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Abstract. This study experimentally investigated the influence of aggregate morphology on soot light absorption. Fresh soot
was generated using an inverted-flame burner and compacted through controlled humidification—drying cycles to isolate the
effects of structural transformation from those of chemical composition or coating. Size-resolved absorption measurements
were performed at three wavelengths (440, 516, and 635 nm) using a cantilever-enhanced photoacoustic spectrometer
(CEPAS) coupled with a differential mobility analyzer (DMA) and a centrifugal particle mass analyzer (CPMA). For small
particles, the absorption cross-section increased after compaction but decreased for larger particles, with the wet-to-dry
absorption ratio transitioning from values above unity to below unity as particle mass increased. The tipping point occurred
in the 1-2 fg mass range, corresponding to a volume-equivalent diameter of approximately 102—129 nm for spherical
particles at a soot material density of 1.8 g cm™. This behavior suggests a competition between near-field dipole—dipole
coupling, which enhances optical absorption in moderately compact aggregates, and optical shielding, which suppresses
absorption in highly compact structures. The findings are consistent with theoretical predictions and numerical studies of
aggregate optics, providing experimental evidence for morphology-dependent absorption transitions. These results
emphasize the importance of accurately representing soot morphology in optical and climate models and motivate further

controlled experiments to disentangle the effects of structure, coating, and composition on soot radiative properties.

1 Introduction

Freshly emitted soot, a byproduct of incomplete combustion, forms chain-like aggregates composed of nanometer-sized
spherules or monomers (Michelsen, 2017; Sorensen, 2011; Wentzel et al., 2003). These aggregates exhibit a fractal-like
structure, with their optical and physical properties governed by their fractal dimension and the arrangement of individual
monomers (Bescond et al., 2013; Brasil et al., 1999). Once emitted into the atmosphere, soot undergoes various aging
processes such as condensation of secondary species, coagulation, and exposure to varying humidity levels (Khalizov et al.,
2009; Pagels et al., 2009; Zhang et al., 2008). These processes drive morphological transformations, typically compacting

the soot aggregates from open, lacy structures into smaller, near-spherical forms (Adachi et al., 2010; China et al., 2013,
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2015). Such restructuring often coincides with particle growth and coating formation, both of which modify the way soot
interacts with radiation (Cappa et al., 2019; Liu et al., 2017; Matsui et al., 2018).

The consequences of these transformations on optical properties are commonly described in terms of light absorption
enhancement, also known as the lensing effect, where the absorption cross-section of aged soot exceeds that of fresh soot
(Cappa et al., 2012; Lack et al., 2009). This enhancement is driven by multiple concurrent mechanisms, including refractive
focusing by non-absorbing coatings, internal multiple scattering, and near-field electromagnetic interactions among
monomers (Fuller, 1995; Liu et al., 2008; Scarnato et al., 2013). Absorption enhancement factors ranging from
approximately 1 to 3.5 have been reported, depending on the coating thickness, particle morphology, and mixing state (Liu et
al., 2017, 2015; Peng et al., 2016; Wu et al., 2018; Zhang et al., 2018).

Despite these advances, the isolated influence of morphology, separated from coating and compositional effects, remains
poorly constrained. Numerical and experimental studies have yielded conflicting results: while several works report that
aggregate compaction enhances absorption through increased electromagnetic coupling (Dong et al., 2015; Luo et al., 2018;
Romshoo et al., 2021; Yon et al., 2015), others find that increasing compactness suppresses absorption due to optical
shielding within dense aggregates (Kahnert and Devasthale, 2011; Scarnato et al., 2013). The interplay between these
mechanisms appears to depend strongly on particle size, wavelength, and fractal dimension, complicating attempts to
generalize morphology—optics relationships (Kahnert and KanngieBer, 2020). Furthermore, most laboratory investigations
have focused on coated or internally mixed soot, whereas systematic experiments isolating morphology-driven effects
remain scarce.

The present study addresses this gap by experimentally isolating the effect of morphological restructuring on particle size-
resolved light absorption. Fresh soot particles were generated using an inverted-flame burner and subsequently compacted
through a controlled humidification—drying cycle, mimicking structural evolution during atmospheric aging while avoiding
coating effects. Absorption measurements were conducted at three wavelengths using a Cantilever-Enhanced Photoacoustic
Spectrometer (CEPAS) (Karhu et al., 2021) coupled with a Differential Mobility Analyzer (DMA) and a Centrifugal Particle
Mass Analyzer (CPMA). By combining size-resolved optical data with independent mass and morphology metrics, the goal
is to provide quantitative insight into how morphology and particle size jointly affect absorption efficiency, thereby

supporting improved parameterizations of soot optical properties in climate and air quality models.

2 Materials and methods
2.1 Instrumentation

An inverted-flame burner (Miniature Inverted Soot Generator, Argonaut Scientific Corp., Canada) operated with a mixture
of ethylene gas and compressed air was used to generate fresh soot particles. The flow rates for ethylene and compressed air
were 0.081 L min-1 and 9 L min-1, respectively. These flow rates produce an open-tip flame, which generates an abundance

of particles; the measured mode of the number size distribution was at ~180 nm and the respective peak concentration was
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~2.5 x 104 ¢cm-3 (these particle properties may vary depending on the sampling configuration used, e.g. different dilution
rates). Further details on the burner design and its operating regimes can be found in Bischof et al. (2020), Kazemimanesh et
al. (2019), and Moallemi et al. (2019), which provide thorough evaluations of operating parameters and resulting particle
properties.

A Cantilever-Enhanced Photoacoustic Spectrometer (CEPAS) in conjunction with a Differential Mobility Analyzer (DMA)
was used to measure the particle size-resolved light absorption. The main difference between the CEPAS and conventional
photoacoustic spectrometers is its detector design. In CEPAS, the detection technique is based on a silicon cantilever whose
pressure-induced bending is measured optically using an interferometer. This allows for higher sensitivity (0.013 Mm-1
measured by Karhu et al. 2021) than what is typically achieved using stretching-based membrane microphones found in
conventional photoacoustic instruments. In addition, CEPAS also measures the sample only when the detector cell is closed:
apart from a separate bypass flow, no continuous flow passes through the CEPAS detector. The sample exchange process is
controlled using valves, which periodically divert the sample flow either through the cell or through the bypass line. A single
measurement point takes 10 seconds to measure; 5 seconds for cell flushing and sample stabilization and 5 seconds for the
measurement itself. Both the bypass and sample flow rates were 0.3 L min-1. The wavelengths used with CEPAS are 440,
516, and 635 nm. A summary of the technical specifications of the CEPAS is shown in Table 1. Moreover, studies by Karhu
et al. (2021, 2025) provide comprehensive characterizations for the cantilever-enhanced photoacoustic technique. Although
absolute measurement accuracy was not critical in this study, the CEPAS was calibrated using nigrosin reference particles
and Mie-modelling prior to conducting experiments. The detailed process and results of the calibration can be found in
Kuula et al. (2025).

For the DMA, a long-column (TSI Inc., USA) was used together with aftermarket high-voltage and sheath flow controls to
provide additional functionality. The whole DMA-CEPAS system was operated using a custom LabVIEW program. The
sheath flow was maintained in a closed-loop arrangement with a manually adjustable blower. Temperature and relative
humidity (RH) in the sheath flow loop were monitored with a Sensirion SHT75 sensor (Sensirion AG, Switzerland).
Downstream of the DMA, a model 3776 Condensation Particle Counter (CPC, TSI Inc., USA) operated alongside the

CEPAS to monitor particle number concentrations. The operating parameters of the DMA are listed in Table 1.
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Table 1. CEPAS and DMA Kkey specifications and running parameters. The CEPAS wavelength-specific parameters (e.g. laser

power) are listed in the order of blue, green, and red.

CEPAS

Detector type Silicon cantilever whose position is measured using interferometer
Acoustic cell type and dimensions Cylindrical; length 90 mm, diameter 4 mm

Laser wavelengths 440, 516, and 635 nm

Operation frequencies 85, 125, and 135 Hz (non-resonant type)

Laser powers 300, 210, and 130 mW

Response time Adjustable, min. 10 s

DMA

Sheath flow rate 6 L min!

Aerosol flow rate (CEPAS and CPC) 0.6 L min’!

Dy min. 100 nm

D, max. 500 nm

Number of size steps (bins) 12

All particle sizes 100, 116, 134, 155, 180, 208, 241, 278, 322, 373, 432, and 500 nm

A Centrifugal Particle Mass Analyzer (CPMA, Cambustion Ltd., UK) was used to measure particle mass. Knowing particle
mass, it is possible to derive particle effective density (defined as particle mass divided by the particle electrical mobility
diameter-based spherical volume) and hence an approximation of the particle morphological state. Moreover, the mass also
enables calculation of a dynamic shape factor, which in this study was used to represent particle morphology numerically
(see section 2.3 Data processing). It is worth noting that morphology (shape) affects the particle mobility diameter, and
therefore particles passing through the DMA with fixed voltage are not the same if the particle is in fractal form or if it is in a
more compact spherical form. That is why the data analysis in this study was carried out as a function of particle mass and
not as a function of particle electrical mobility diameter (see section 2.3 Data processing). This approach assumes that
particle mass remains unchanged during the humidification—drying process. The CPMA was operated downstream the DMA
and prior to the CPC. Each mobility diameter was scanned for peak mass with the scan range adjusted individually for each

mobility diameter.

2.2 Sampling and sample treatment

A diagram of the sampling configuration is shown in Figure 1. The generated fresh soot particles were first fed through a

cyclone to remove larger particles (Dp > 2.5 um) from the aerosol stream. However, the collection cup of the cyclone, as
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well as the sample lines downstream of it, were found to be covered in black powdery soot after only a few hours of
operation. It was therefore concluded that coagulation-induced particle growth, and thus particle sizes larger than the cyclone
cutoff, were likely present in the sample aerosol regardless to some extent. After the cyclone, the sample was diluted in a
custom diluter at a ratio of 3:5 (sample flow 3 L min™', dilution flow 5 L min™'). An analog differential pressure meter was
used to measure and adjust the sample aerosol flow entering the diluter. Following dilution, either dry (RH <5%, compressed
air) or humidified (RH >95%, a bubbler using de-ionized water) air at a flow rate of 3 L min™! was introduced to control the
sample humidity and restructure soot morphology prior to entry into the Potential Aerosol Mass (PAM) chamber.

The PAM chamber itself is a cylindrical pipe with a diameter of 22 cm and a length of 46 cm (total volume ~ 13.3 L,
corresponding to a sample residence time of approximately 3 min 48 s). Unlike in this study, the PAM chamber is typically
used to induce oxidation and photochemical aging of aerosols by applying ultraviolet (UV) irradiance and mixing the sample
with volatile organic compounds (VOCs). In the present work, however, the PAM chamber was used solely as a
conditioning platform to facilitate future comparisons with more complex aging studies. An additional carrier flow of 4 L
min~' was passed through the PAM. The sample RH was measured immediately downstream of the PAM chamber using a
Vaisala HMP60 humidity and temperature probe (Vaisala Oyj, Finland) and subsequently reduced using a silica gel dryer.
This step ensured stable and valid CEPAS measurements and minimized any potential optical artifacts caused by residual
water on the particles. For clarity in terminology, the term “wet sample” used here and elsewhere specifically refers to a
“wet-then-dried” sample; the objective of this study is to isolate only the effect of soot morphological changes. The entire
sampling configuration was operated under slight overpressure by restricting the excess flows.

Due to practical limitations (instrument availability and software synchronization), the measurements were conducted in two
phases. First, size-resolved light absorption was measured for both wet and dry aerosols. Subsequently, in the second phase,
the particle masses were quantified using the CPMA. A typical, single experiment was conducted as follows: the soot
generator was started and left to stabilize for 30 mins. After stabilization, the flow rates and the RH levels within the system
were checked, and if cleared, the measurement for dry conditions was started. Upon reaching halfway through the day, the
humidifier (i.e. bubbler) was switched on and the sample humidity level was left to stabilize. After reaching sufficient
humidity level (>90 %) at the PAM chamber, the measurement was continued for the rest of the day. This measurement

protocol was the same for both phase 1 and 2.
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Figure 1. Particle generation setup and sampling configuration in phases 1 and 2.

To ensure comparability between the wet and dry aerosol absorption measurements, the absorption was normalized by the
particle number concentration to obtain per-particle absorption cross-section (o). This metric was then used to calculate the
wet-to-dry absorption ratio (Gwet/Cdry). Data were filtered to retain only clearly defined wet and dry conditions: measurements
with RH > 80% were considered wet, and those with RH < 20% were considered dry. Outliers in the per-particle absorption
were removed using the median absolute deviation (MAD) criterion with a factor of 3, meaning that points more than three
medians away from the group median were excluded. The MAD is a robust statistic that reduces the influence of single
extreme outliers, which can otherwise distort outlier detection when using standard deviation—based methods (Leys et al.,
2013). This data processing procedure was applied across all particle sizes and all three CEPAS wavelengths, resulting in a
total of 4797 valid data points. For these points, the average RH values for the wet and dry conditions were 95.0 £+ 1.6% and
17.3 £ 1.4% (mean * standard deviation), respectively. The relatively high RH in the dry sample (compared to <5% in
compressed air) is due to water vapor produced by the burner combustion process.

Similarly to effective density, the dynamic shape factor () describes the morphology of a particle — and more specifically —

the deviation of a particle’s acrodynamic or mobility behavior from that of an idealized sphere of the same volume (DeCarlo
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et al., 2004). For mobility-based measurements in the transition regime, where slip effects are significant, y is defined as (Eq.

1):

AdmCc(dve)
— dmtclve) 1
dve CC (dm) ( )

where d.. is the volume-equivalent diameter (i.e., the diameter of a sphere with the same volume as the particle), dm is the
mobility-equivalent diameter measured by the DMA, and C. is the Cunningham slip correction factor. The volume-

equivalent diameter can be obtained from particle mass (m;) by assuming spherical geometry and unit density (Eq. 2):

1

dye = (‘ﬂ)5 )

Tpg

where po is the unit (or material) density of soot (1.8 g cm™ used in this study; Bond and Bergstrom, 2006). The slip

correction factor was calculated using the standard Davies (1945) parameterization (Eq. 3):
22 -1 1D_p
c.(D,)=1+ E(1.257 +0.40e”"127) 3)

where A is the mean free path of air under experimental conditions (A = 66 nm, corresponding to T =20°C and p = 1 atm).
For soot which consists of fractal-like agglomerates, 7 is significantly larger than unity, reflecting their irregular morphology
and increased drag. Upon restructuring at elevated RH, particles become more compact, and  approaches unity, indicating
behavior closer to spherical particles. In this study, x was calculated for each mobility diameter selected by the DMA using
the corresponding peak mass measured with the CPMA. This approach allowed morphology to be quantified consistently
across the particle size range and directly related to the measured per-particle absorption.

As noted in the Instrumentation section, all data analysis and presentation in this study were carried out as a function of
particle mass rather than electrical mobility diameter. This choice was necessary because morphological differences between
wet and dry particles cause the relationship between mobility diameter and particle mass to differ. Consequently, direct
comparison of absorption at fixed mobility diameters would not correspond to the same physical particles. To enable a
consistent comparison, the measured absorption data were interpolated by fitting suitable functional forms separately for the
wet and dry conditions. Different goodness-of-fit criteria, including summed-square error (SSE) and root-mean-square error
(RMSE), were evaluated to select the most appropriate fitting functions. The wet-to-dry absorption ratio was then calculated
as the pointwise division of the two fitted curves at identical particle masses. The functional forms used for fitting are

presented in the figures.
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Uncertainty estimation for the per-particle absorption cross-section ratio Gwei/Gary, Which was obtained as the pointwise
division of the two fitted curves, was performed by propagating the standard deviations of the fitted o values. For each
particle mass bin, per-particle absorption means and standard deviations were first calculated separately for both dry and wet
conditions. The standard deviations of the wet and dry o were interpolated onto the common mass grid, and standard error

propagation was applied, as follows (Eq. 4):

2
A (Jwet> ~ Owet (Aawet)z + (Agdry) (4)
Odry Jdry Owet Odry
where A denotes standard deviation.

3 Results and discussion
3.1 Soot morphological transformation

The soot particle effective densities as a function of particle mass for wet and dry particles are shown in Figure 2. For
reference, the measured wet and dry particle masses along with their corresponding mobility diameters are also listed in
Table 2. In both wet and dry cases, the effective density was highest at the smallest particle sizes and decreased
systematically with increasing mass. For wet particles, the effective density decreased from 690 to 173 kg m™, whereas for
the dry particles the corresponding decrease was from 579 to 130 kg m™. These values are in an agreement with previous
studies reporting fresh soot effective densities (e.g. Leskinen et al., 2023). In relative terms, the wet particles were
approximately 21-65% denser across the measured size range, as shown by the dashed black line. Overall, the effective

density data indicates that wet particles underwent restructuring and transformed into a more compact morphology.
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200  Figure 2. Effective density (mean + standard deviation) of wet and dry soot particles as a function of particle mass, together with
the wet-to-dry effective density ratio.

Table 2. The measured masses of wet and dry particles and their corresponding mobility-diameters.

Mobility diameter (nm) 100 116 134 155 180 208 241 278 322 373 432 500
Wet mass (fg) 036 047 073 1.1 15 20 28 3.6 48 7.0 86 11
Dry mass (fg) 030 040 063 086 12 17 23 28 37 50 63 85

The effective density trends are consistent with the particle dynamic shape factors (y), which are shown in Figure 3. As
205 expected, y increased with particle size for both wet (from 1.8 to 2.9) and dry (from 2.0 to 3.6) conditions, indicating the
increasing branching and overall shape complexity with growing mobility diameter and mass. For reference, the often-

reported fractal dimension (Dy) of wet and dry particles was 2.16 and 2.06, respectively. The fractal dimension was derived

9
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from the mass—mobility relationship m, a d,,°f (Olfert et al., 2007; Schmidt-Ott et al., 1990; Skillas et al., 1998) using a
least-squares fit with a power-law relationship. The approach is equivalent to the formulation by DeCarlo et al. (2004),
which relates the volume-equivalent diameter to mobility diameter through d,,.* o d,,,”f. Dry particles consistently exhibited
higher y values compared to wet particles, but the difference remained modest. This implies that while restructuring reduces
porosity and increases compactness, residual morphological irregularities remain even after humidification and drying. One
contributing factor is the inherently hydrophobic nature of soot, which limits the extent of restructuring during
humidification (Mikhailov et al., 2006). The ywe/yary ratio indicates that the difference in wet and dry particle morphology,
however, grows stronger with increasing particle size. Together with effective density measurements, these findings confirm
that humidity-driven restructuring systematically alters soot morphology, with more pronounced relative effects in the larger

particle sizes.

10
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220  Figure 3. Dynamic shape factors (y) of wet and dry soot particles as a function of particle mass, together with the ratio ywet/ary-
For data fitting, particle mass was mapped to logl0 space prior to fitting a quadratic polynomial separately for wet and dry
conditions.

3.2 Particle size-resolved absorption cross-sections and their ratios.

Measurements for the size-resolved per-particle light absorption are shown in Figure 4. The three different panels correspond
225 to the different CEPAS wavelengths, each showing the measured wet and dry per-particle absorption cross-sections with

standard deviations, their fitted curves and the wet-to-dry absorption ratio. The shaded background around the dashed black

line represents the propagated standard deviation of the ratio, calculated as described in Section 2.3.

The wet-to-dry absorption ratios show a decreasing trend across all wavelengths: from 1.38 to 0.76 in the blue, from 1.29 to

0.88 in the green, and from 1.21 to 1.00 in the red. The red channel exhibits the flattest profile, reaching a ratio of ~1 at ~1.6

230 fg and remaining near unity at larger particle masses. Interestingly, the ratios for all wavelengths cross below 1 in the 1-2 fg
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mass range, which corresponds to a volume-equivalent diameter of ~102—129 nm for spheres at a soot density of 1.8 g cm™.
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Figure 4. Per-particle light absorption cross-sections (o) of wet and dry soot particles at three wavelengths (440, 516, and 635 nm)
as a function of particle mass, together with the wet-to-dry absorption ratio (6wet/6ary). The black shaded background corresponds
to the propagated standard deviation of the ratio. For data fitting, both particle mass and absorption cross-sections were mapped
to logl0 space prior to fitting a quadratic polynomial; the fitted curves were then exponentiated to obtain values on the original

linear scale.
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The observed decrease in the wet-to-dry absorption ratio from values above unity to below unity suggests a complex
relationship between light absorption and particle morphology. For the smallest particles, the humidification—drying cycle,
i.e. compaction, appears to enhance absorption, whereas for larger particles the effect reverses, despite the compaction
process being stronger at higher masses in relative terms. This is evidenced by the effective density and dynamic shape
factor data. The reversal likely results from multiple competing effects. One intuitive explanation is that more compact
particles are effectively “darker”, in the sense that they contain fewer voids and force light to traverse more bulk material. At
the same time, compaction reduces the physical size of the particle, thereby reducing its projected cross-sectional area
available for absorbing light. In this interpretation, the increase in cross-sectional area of more open (dry) aggregates
eventually outweighs the enhanced “darkness” of compacted particles, leading to the observed decline in the wet-to-dry
absorption ratio at higher particle masses.

A similar interpretation has been proposed by Liu et al. (2008), although their results are not directly comparable to those
presented here, as their study modelled the absorption cross-section as a function of the fractal dimension rather than particle
mass. In their framework, the term “darkness” used above corresponds to the increasing electromagnetic interaction among
monomers as the aggregate becomes more compact. A more detailed theoretical description to this is provided by Liu et al.
(2013) and Mulholland et al. (1994), who explain that, for small aggregates, dipole—dipole coupling among adjacent
monomers enhances the local exciting field, which consequently increases absorption. These dipole—dipole coupling effects
can also be understood as near-field interactions or multiple scattering within the aggregate. Although this enhancement of
absorption for small compact aggregates is consistent with the present findings, Liu et al. (2013) also discussed the so-called
shielding effect, whereby the outer monomers of a compact aggregate block light from reaching the inner monomers and
hence reduce overall absorption. If assumed that more compact aggregates exhibit greater shielding efficiency at larger sizes,
this interpretation would also explain the observed behavior in this study. While this specific detail was not fully addressed
in Liu et al. (2013), similar considerations appear in the works of Dong et al. (2015), Luo et al. (2018), and Romshoo et al.
(2021), all of whom discuss the interplay of coupling and shielding effects and report broadly consistent trends.

There are, however, studies presenting partially conflicting conclusions. Modelling by Kahnert and Devasthale (2011) and
Scarnato et al. (2013) suggests that more open, fractal aggregates can exhibit higher absorption cross-sections than compact
ones for a given volume-equivalent size, and that this tendency holds even for smaller aggregates. Experimental results are
likewise mixed. For instance, Forestieri et al. (2018) and Radney et al. (2014) reported that the mass absorption cross-section
of soot was largely independent of particle collapse, implying that absorption may be insensitive to changes in particle
morphology. In contrast, other experimental work, such as Corbin et al. (2022) and references therein, observed measurable
morphology-dependent variations in soot absorption. Among studies focusing on coated soot, many have reported absorption
enhancement factors near unity for uncoated particles (e.g. Liu et al., 2017; Peng et al., 2016; Wu et al., 2018). While such
results could be interpreted as evidence for size- and morphology-independence, the optical and structural properties of bare

soot were not the primary focus in those works and thus remain less constrained experimentally.
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In addition to these more conventional modelling studies, another branch of research has investigated the effects of minor
structural features—that is, deviations from idealized point-contact aggregates—on soot optical properties. These features
include heterogeneity in monomer size, surface roughness/irregularity, necking, and overlap. Of these, necking and overlap
have received the most attention, as they directly affect the connectivity and local packing of monomers and can therefore be
regarded as expressions of particle compactness. In idealized models, spherical and identical monomers are typically
assumed to be in point contact with one another, whereas transmission electron microscopy images of real soot often show
irregularities and partially fused or overlapping primary spheres (e.g. Moallemi et al., 2019). For a detailed discussion of the
parameterization of necking and overlap, the reader is referred to Bescond et al. (2013, 2014) and Brasil et al. (1999).

Similarly to studies presented above, the results of those investigating the effects of necking and overlap are mixed:
increased aggregate compactness may result in either increase or decrease in absorption depending on several different
factors. Yon et al. (2015) reported that necking and overlap significantly decreased absorption at near UV but slightly or
moderately increased it at longer wavelengths. Likewise, Doner et al. (2017) reported an increase in absorption at
wavelengths in the visible and near-infrared regions. Skorupski and Mroczka (2014) found that the effect of overlap peaks at
a certain degree of contact (Cow = 0.18) and then decreases; the peak position depends on the aggregate’s total volume and
refractive index, suggesting that electromagnetic resonances within the inter-monomer gaps play an important role.
Variations in the refractive index were shown to shift the position of this peak, which they attributed to wavelength-
dependent field enhancement near the contact regions. In contrast, Teng et al. (2019) concluded that the optical effects of
such structural variations are primarily linked to their influence on total aggregate volume or mass, leading to only modest

(~5%) changes in mass-specific optical properties.

4 Summary and conclusions

This study experimentally investigated the effects of morphological transformation on the light absorption properties of soot.
Fresh soot particles were generated using an inverted-flame burner and subsequently compacted through a controlled wet—
dry cycling procedure. Absorption measurements were performed at three wavelengths using a Cantilever-Enhanced
Photoacoustic Spectrometer (CEPAS) coupled with a Differential Mobility Analyzer (DMA) and a Centrifugal Particle Mass
Analyzer (CPMA). The combined setup enabled determination of the particle effective density, dynamic shape factor, and
mass-resolved absorption cross-sections. Although primarily designed as a laboratory-based proof-of-concept, the study
provides quantitative insight into how soot morphology and particle size jointly influence absorption efficiency.

The results showed that for small particles the absorption cross-section increased after humidification—drying but decreased
for larger particles, with the wet-to-dry absorption ratio transitioning from values above unity to below unity across the
particle mass range. This crossover behavior suggests a complex interplay between soot compactness and optical response.
The findings are consistent with the theoretical framework in which absorption is governed by two competing effects:

dipole—dipole coupling and optical shielding. At moderate compaction, reduced inter-monomer spacing enhances near-field
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electromagnetic coupling, increasing the local field strength and, consequently, the absorption cross-section. At higher
compaction and increased physical size, however, outer monomers increasingly screen the interior of the aggregate from
incident radiation, leading to reduced absorption despite the stronger structural collapse. The results of this study thus
experimentally capture this transition between coupling-dominated and shielding-dominated regimes, which has been
predicted by earlier modeling studies (e.g., Liu et al., 2008; Mulholland et al., 1994; Dong et al., 2015; Luo et al., 2018).
Despite these consistencies, soot optical behavior remains an area of ongoing debate. Some previous experimental and
numerical studies have reported minimal or no dependence of absorption on aggregate morphology, or higher absorption for
more open (fractal) structures even at smaller aggregate sizes (e.g., Kahnert and Devasthale, 2011; Scarnato et al., 2013;
Forestieri et al., 2018). Such discrepancies likely arise from differences in particle generation methods, degrees of
compaction, coating state, and the treatment of minor structural features such as monomer necking and overlap, which can
influence the optical coupling strength. These variations highlight the need for standardized experimental approaches and
controlled morphology-only studies to isolate the contribution of structure from that of composition.

A key limitation of the present work was the relatively weak morphological collapse of the soot aggregates, which was likely
influenced by their inherent hydrophobicity. The inverted-flame burner used in this study operates on clean gaseous fuels,
producing nearly pure elemental carbon with minimal surface functional groups or condensed organics. Such “bare” soot is
highly hydrophobic and thus resists restructuring during humidification—drying cycles. In contrast, soot containing more
oxidized or organic components tends to collapse more readily. A stronger restructuring—potentially achievable through the
introduction of organic coatings or partially oxidized soot—might have amplified the observed differences in absorption.
Additional sources of uncertainty include the assumption of constant particle mass throughout the humidification—drying
process.

Overall, the findings demonstrate that morphological transformation alone can alter soot absorption in a non-monotonic
manner, with enhancement for smaller aggregates and suppression for larger, more compact ones. This highlights the
importance of particle morphology as an independent variable in soot optical modeling and climate-relevant radiative forcing
assessments. Future work should aim to extend these observations across a broader range of soot types and humidification
conditions, and to combine controlled laboratory experiments with numerical modeling to develop a more unified

understanding of soot light absorption.

Data availability

All measurement data are available on Zenodo: https://doi.org/10.5281/zenodo.17379625. For more details, contact Joel
Kuula (joel. kuula@helsinki.fi or joel.kuula@fmi.fi).
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