achieved by nebulizing a more diluted nigrosin solution (Figure 6A). 

 

 

 

 245 

Figure 5. Schematic diagram of the experimental setup for particle size selection by differential mobility 
analyzer (DMA). 

We quantified the bias due to the multiply-charged particles, transmitted by the DMA, on the measured 
absorption coefficient.  The number of multiply-charged particles was determined by measuring the 
particle mass distribution using a CPMA followed by a CPC downstream of the DMA, essentially 250 
inserting the CPMA between the DMA and CPC in Fig. 5. The numbers of singly-, doubly- and triply-
charged particles were calculated by fitting Gauss functions to the measured distribution and integrating 
each peak (Supplement – Fig. S4). The absorption was then calculated as the sum of the absorption of 
singly-charged particles with mass m0, doubly-charged particles with mass 3.5*m0 and triply-charged 
particles with mass 6.6*m0. In our experiment, multiply-charged particles accounted for 15% and 25% 255 
of the total light absorption.  

To obtain sufficient signal when using a more diluted nigrosin solution for nebulization a relatively broad 
mass distribution (Rm=mp/FWHM=1.5) is used. This was achieved by sample-to-sheet flow ratio of 1.5 
L min-1/5 L min-1. For the selected particle distributions, we measured an absorption coefficient of 
approx. 20 Mm-1 (Figure 6B). The comparison between the measured and calculated absorption 260 
coefficients for three different particle sizes was based on the measured particle mass for each setting 
(Figure 6B). The calculated absorption after correction for multiply charged particles was higher than 
the measured one by 5%, 11% and 7% for particles with mass 0.7, 2.4, and 5.7 fg, respectively. 

(A) (B)  

Figure 6. Measured particle size distributions of nigrosin aerosols, generated by nebulizing nigrosin 265 
solution Nig2 (0.1 g L-1), shown as number based and volume-based distributions as a function of mobility 
diameter. Arrows show the selected mobility diameters (A). Comparison between the measured absorption 
coefficient and the calculated absorption coefficient based on the mass-equivalent diameter Dm (B). 
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3.4 Monodisperse nigrosin particles selected with a centrifugal particle mass analyzer (CPMA) 

The particles were selected with a CPMA and their charge is measured with a FCAE, as shown in Fig. 270 
7. Similar to the DMA, the CPMA transmits multiply-charged particles. In this experimental setup, 
however, the mass of the charged particles is directly proportional to their charge, so that the measured 
current closely corresponds to the particle mass concentration. The absorption coefficient of two 
particles with the selected mass differs from one particle with double mass because the mass 
absorption cross-section slowly increases with size (Supplement Fig. S3), at the selected mass of 1 fg 275 
the difference is 2%. Because the fraction of the multiply charged particles is several times smaller 
compared to the singly charged particles the error is smaller than 1% and the correction was not applied.  

 

 

 280 

 

Figure 7. Schematic diagram of the experimental setup for particle mass selection using a centrifugal 
particle mass analyzer (CPMA). 

 

The width of the mass distribution of the CPMA-selected particles depends on the resolution parameter 285 
Rm. At low Rm, we obtain higher particle number and absorption, together with neutral particles that leak 
through the classifier. These neutral particles are expected to have low mass, but their exact number 
and corresponding absorption is difficult to predict (Johnson et al., 2013). The relative number of neutral 
particles can be reduced by selecting the particles on the ascending part of the particle volume 
distribution. This was achieved by nebulizing a more concentrated nigrosin solution (Figure 10A). 290 

(A) (B)  

Figure 8. The absorption coefficient of total and neutral-only particles transmitted through the CPMA for 
different values of the resolution parameter Rm(A). Comparison between measured absorption coefficient 
and the absorption coefficient calculated, based on mass-equivalent diameter Dm, for different particle 
masses selected by means of a CPMA with Rm=15 (B). 295 

Neutral particles were analyzed by running the sample through an electrostatic precipitator (DMA set 
to a voltage of -10000 V without the sheath flow). When running the CPMA at Rm=3, neutral particles 
represent 2.6% of the total absorption (Fig. 8A). At higher Rm values, the absorption due to neutral 
particles is negligible. A final comparison between measured and calculated absorption was performed 
for Rm=15 (Fig. 8B). There is a good agreement between the measured and calculated absorption which 300 
is lower by 2-3%. As discussed above, the Rm=7 setting would be sufficient to eliminate neutral particles 
and would double the absorption signal. 
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3.5 Monodisperse nigrosin particles selected with the tandem CPMA and DMA setup 305 

In the tandem setup, particles are first selected by mass using the CPMA and then filtered by setting 
the DMA to the peak mobility diameter for the selected mass point. For example, we set the CPMA to 
select 1 fg particles, then the DMA should be set to mobility diameter of 110.4 nm for nigrosin particles. 
The main advantage of this setup is the elimination of neutral and multiply-charged particles. Neutral 
particles are filtered out by the DMA. Multiply-charged particles are likewise not transmitted because 310 
the CPMA and DMA behave differently: in the CPMA multiply-charged particles have multiple masses 
(2*m0, 3*m0, …) but in the DMA these particles appear at their multiple mobilities (for m0=1 fg we obtain 
a mobility diameter of 93 nm and 80 nm for doubly- and triply- charged particles). 

 

 315 

 

 

Figure 9. Schematic diagram of the experimental setup for particle size selection using a tandem of 
centrifugal particle mass analyzer (CPMA) and differential mobility analyzer (DMA). 

 320 

Because the neutral particles are removed, it is possible to set CPMA to lower resolution Rm and to 
obtain higher absorption signal. We run the classifiers CPMA with Rm=5 and DMA with Rm=3. Without 
neutral and multiply charged particles it was possible to measure the particle concentration using CPC 
instead of FCAE with the advantage of lower measurement noise. The results show that the calculated 
absorption is higher than the measured one by 8%, 5% and 2% for 1 fg, 3 fg and 10 fg particles, 325 
respectively (Fig. 10B). 

(A) (B)  

Figure 10. Measured particle size distributions of nigrosin aerosols, generated by nebulizing nigrosin 
solution Nig3 (1 g L-1), shown as number based and volume-based distributions as a function of mobility 
diameter. Arrows show the selected mobility diameters (A). Comparison between measured and 330 
calculated absorption coefficient based on mass-equivalent diameter Dm (B). 
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3.6 Uncertainty analysis of the PTAAM (version P02) for different calibration schemes 

The uncertainty in the absorption coefficient measured with the PTAAM results from calibration method 335 
and instrumental uncertainties (Table 2). The combined uncertainty is calculated as the square-root of 
the linear sum of squared standard uncertainty components for a coverage factor k=1 (68 % confidence 
interval).  

The calibration of the 450 nm channel depends strongly on the uncertainty in the NO2 amount fraction 
in the calibrating gas mixture. For NO2 mixtures produced by the TMPG, the standard uncertainty of the 340 
NO2 amount fraction is below 2% (Haerri et al., 2017). The uncertainty budget from Drinovec et al. 
(2022) is updated here with the uncertainty of the NO2 absorption spectrum (Vandaele et al., 2002; 
Orphal and Chance, 2003). For nigrosin particles, the uncertainties in the real and imaginary part of the 
refractive index (2% and 3%, respectively) result in a 2% uncertainty of the calculated absorption 
coefficient. The uncertainty in the measured number size distribution by the SMPS, which affects the 345 
calculation of polydisperse nigrosin absorption, is 10% (Wiedensohler et al., 2018). The influence of the 
size distribution on the absorption ratio babs(808 nm)/babs(450 nm) is lower, having 4% uncertainty. 
When monodisperse nigrosin is produced with DMA, the calculated absorption coefficient must take 
into account the multiply charged particles which account for 15-25% of absorption. We accessed 5% 
additional uncertainty in the calculated absorption coefficient caused by errors in multiple-charge 350 
correction. 

Table 2. Sources of uncertainty and combined standard uncertainties (for 68% and 95% confidence 
intervals CI) of the absorption coefficient of PTAAM, which was traceably calibrated with gas and 
particles. Combined uncertainties were calculated using independent uncertainty components. 

Source of uncertainty  Uncertainty 
k=1 (68% CI) 

Uncertainty 
k=2 (95% CI) 

A: NO2 amount fraction  2%  

B: Absorption cross-section of NO2  2%  

C: Mie calculation & nigrosin refractive 
index 

 2%  

D: Influence of particle size distribution 
error on absorption ratio  
babs(808 nm)/babs(450 nm) 

 4%  

E: Particle number size distribution 
measured by SMPS 

 10%  

F: CPC measurement uncertainty  3%  

G: FCAE measurement uncertainty  4%  

H: DMA uncertainty after charge correction  5%  

I: CPMA mass uncertainty  2%  

J: Scattering and absorbing gases  1%  

K: Stability of PTAAM response  3%  

Combined uncertainties Contributions   

PTAAM 450 nm: calibration with NO2 A, B, J, K 4.2% 8.4% 

PTAAM 450 nm: polydisperse nigrosin C, E, J, K 10.7% 21.4% 

PTAAM 808 nm: NO2 + polydisperse 
nigrosin 

A, B, C, D, J, K 6.2% 12.4% 

Monodisperse nigrosin – DMA C, F, H, J, K 6.9% 13.8% 

Monodisperse nigrosin – CPMA C, G, I, J, K 5.8% 11.6% 

Monodisperse nigrosin – CPMA + DMA C, F, I, J, K 5.2% 10.4% 

 355 
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The uncertainty in the particle number concentration measured by the CPC depends on the calibration 
and flow measurement, resulting in 3% uncertainty (Wiedensohler et al., 2018). Due to high noise at 
low sample flow, a 4% uncertainty was used for the FCAE. The uncertainty in mass selection by the 
CPMA is 2% (Titosky et al., 2019).  360 

Instrument operation can be influenced by the scattering artefact (0.1% as reported by Drinovec et al., 
(2022)) and the presence of absorbing gases; absorption of gas fraction is measured on filtered sample 
and subtracted from the total absorption, however interactions from the adsorbed gas are also possible. 
The uncertainty contribution from the stability of the instrument response (3%) was determined by 
Kalbermatter et al. (2022).  365 

 

4. Discussion 

A combination of DMA and CPMA has been extensively used in the past to measure the 
effective/material density of aerosols such as soot and organics. For nigrosin, we found that the particle 
density differed from the 1.6 g cm-3 value reported by Moteki et al. (2010), with the difference being 370 
higher for smaller particles. Particle density strongly influences modeled absorption when calculated 
using the measured mobility diameter. To determine the correct particle absorption coefficients, a 
particle mass (or mass-equivalent diameter) should be used in the Mie calculations. Due to variable 
particle density, a mass classifier (CPMA) is preferred over a size classifier (DMA). Consequently, the 
Mie-calculated absorption of polydisperse nigrosin, taking into account the correct density, agrees 375 
within 10% with absorption measurements obtained with the PTAAM. The main source of uncertainty 
in the modeled absorption coefficient of polydisperse nigrosin is the charge correction in the SMPS. 
The calculated k=1 uncertainties for calibration with monodisperse nigrosin using a DMA, a CPMA or a 
tandem of the CPMA and the DMA in series are much lower (6.9%, 5.8% and 5.2%, respectively) 
compared to the calibration with polydisperse nigrosin (10.7%). The lower uncertainty for monodisperse 380 
nigrosin leads to lower differences between measured and calculated absorption. 

When using a DMA for size selection, we have to correct for multiply-charged particles. To reduce the 
number of multiply-charged particles, it helps to select particles on the right side of the volume size 
distribution. This requires nebulizing a more diluted nigrosin solution. To obtain a high enough particle 
number concentrations, the resolution of the DMA must be decreased, which can reduce the accuracy 385 
of the monodisperse aerosol approach. The influence of multiple-charge with a DMA selection can be 
reduced by the impactor which removes bigger particles (Bluvshtein et al., 2017; Kuula et al., 2025).  

When using a CPMA, we have to account for the contribution of neutral particles. Their contribution can 
be reduced by increasing the concentration of the nebulized nigrosin solution and using a sufficiently 
high Rm value (Rm>7). Experimentally, calibration using a CPMA and FCAE is the simplest and requires 390 
no additional instrumentation. The highest absorption signal can be obtained using a tandem of the 
CPMA and the DMA for which there is no contribution from neutral and multiply-charged particles, and 
a medium Rm value can be used for both classifiers. A comparison between different methods is 
summarized in Table 3. 

Particle size selection can also be performed using the AAC, resulting in a much higher absorption 395 
signal compared to the CPMA and the DMA, because for the AAC the particles are not filtered by 
charge (Lawson et al. 2025). A monodisperse particle size distribution can also be produced using a 
combination of unipolar charger and CPMA (Titosky et al., 2019). Unipolar charger produces a narrow 
distribution of highly charged particles resulting in a particle mass several times bigger than the CPMA 
setpoint, with the mass depending on the particle size and morphology (Hassim et al., 2025). For both 400 
selection methods an additional classifier is needed to determine the resulting particle mass. 
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Table 3. A comparison between the absorption calibration methods used in this study, based on 
polydisperse nigrosin particles and monodisperse nigrosin particles selected using a DMA, a CPMA or a 405 
tandem configuration of CPMA and DMA. 

 Polydisperse Monodisperse 
 / DMA CPMA CPMA+DMA 
Resolution parameter Rm 0.1 1.5 15 CPMA:5, 

DMA:3 
babs_450 nm (Mm-1) 887 25.2  

(mp=2.4 fg) 
14.5  

(mp=1.9 fg) 
38  

(mp=3 fg) 
babs calculated vs. 
measured 

+10% +5 to +11% -2% to -3% +2% to +8% 

Postprocessing Density 
correction 

Multiple 
charge 

correction 

/ / 

Needed instrumentation DMA, CPMA, 
CPC 

DMA, CPMA, 
CPC 

CPMA,  
FCAE 

DMA, CPMA, 
CPC 

Uncertainty (k=1) 10.7% 6.9% 5.8% 5.2% 
 

 

5. Conclusions 

Measured nigrosin particle density differed by up to 20% from the reference value of 1.6 g cm-3. Because 410 
the absorption coefficient depends mainly on particle mass it is preferrable to base the Mie calculation 
on the measured particle mass instead of the mobility diameter. 

Mie calculated absorption coefficient for polydisperse and monodisperse nigrosin particles at 450 nm 
was compared with measurements using the PTAAM, which was previously calibrated with NO2. 
Calibration of the absorption instruments with monodisperse nigrosin (selected with the CPMA or a 415 
tandem of the CPMA and the DMA) yields lower measurement uncertainty and better experimental 
agreement with measurements, compared to a polydisperse or a DMA selected sample.  

The DMA selection method suffers from uncertainties due to multiply-charged particles, resulting in 
higher uncertainty compared to other methods.  

The CPMA selection requires a high enough resolution parameter Rm value to avoid the influence of 420 
neutral particles. Application of high Rm results in a lower particle number (and corresponding 
absorption coefficient) available for the calibration.  

Configuration with a CPMA and a FCAE is the simplest calibration method because it requires only a 
CPMA and a FCAE without the need for post processing. The optimal classification setup is a tandem 
of the CPMA and the DMA in series which avoids the biases caused by neutral and multiply-charged 425 
particles and provides high absorption signal and lowest uncertainty.  
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