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Abstract. The hygroscopicity parameter k is important for assessing biomass-burning aerosol impacts on visibility, direct
radiative forcing, and cloud-related indirect effects. Discrepancies among « values derived from different methods have been
reported, but often separately across fuel types, burn phases, and experimental systems, limiting assessment of their consistency
and controlling factors. Here, we compare k derived from a cloud condensation nuclei counter (CCNC), a hygroscopicity
tandem differential mobility analyzer (HTDMA), and AMS—SP2 composition-based predictions within a single laboratory
framework. Fresh and aged biomass-burning particles were produced from four representative fuels: hardwood, softwood,
peat, and leaves, burned under smouldering or flaming conditions. CCNC-derived k systematically exceeded HTDMA-derived
«, with discrepancy magnitudes strongly dependent on fuel type and burn phase. Composition-based k generally fell between
CCNC and HTDMA values. Coupled effects of k size dependence and size representation, together with externally mixed non-
hygroscopic black carbon, affected discrepancies among the three approaches but only partly explained them. Using O:C-
informed Korg values instead of a constant Ko, = 0.1 consistently improved AMS—SP2 prediction accuracy relative to HTDMA
values in peat experiments only, by 16-59%, while substantial residual discrepancies remained. These results suggest the
presence of additional controlling factors not tested here, motivating measurements of surface-active species, particle phase
state, and co-condensation of soluble gases to potentially explain the remaining discrepancies in future work. They further
highlight the need for regime-aware k parameterizations in atmospheric and climate models, alongside careful treatment of

size representation, black-carbon inclusion, and K.r; assumptions in composition-based hygroscopicity predictions.
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1. Introduction

Biomass-burning (BB) aerosol particles originate from both natural and anthropogenic combustion sources, including
agricultural burning, biofuel use, and wildfires, and have well-established impacts on human health, air quality, and climate
(Andrea, 2019; Noyes et al., 2022). One key property governing these impacts is hygroscopicity, which describes the ability
of particles to absorb and retain water from the surrounding atmosphere (Tang et al., 2019). Hygroscopicity is controlled
primarily by chemical composition and, to a lesser extent, by particle size, with subsequent feedback on particle properties
during atmospheric processing (Wang et al., 2020; Wu et al., 2020). Through its influence on particle water-uptake behavior,
hygroscopicity affects aerosol optical properties, aqueous-phase chemistry, and cloud—aerosol interactions under both

subsaturated and supersaturated conditions (Petters and Kreidenweis, 2007; Zardini et al., 2008; Cai et al., 2018).

Under subsaturated conditions, hygroscopicity is commonly quantified via the hygroscopic growth factor (HGF), whereas
under supersaturated conditions, it is inferred from the ability of particles to activate as cloud condensation nuclei (CCN),
typically described by parameters such as critical supersaturation or activation diameter. These two regimes are associated
with different atmospheric roles: subsaturated growth is closely linked to visibility degradation and near-surface radiative
effects, while CCN activity governs cloud droplet formation and cloud radiative properties (Gysel et al., 2002; Wang et al.,
2023). Correspondingly, HGF is usually measured using a hygroscopicity tandem differential mobility analyzer (HTDMA)
(Swietlicki et al., 2008; Good et al., 2010), whereas CCN activity is measured using a differential mobility analyzer coupled
with a cloud condensation nuclei counter (DMA—-CCNC) (Tao et al., 2020). Both approaches enable direct, real-time

measurements of submicron aerosol hygroscopic behavior, but they probe fundamentally different humidity regimes.

To bridge hygroscopicity characterization across subsaturated and supersaturated conditions, the single-parameter
hygroscopicity framework, k, was introduced (Petters and Kreidenweis, 2007). The k parameter provides a unified description
of particle water uptake and CCN activation behavior and has been widely adopted in aerosol-cloud interaction studies and
climate modelling (Markelj et al., 2017). By design, « simplifies the representation of hygroscopicity without requiring detailed
molecular-level composition information, which is often difficult to obtain for complex atmospheric aerosols. For
multicomponent particles, k can be estimated using the Zdanovskii—Stokes—Robinson (ZSR) mixing rule as a volume-weighted

sum of the hygroscopicity parameters of individual components (Petters and Kreidenweis, 2007).

When chemical composition data are available, k can therefore be predicted using assumed fractional hygroscopicity values
for organic and inorganic components, often derived from aerosol mass spectrometry (AMS) measurements. This composition-
based approach has practical advantages, including high time resolution and operational simplicity relative to HTDMA and

CCNC measurements, and allows simultaneous access to chemically resolved aerosol properties (Wang et al., 2020). Although
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biomass-burning aerosols exhibit a wide range of reported « values, spanning from near-hydrophobic to highly hygroscopic
regimes (Alonso-Blanco et al., 2014), large compositional variability does not necessarily translate into large k variability. For
example, in organic-dominated aerosol regimes, k is relatively insensitive to detailed molecular composition and depends
primarily on the fraction of water-soluble, polar material (Petters and Kreidenweis, 2007; Mei et al., 2013; Haslett et al., 2019).

As aresult, AMS-based « prediction is increasingly used in laboratory and field studies.

Despite the conceptual appeal of k as a unifying parameter, the wide range of « values reported for biomass-burning aerosols
often shows limited comparability across studies, even when similar determination approaches are employed. Meanwhile,
variability in combustion conditions, fuel types, and experimental protocols—particularly those related to sampling, dilution,
and aging treatments—can strongly influence both initial and aged particle-phase and gas-phase compositions (Reid et al.,
2005; Hennigan et al., 2011; Laskin et al., 2015; Li et al., 2019; Syafira et al., 2026), likely further affecting the resulting
hygroscopicity. Across different k determination methods (HTDMA, CCNC, and chemical-composition-based prediction)
within the same or single experimental framework, discrepancies have been widely reported for various aerosol types (Gunthe
et al., 2009; Juranyi et al., 2010; Mei et al., 2013). However, for biomass-burning aerosols, such discrepancies are typically
discussed qualitatively and in isolation, often based on limited fuel sets, single burning conditions, or incomplete treatment of

aging and BC effects (Levin et al., 2010; Engelhart et al., 2012).

A recent study (Bai et al., 2026) tested and found agreement between subsaturated k and supersaturated k obtained from density
informed-QCM measurement and CCNC, respectively. However, it should not be interpreted as direct evidence that HTDMA -
derived x and CCNC-derived « would also agree, because QCM and HTDMA rely on different subsaturated water-uptake
measurements and retrieval assumptions. Additionally, though the fuel beds tested in their experiments were constructed to
mimic or replicate the real fuel conditions, there were no important isolated tests on different fuel types, like wood versus peat,
and different burn phases like flaming versus smouldering, to represent biomass burning under contrasting real-world burning
conditions, such as Indonesian smouldering peat fires (Chen et al., 2017) and the more varied non peat wildland fires in
California (Ward-Baranyay, et. al. 2025). All the tested smoke particles by (Bai et al., 2026) were composed predominantly of

organics at 97-98% - the typical compositions for dominantly smouldering particles.

The present study, therefore, aims to provide a structured inter-method evaluation of k values derived from HTDMA, CCNC,
and AMS-SP2-based chemical-composition prediction within a single controlled experimental framework, allowing for
separation from inter-study variability caused by different fuel and burn types, facilities, dilution histories, and ageing
protocols. By comparing multiple fuel types (leaves, peat, softwood, and hardwood) and combustion phases (smouldering
versus flaming), under uniformly applied fresh-to-aged conditions of up to 6 h, this work focuses on diagnosing the magnitude,
direction, and consistency of k discrepancies across methods. Systematic evaluation was conducted on the extent to which

commonly invoked factors—including size representativeness, assumed component k values, and black carbon treatment—

3
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can account for the observed differences. Rather than seeking full mechanistic closure, this study aims to develop a framework
to compare the k values derived from different hygroscopicity determination approaches of the measured biomass-burning

aerosol particles.

2 Method
2.1. Experimental Overview

The biomass burning (BB) study conducted in this study was part of a series of biomass burning experiments conducted at the
University of Manchester in April and September 2022 (Chen et al., 2025; Oghama et al., 2026; Oghama et al., 2025; Evan et
al., 2025; Evan et al., 2024). The experiments used the existing Manchester Aerosol Chamber (MAC, Shao et al. 2022),

connected to a commercial wood-burning heating stove (Esse 175F; https://www.esse.com/heating-products/stoves/esse-175-

/), located outside the laboratory building, as the combustion source. The stove’s catalytic filter compartment was removed
for these experiments. A range of instruments was connected to the chamber, either directly or indirectly. The main instruments
used in this study included Scanning Mobility Particle Sizer (SMPS), Hygroscopic Tandem Differential Mobility Analyzer
(HTDMA), Cloud Condensation Nuclei Counter (CCNC), Aerosol Mass Spectrometer (AMS), and single particle soot

photometer (SP2). These instruments were connected via a Nafion dryer to the MAC.

Figure 1 below illustrates the setup of the instruments used in this study. A complete schematic of the experimental setup for
the April and September 2022 biomass burning (BB) campaigns at the project at UoM is being prepared in a separate
manuscript. Generally, the dried, sampled chamber air containing biomass-burning smoke was split into two lines. The first
line was passing air through an aerosol charger before entering both the HTDMA and CCNC instruments in parallel. The
second line alternately passed air through either a heated thermodenuder line or a bypass line. The output was then analysed
in parallel using the SMPS, SP2, and AMS instruments. During the last 2-3 hours of the experiment, a programmed
thermodenuder heating cycle was run. Data points at which the thermodenuder was on during the cycles were excluded from
the whole dataset, then the remaining data was saved as the non-thermodenuded data — the dataset used in the current study.

Meanwhile, the excluded data was saved as the thermodenuded dataset for volatility investigation, not discussed here.
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Figure 1: Schematic of the instrument setup showing the transfer of smoke samples from the Manchester Aerosol

Chamber (MAC) to downstream measurement instruments used in the current study

On each experiment date, smoke emission was generated by burning fuel inside the stove using outdoor ambient, non-filtered
air. The emissions were subsampled from a 125mm in diameter port located at the exhaust stack. This was combined with the
first-stage dilution using compressed air coming from inside the laboratory, controlled by a mass flow controller (MFC). The
purpose of this first-stage dilution was to prevent water condensation caused by cooling. This first-stage diluted smoke was
drawn using a modified ejector diluter (Dekati® eDiluter™ Pro), bypassing the dilution to act solely as an injection unit into
the MAC. At the start of the smoke injection process, the chamber was pre-filled with filtered, compressed dry air to
approximately one-third of its volume. Smoke was injected continuously while the chamber was intermittently filled with
compressed dry air. This approach was carefully adjusted to roughly achieve the targeted initial total particle mass

concentration at the start of the experiment.

Two types of burning phases were tested: smouldering and flaming, for both softwood and hardwood. For peat and leaves,
only smouldering-type smoke was tested. For all experiments, fuel burning was preceded by heating the stove, which in turn
facilitated combustion. This was done by igniting wood kindling. Once the stove and smoke injection system were ready, with
no unburnt ignition materials or smoke remaining in the stove, a piece (or pieces) of the fuel to be examined was added and
burned. The stove door was then closed, while the stove ventilation was left open. The tests comparing smouldering versus
flaming of the same fuel type were done on a different experimental day. On a flaming experiment day, the smoke produced
while the fire was still visible was sampled, diluted, and injected into the chamber. On the smouldering experiment day,

specifically for the wood-type fuels, the stove ventilation was closed after the initial burning of the wood sample to deplete

5
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oxygen and extinguish the flame. Once the flame was no longer visible, but smoke was still being produced, the smoke was

sampled, diluted, and injected into the chamber as smouldering smoke. Leaf and peat burning followed procedures similar to

those of the wood-type smouldering experiment.

2.2. Hygroscopic Tandem Differential Mobility Analyser (HTDMA) measurements

HTDMA was used to observe hygroscopicity behaviour of submicron particles at sub-saturated humidity. The HTDMA used
in this research was a custom-built system manufactured by University of Manchester (Wang et al., 2022; Good et al., 2010a).
The system consisted of a series of components: a first DMA, a humidifier, a second DMA, and a water-based CPC, all
connected in sequence. In each measurement, the first DMA selects a monodisperse particle size from the incoming flow of
dried and charged biomass-burning smoke aerosol particles based on the set and connected controlling PC program. These
particles then pass through the humidifier, which in this study was set to 90% RH. The humidified particles flow into the
second DMA, coupled with the CPC, to measure the size distribution of the humidified particles.

The growth factor (GF) values are plotted on the x-axis, where GF is calculated by dividing the measured second DMA size
(Dpi) by the initial particle size (Dpo) from the first DMA (GF = Dpi/Dpy). In this study, the second DMA scans 24 steps, with
selected GF ranging from 0.75 to 2.6. This means the second DMA selects 24 particle sizes around the selected initial size to
match the set measured GF values. The settling time for each step was 10 s, followed by 10 s of CPC reading time. Therefore,
each complete scan took 8 minutes. Several dry particle sizes were selected and tested in this study for each loop of

measurements.

Throughout each experimental campaign (April and September 2022), the HTDMA system underwent two calibrations: one
at the start and one in the middle of the campaign. The calibrations included both DMA size calibration and humidity
calibration. The DMA size calibration was performed using monodisperse polystyrene latex (PSL) particles with known sizes,
as indicated on the manufacturer's PSL solution bottle label. The humidity calibration, which included both dry and wet

conditions, was done using a nebulized solution of ammonium sulfate, a compound with well-known hygroscopicity behavior.
2.3. CCNC (CCN counter) measurements

CCNC was used to observe water affinity behavior of submicron particles under supersaturation conditions, specifically to
assess the ability of the particles to be activated as cloud droplets. The CCNC measurements in this research were conducted
by coupling a commercial CCNC system, manufactured by Droplet Measurement Technologies (DMT) (Wang et al., 2022;
Roberts and Nenes, 2005), with a differential mobility particle system (DMPS) system consisting of a DMA (type: Finnish
Vienna Long) and a butanol-based CPC model 3775. Similar to the HTDMA system, the aerosol particles were flowed through



178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211

https://doi.org/10.5194/egusphere-2026-2723
Preprint. Discussion started: 13 July 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

a Nafion dryer, then through an aerosol charging before entering either the DMPS system or the CCN counter (CCNC) system.

The sheath air flow in the CCNC was set to 3 L/min, while the aerosol flow was 0.3 L/min.

CCNC measurements in this study were performed in size-scanning mode rather than supersaturation scan mode, tested at five
supersaturation levels in sequence. The set values were 0.1%, 0.2%, 0.3%, 0.4%, 0.5%. The starting dry particle size (Dp)
measured in the DMPS system was 20 nm or as low as possible, but with a voltage not less than 50 V. The final scanning Dp
was 517 nm, or as large as possible, while ensuring the total scan time did not exceed 600s (10 minutes). A loop of the full
CCNC size-scanning was started from the lowest supersaturation level until the highest level, then an additional 10-minute
measurement at the lowest supersaturation was performed at the beginning of the new cycle for stabilization purposes, so six
full size scans in a cycle. In each scan, a size-resolved particle activation ratio (SPAR) dataset will result from the parallel
measurements of initial particle concentration by CPC, and activated particles by CCNC for each scanned dry particle size,

Dp.

As with the HTDMA system, the calibration of the DMPS-CCNC coupling was conducted using PSL particles and ammonium
sulphate. The PSL were used to calibrate the DMA particle sizes, and the ammonium sulphate solution was used to calibrate
the CCNC. The pair of D50 values as the Dp values and the tested SS values as the critical SS values were compared to the
reference values to ensure accuracy (Good et al., 2010; Rose et al., 2008; Irwin et al., 2010). The SS calibration results in this

study showed corrected tested SS values of 0.1%, 0.3%, 0.5-0.6%, 0.8%, and 1%.
2.4. AMS measurements

The composition and mass of nonrefractory aerosols were analyzed using a high-resolution time-of-flight aerosol mass
spectrometer (CR-ToF-AMS, ARI Inc., USA; Drewnick et al., 2005) with a sampling rate of 0.1 L/min. The AMS collects
submicron particles in the aerodynamic diameter range of ~50-800nm via an aerodynamic lens. Regular calibrations of the
AMS were performed following procedures established by Jimenez et al., (2003) and Allan et al., (2004). During the
experimental campaign, a series of calibrations was conducted using monodisperse ammonium nitrate and sulfate particles
(350 nm). The average ionization efficiency of ammonium nitrate was determined to be 5.2x1077 (6.08x107; 4.32x1077) (April);
4.535x107 (4.82x1077;4.25X1077) ions/molecule (September). Meanwhile, specific relative ionization efficiencies (RIEs) were
established for NH4" and SO4? as 4.3556 and 1.0888, respectively, through ion balance assessments of ammonium nitrate and
ammonium sulfate in these calibrations. Default value of 1.4 was set for the RIEs of all organic compounds (Alfarra et al.,

2004).

2.5. SP2 measurements
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A Droplet Measurement Technologies SP2 was used to measure both concentrations and mixing state of refractory BC within
particles. The measurement range for the BC-containing particles was 70-850 nm equivalent spherical diameter. (Mori, T., et
al., 2014). The SP2 measurement is based on the incandescence mechanism, where the refractory BC mass within a particle is
proportional to the intensity of the incandescence signal detected by the SP2. When a BC-containing particle passes through
an intra-cavity Nd:YAG laser beam (at A = 1064 nm), the BC absorbs the laser energy and heats up. As the temperature
increases, the BC emits visible light upon reaching its boiling point and incandesces. The mass of BC is then converted to a

spherical equivalent BC core diameter (DC) using an assumed density of 1.8 g cm ™.

The SP2 also provides information on the mixing state and/or the coating of BC-containing particles by measuring the light-
scattering signal at A = 1064 nm. This signal is processed using a method called the leading edge only (LEO) technique, as
detailed in previous studies (Liu et al., 2017; Taylor et al., 2015; Gao et al., 2007). Briefly, the LEO method reconstructs the
distorted scattering signal when the BC-containing particle loses its coating caused by the laser heating as it passes through
the laser beam (Gao et al., 2007). The SP2 incandescence signal was calibrated following the procedure outlined in Laborde
et al., (2012), using Aquadag BC particle standards. Calibration of the scattering channel was done using polystyrene latex
spheres (PSLs) with a particle size of 300 nm. To interpret both the diameter of the BC-containing particles (DP) and shell-to-
core ratios (DP/DC), a Mie core-shell model was employed (Taylor et al., 2015).

2.6. Data Selection and Processing

The data processing aimed to use all available data generated by the instruments during each experiment date in the campaign.
Data was analysed for all experiments for which both HTDMA and CCNC instruments were available. The selection of AMS
and SP2 data for chemical-based hygroscopicity predictions was based on the dates corresponding to either HTDMA or CCNC
datasets. Because HTDMA and CCNC measurements were not available at identical time points across all experiments, two
slightly different prediction datasets were constructed. For each instrument, the prediction data were subset to include only
time points for which concurrent HTDMA or CCNC measurements existed, ensuring one-to-one temporal correspondence in
the comparisons. If a necessary component dataset for the prediction, such as SP2 data, was unavailable for a specific date,
neither the CCNC nor HTDMA datasets on that date were used. Table S1, Table S2, and Table S3 show the selected datasets
for HTDMA-measured versus predicted hygroscopicity values, CCNC-measured versus predicted hygroscopicity values, and

HTDMA versus CCNC values, respectively.

HTDMA data processing was done using the HTDMA IGOR toolkit (Gysel et al., 2009). The growth factor (GF) curve was
fitted with a piecewise linear algorithm, which corrects for DMA broadening (Xu et al., 2021). This method, introduced by
Gysel et al., (2009) was implemented with a bin of 0.1 for all datasets in this study.
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The raw data from the CCNC instrument were processed using the IGOR CCNC toolkit, generating the size-resolved particle
activation ratio (SPAR). Among three existing parameterization schemes, the method by Rose et al., (2008) was recommended
due to its wide use and consistency with other models (Rose et al., 2008; Tao et al., 2024). This study employed an improved

logistic model in MATLAB for curve fitting, defined as:
a

=(1+exp(—b*(x—c)))

where “a” value represents the maximum activation fraction (MAF), “b” value is the 1/asymptote, and “c” is the D50, the

y

activation diameter at which 50% of particles are active or commonly known as Da, i.e. activation diameter. This formula is

equivalent to one of the SPAR formulas proposed by Deng et al (2013):

MAF
AR (Dp) = —Da—Dp

(hexp (25B)

AR(D,) means Activation ratio at a certain dry particle size (D,). Parameters derived from curve fitting were saved, and the
D50 values were input back into the CCNC IGOR toolkit to calculate CCNC « values. MATLAB was chosen for practical

reasons, allowing for easier comparison of fitted curves across time points by overlapping graphs.

The following Kohler model equation was used to derive the relationship between particle size, hygroscopicity, and water
activity:

40501 Mw
RT p.wDwet

D3,pi— D3
s = et s )expexp(

m ) (Rose et al., 2008).
This model, highlighted by Rose et al. (2008), was applied to ammonium sulfate calibrations for the CCNC instrument. For
accurate results, hygroscopicity predictions for inorganic salts such as NaCl and Nay(SOs) relied on water activity from the

Aerosol Inorganics Model (AIM) or similar models, ensuring high accuracy.

The chemical composition-based k prediction was calculated as follows:

K = Korg X fOrg T Kinorg X finorg + Kpc X fpc
at which ko, is the organic x; K, is inorganic x; and kpc is black carbon (BC) k; Meanwhile, fp,4 is the organic mass
fraction and fi4.g is the inorganic mass fraction. By using data from AMS and SP2 instruments for the x prediction

calculation, the following equation was used:

AMS Organic
AMS Organic+AMS NH4+AMS SO4+AMS NO3+AMS Chl+SP2 Black Carbon

k= 0.1x

X AMS NH4+AMS SO4+AMS NO3+AMS Chl
AMS Organic+AMS NH4+AMS SO4+AMS NO3+AMS Chl+SP2 Black Carbon

0.6
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The base case fractional k values were selected as 0.1, 0.6, and 0 for the organic fraction, inorganic fraction, and BC,
respectively. Those selected values follow widely adopted conventions in k-Kdhler-based CCN closure studies (Petters and
Kreidenweis, 2007). The inorganic « reflects the typical hygroscopicity of atmospherically relevant ammonium sulfate—nitrate
mixtures (Dusek et al., 2006; Gunthe et al., 2009), while kg = 0.1 represents a central value commonly reported for fresh to
moderately aged biomass-burning organic aerosol in both laboratory and field studies (Petters et al., 2009; Carrico et al., 2010;
Lambe et al., 2011; Engelhart et al., 2012). Black carbon was treated as non-hygroscopic (k = 0), consistent with x-Koéhler
theory and previous CCN studies of soot and BC-containing particles (Petters and Kreidenweis, 2007; Rose et al., 2010;
Kuwata et al., 2009).

Due to differences in instrument time resolution, all datasets were averaged to hourly time intervals before inter-method
comparison. The final datasets consisted of size-number-weighted hourly mean HTDMA-derived k, hourly mean CCNC-
derived « at each supersaturation level, and hourly mean AMS—SP2 composition-based predicted k. Uncertainties shown as
error bars represent propagated uncertainties associated with the corresponding averaging and retrieval procedures: HTDMA
retrieval and size-number-weighted averaging, CCNC activation-curve fitting and hourly averaging, and AMS-SP2
component mass propagation through the composition-based prediction. Error propagation was performed according to the
applied averaging process or methods. Detailed description of both the averaging process and the corresponding error

propagation was in the Supplementary Information, Notes. S1, Fig. S1., and Fig. S2.

To address uncertainty in the components’ fractional k (organic, inorganic, or black carbon) values, additional examination
was conducted using a range of fractional k values: BC k =-0.05, inorganic k = 0.4, organic k = 0.05 for the minimum values,
and BC « = 0, inorganic x = 0.8, organic k = 0.15 for the maximum values. The range included negative values for BC « to
account for possible shrinkage of the BC core due to restructuring and compaction from an aggregate to a more spherical form
with reduced mobility size under humid conditions. This phenomenon is influenced by the coating state of BC (e.g., uncoated,
partially coated, or fully coated), as illustrated by He et al. (2019) and Zhang, X., & Mao, M. (2019). The examination results
for the two sets of component « values, i.e., the minimum and maximum sets, were presented with new error bars representing
the resulting minimum and maximum « values, replacing the propagated values in the base case. By applying the extended

fractional « values, the prediction of k values was evaluated across a range of potential component k values.

Although the ZSR « mixing rule is formally defined using component volume fractions under the internally mixed assumption
(Petters and Kreidenweis, 2007), mass fractions were employed in this study as a practical approximation. This choice was
made because the AMS and SP2 instruments provide direct mass-based measurements of organic, inorganic, and refractory
black carbon, whereas comprehensive size-resolved density data for all acrosol components were unavailable. Similar mass-

fraction-based approximations have been adopted as first-order approaches when component densities are expected to be
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broadly comparable or when organic material dominates aerosol mass (Gunthe et al., 2009; Pohlker et al., 2023). The

implications of this approximation, particularly in the current biomass burning study, are discussed in the limitations section.

3. Results and Discussion

As described in Sec. 2, among several approaches previously used in calculating chemical composition-based k predictions,

as summarized in Table S4 and explained in Note S2, this study calculated the chemical composition-based k prediction based

on mass fractions, instead of volume fractions, with BC treated as a separate fraction alongside inorganic and organic fractions.

Despite the potential added bias in the resulting absolute k values caused by limitations of the applied assumptions, which will

be discussed in the Sec. 3.5.8, the mass fraction-based predicted « calculation should still remain useful for identifying general

fuel- and burn-phase-dependent behavior and for comparing the direction of composition-based predictions relative to direct

HTDMA- and CCNC-derived « values.

3.1. HTDMA Measurement and Prediction Results
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Figure 2. Data distribution comparisons of each experiment type between the hourly averaged HTDMA-measured size-
number-weighted mean « values and hourly averaged chemical composition-based predicted k values, collected from all
repetitions and all hourly fresh-aging stage period intervals (a, ¢), and hourly averaged data points of HTDMA-measured

size-number-weighted mean k values versus chemical composition-based predicted k values, along with their propagated

error bars, collected from all repetitions and all hourly fresh-aging stage period intervals (b, d). Further note: Top panel (a,

b) Fixed, single values of each chemical fraction, i.e., organic « value of 0.1 and inorganic k value of 0.6 were used for
predictions with horizontal error bars in b) showing propagated errors from the instruments data; Bottom panel (¢, d) Varied
fractional k value assumptions were used for the predictions; with horizontal error bars in d) showing minimum and
maximum K values resulting from the use of minimum and maximum fractional k values, respectively. HTDMA-measured k
error bars, i.e., the vertical error bars, in both b) and d) reflect error propagation between the instrumental curve fitting
errors, within-hour variability, and across-size variability. Different data points can come from different repetitions, different

1-hour intervals, or both. Further explanation about this graph is in the Supplementary Information, Notes S3.

Figure 2.a) and Fig. 2.b) show that all predictions using organic k of 0.1 and inorganic « of 0.6, except for those for flaming
softwood, overestimated the HTDMA-derived k values. Figure 2.a) shows that discrepancies between measured and predicted
k values varied across experiment types. The predicted k values were distinctly separated by burning types: less than 0.1 for
flaming experiments and greater than 0.1 for smouldering experiments, with no overlapping error bars (Fig 2.b). Additionally,
the absence of overlapping notches between smouldering and flaming experiments indicates that the medians of predicted k
values between these two burning phases differed significantly at the 95% confidence level, as shown in Fig 2.a). On the other
hand, HTDMA measurements showed no clear separation between the different burning types. Further discussion regarding
the more detailed patterns of the HTDMA-derived «k values, along with investigation of some observed outliers and large

propagated error bars, is in the Supplementary Information, Notes S4 and Fig. S5.

In Fig. 2.b, some measured HTDMA « values started to align with the predicted « range after applying the plausible range of
fractional, i.e., component k values’ sensitivity exploration, while others still exhibited significant discrepancies. Furthermore,
only a few cases showed overlapping notches in the box-and-whisker plot of HTDMA-measured k and predicted k hourly
mean values, indicating that most of these two datasets were still significantly different. A table summarizing the predicted-
to-HTDMA measured ratio was in SI. Table S5. Based on the table, all HTDMA-measured values are well below the predicted
values, except for flaming softwood. In this subsection, significant differences remain after considering some potential factors
influencing discrepancies between the HTDMA « values measurement and AMS-SP2 predictions of k values discussed: 1) the
too-narrow single choice of representing component k values - addressed by a wider range of component k values, and 2) the

possible BC restructuring - addressed by adding a negative BC k value. Other possible factors were analyzed in Sec. 3.5.

12
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3.2. CCNC Measurement Versus Prediction Results
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Figure 3. Data distribution comparisons of each experiment type between the hourly averaged CCNC-measured mean «
values and hourly averaged chemical composition-based predicted k values, collected from all repetitions, all tested
Supersaturation (SS) values, and all hourly fresh-aging stage period intervals (a, ¢), and hourly averaged data points of

CCNC-measured mean k values versus chemical composition-based predicted k values, along with their propagated error

bars, collected from all repetitions, all tested Supersaturation (SS) values, and all hourly fresh-aging stage period intervals

(b, d). Further note: Top panel (a) Fixed, single values of each chemical fraction, i.e., organic k value of 0.1 and inorganic k
value of 0.6 were used for predictions with horizontal error bars in b) showing propagated errors from the instruments data;
Bottom panel (¢, d) Varied fractional k value assumptions were used for the predictions, with horizontal error bars in d)
showing minimum and maximum « values resulting from the use of minimum and maximum fractional « values,
respectively. CCNC-measured « error bars, i.e., the vertical error bars, in both b) and d), reflect error propagation between
the instrumental curve fitting errors and within-hour variability. Data from different tested SS values were treated as
different data points, i.e., not averaged. Therefore, different data points can come from different repetitions, different 1-hour

intervals, different tested SS, or a combination of any of these.
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Figure 3.a) shows the data distribution of hourly mean CCNC-measured « values at all tested Supersaturation (SS) values and
all time intervals for each experiment type, compared with the corresponding mean predicted k values distribution. Meanwhile,
Fig. 3.b) shows exactly the data points of them and includes the propagated error bars for each of the hourly mean data points.
As the HTDMA data, the CCNC data points were also collected across multiple repetitions and aging stages, including dark
aging and pre-aging, representing fresh emission. However, the CCNC data were tested at several supersaturation values. The
data points were aggregated across all tested supersaturation values. The supersaturation-separated version of Fig.3.a was

provided in Fig. S6. Meanwhile, examples of the time series plots for each supersaturation level are shown in Fig. S4.

Unlike HTDMA measurements, almost all CCNC-measured k values were underestimated by the chemical composition-based
prediction. The exception is the smouldering softwood experiments, whose CCNC « median is lowest among smouldering
experiments. Other experiment types have higher CCNC-derived median « than the corresponding median predicted k. The
CCNC-derived « versus predicted-k discrepancies were either significant, as in the Peat and Flaming-Hardwood experiments,
or overlapping in some areas, as in the rest of the experiment types. The width of the CCNC-measured « distribution varied
significantly across experiment types, with some outliers and differing values. The large difference between HTDMA and
CCNC measurements was not due to minor differences in the availability of data points. This was shown by similar values of
the predicted «k values across the HTDMA vs. the prediction dataset and CCNC vs. the prediction dataset, whose selections of
the experiment dates and hourly time intervals of the predicted k dataset followed the corresponding instrument being

investigated (HTDMA or CCNC).

Figure 3.b) underscores that some of the experiments had larger propagated errors in CCNC-measured « values compared to
the propagated error of the predicted values, while other experiments had much smaller errors. As mentioned before, graphs
separating at distinct supersaturation values are shown in Fig. S6. The variability of the hourly mean CCNC-measured « values
showed significant dependence on the SS applied during the measurements. The error bars reflected how well the sigmoid
curve fit the measured data, accounting for the one-hour variability in the propagation process. Instrumental measurement
uncertainty, such as the relative deviation of less than 10% for SS > 0.1%, was reported by Rose et al. (2008). However, that
kind of uncertainty was not accommodated in the current error propagation in this study. That SS-dependent instrumental
uncertainty seemed to be a relatively minor contribution compared to other sources of variability, such as the curve fitting-
derived uncertainty in the resulting D50 values themselves, and is unlikely to affect the calculated propagated errors

substantially.

A table summarizing the predicted-to-CCNC measured ratio was in Supplementary Information, Table S6. Based on the table,
most (but not all) of the CCNC-measured values were underestimated by the prediction, i.e., the predicted-to-measured ratio
was less than 1. Meanwhile, the overpredicted values are not too far from the ratio of 1, i.e., about 2 as the maximum (in

contrast to massive predicted-to-HTDMA measured k values ratio). The higher predicted-to-measured mean k values ratio

14
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occurred for Leaves at SS=0.5-0.6%; Smouldering-Hardwood at SS=0.8% and 1%; and Smouldering-Softwood at SS=0.3%;
SS=0.5-0.6%; SS=1% (at all tested SS, except SS=0.1%).

3.3. CCNC VS HTDMA Measurements

Across all fuels and aging conditions, CCNC-derived « values were systematically higher than HTDMA-derived « values,
except for data points near the 1:1 line (Fig. 4). This indicates a strong regime-dependent hygroscopicity. Previous studies
have reported higher CCN « values than HTDMA « values for organic-dominant particles (Jaatinen, A. et al., 2014; Wex, H.
et al., 2009).

at CCNc SS=0.3%

at CCNc SS=0.5-0.6%

0.6 = 0.6 : . .

y T
: ¥ + Leaves -

2 0.4 $ F-HW o 3 F-HW
Q edies] -
o #FSW —— &
T 0.2 + S-sW T + S-SW
= 1:1 line g 1:1 line
g [77]
o 0 P
= =

0.2Y" : -0.2%" : :

-0.2 0 0.2 0.4 0.6 -0.2 0 0.2 0.4 0.6

Measured HTDMA K Measured HTDMA K
Figure 4. HTDMA vs CCNC measurement at SS=0.3% (a) and SS= 0.5-0.6% (b). The HTDMA « values are the size-
number weighted average hourly mean values with propagated errors. The CCNC « values are the CCNC hourly-averaged «
values with propagated errors. Comparison of the median values of CCNC « values versus HTDMA « values for each
experiment type can be seen in Fig. S13, where the median HTDMA « value of flaming-softwood experiments is only
slightly higher than that of CCNC «, while other experiment types have significantly higher CCNC median k values than
HTDMA median « values.

Tables S5 and S6 demonstrate the relative dependency of the HTDMA size effect and of the CCNC supersaturation effect on
the experiment type - both fuel type and burning phase (Table S7). The magnitude of size-dependent « variability derived from
HTDMA measurements is substantially larger than the magnitude of supersaturation-dependent k variability derived from
CCNC measurements. In addition, the fuel-type dependence of the size effect is markedly stronger than that of the

supersaturation effect.

3.4. Inter-method Comparison and Summary
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Table 1 below summarizes the inter-method bias, Ax (Predicted — Measured) of the median and mean values of each
experiment type. The most consistent shift direction of the inter-method discrepancies was those between HTDMA and CCNC
where CCNC « values were higher than the corresponding HTDMA « values. The highest gap between the k values from those
two instruments resulted from the peat experiments. The second and third highest gaps were from leaves and flaming-
hardwood, respectively. Meanwhile, the fourth, fifth, and sixth largest gaps, respectively, were from smouldering-hardwood,

flaming-softwood, and smouldering-softwood.

All the median and mean «k values obtained from HTDMA measurements were overpredicted, except in flaming-softwood
experiments. Meanwhile, the median and mean CCNC « values were underpredicted, except at smouldering-softwood
experiment, which had only slightly higher predicted median k value than the corresponding CCNC derived median « value.
Best predictions relative to CCN derived k occurred in smouldering-softwood and smouldering-hardwood experiments, while
the worst were in peat and flaming-hardwood experiments. Relative to HTDMA derived « values, the best predictions were

from smouldering-softwood experiments, while the worst predictions were from peat experiments.

Table 1. Inter-method bias of each experiment type. Positive Ak indicates either overprediction (prediction > HTDMA or
prediction > CCNC) or higher HTDMA « than CCNC «; negative values indicate either underprediction (prediction < HTDMA
or prediction < CCNC) or lower HTDMA « than CCNC «.

A (Prediction — A (Prediction A (HTDMA — A (Prediction — A (Prediction —

. A (HTDMA —
Experiment Type HTDMA)kx, —CCNC)k, CCNCO) «, HTDMA) «, CCNCO) x,
CCNC) k, Mean
Median Median Median Mean Mean

Flaming Hardwood +0.045 -0.070 -0.115 +0.020 -0.101 -0.121
Smouldering Hardwood +0.069 -0.021 -0.090 +0.098 -0.016 -0.114
Flaming Softwood -0.036 -0.023 -0.036 -0.020 -0.036 -0.018
Smouldering Softwood +0.035 +0.008 -0.027 +0.005 -0.035 -0.040
Peat +0.098 -0.098 -0.196 +0.092 -0.126 -0.218
Leaves -0.036 -0.036 -0.115 +0.077 -0.104 -0.174

Based on the Table 1, within the same burning phase, the composition-based predicted k values remain clustered more tightly
(range = 0.069, ranging from 0.060 to 0.129, median values) across fuel types than the CCNC-derived k values (range = 0.120,
ranging from 0.090 to 0.210, median values). The latter retain pronounced fuel-specific variability in addition to their burn-
phase dependence. Quantitatively, the magnitude of variability among CCNC-derived « values across the six experiment types
exceeds the average inter-method discrepancy of predicted k values relative to measured CCNC « values, which were only

between -0.098 and +0.008. Across the majority of supersaturation conditions and experiment types, CCNC-derived « values
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exhibit a positive offset relative to chemical-composition-based predicted « values. The exceptional reverse occurred in most
of the smouldering softwood experiments and in some other experiment types at higher supersaturations (Supplementary

Information, Table S6)

Among the HTDMA median k values, the magnitude of the fuel-to-fuel variability relative to the measurement versus
prediction inter-method discrepancies of each of experiment types differs across different burning phases. Within the
smouldering phase, fuel-to-fuel variability of the HTDMA « values is lower (0.017, ranging from 0.115 to 0.132, median
values) than the relative position of the predicted median k values from the HTDMA median k, which were +0.069, +0.035,
+0.098, and -0.036 for smouldering-hardwood, smouldering-softwood, peat, and leaves, respectively. Within flaming phase,
the fuel-to-fuel variability was around 0.052, representing gap between HTDMA median k values of flaming hardwood at
0.015 and flaming softwood at 0.067. This variability was slightly higher than the discrepancy of the HTDMA « values of
each of flaming experiments from the corresponding predicted k values, which were +0.045 and -0.036 for flaming-hardwood

and flaming-softwood, respectively.
Overall, based on the median and mean values, the HTDMA « values generally maintained approximately consistent lower
values than CCNC « values, though with varied gaps or discrepancies across the different experiment types. Table 2 below

shows the median and mean k values for each experiment type across the three approaches, ordered from highest to lowest.

Table 2. Ranking of median k and mean « values in each experiment type using the three different approaches

Experiment type  Highest, Middle, Lowest, Highest, Middle, Lowest,
Median Median Median Mean Mean Mean
Flaming- CCNC Predicted k HTDMA « CCNC k  Predicted k HTDMA «
Hardwood (0.130) (0.060) (0.015) (0.161) (0.060) (0.040)
Smouldering- CCNC « Predicted k HTDMA « CCNC k  Predicted k HTDMA «
Hardwood (0.155) (0.132) (0.065) (0.163) (0.133) (0.049)
Flaming- HTDMA « CCNC « Predicted CCNCxkx HTDMA « Predicted
Softwood (0.103) (0.090) (0.067) (0.105) (0.087) (0.068)
Smouldering- Predicted k CCNC k HTDMA « CCNC k  Predicted k HTDMA «
Softwood (0.127) (0.120) (0.093) (0.163) (0.128) (0.123)
Peat CCNC Predicted HTDMA « CCNC«  Predicted HTDMA «
(0.210) (0.115) (0.014) (0.238) (0.114) (0.020)
Leaves CCNC Predicted HTDMA « CCNC«  Predicted HTDMA «
(0.165) (0.129) (0.050) (0.231) (0.128) (0.057)
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Based on the Table 2 above, the order of the experiment types starting from highest to lowest median or mean k values were
different for different methods. Under CCNC measurements, the highest to lowest median k values were those from peat,
leaves, smouldering-hardwood, flaming-hardwood, smouldering-softwood and flaming-softwood, respectively; while the
order for the CCNC derived mean k values were peat, leaves, smouldering-hardwood, smouldering-softwood, flaming-
hardwood, and flaming-softwood. Under the chemical composition-based prediction calculations, the order of the median «
values, starting from the highest to lowest are smouldering-hardwood, leaves, smouldering-softwood, peat, flaming-softwood,
and flaming-hardwood; whereas the order of the mean k values were smouldering-hardwood, smouldering-softwood, leaves,
peat, flaming-softwood, and flaming-hardwood. Both CCNC measurements and chemical-composition based predictions put
k values from flaming experiments in the 2-3 lowest values. Under HTDMA measurements, the order of the median k values
from the highest to lowest values were flaming-softwood, smouldering-softwood, smouldering-hardwood, leaves, flaming-
hardwood, and peat; whereas the order of the mean « values from the highest to lowest were smouldering-hardwood, flaming-

softwood, leaves, smouldering-hardwood, flaming-hardwood, and peat.

Table 3. Relative magnitude (0-100) of fuel-type dependency of HTDMA-size and CCNC-supersaturation effects;
Normalisation definition: Fuel-type dependency magnitude is normalised to 100 by dividing each variability range by the

maximum range observed across all fuels for the same effect.

HTDMA size- HTDMA fuel-dependency CCNC SS- CCNC fuel-dependency
Fuel type dependency range magnitude of the size effect dependency range  magnitude of the supersaturation
(max—min) (0-100) (max—min) effect (0-100)
Peat 45.98 100 0.273 17
Leaves 2.01 4 1.58 100
Flaming
7.17 16 0.33 21
hardwood
Smouldering
7.35 16 0.75 48
hardwood
Flaming
0.42 1 0.33 21
softwood
Smouldering
0.19 0 1.18 75
softwood

Lastly, Table 3 above provides insights into the size dependence of the HTDMA and the supersaturation dependence of the

CCNC calculated from the size-resolved prediction-to-HTDMA measured « ratio, and supersaturation separated prediction-
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to-CCNC measured « ratio, provided in Table S5 and Table S6 in Supplementary Information, respectively. Size-dependent «
variability derived from the HTDMA measurements exhibits both a larger magnitude and a substantially stronger fuel-type
dependence than the supersaturation-dependent « variability observed in CCNC measurements. Across the six experiment
types, the highest size dependence of the measured HTDMA « values occurred in peat, smouldering-hardwood, flaming-
hardwood, leaves, flaming-softwood, and smouldering-softwood, respectively. Meanwhile, the highest supersaturation
dependence occurred in leaves, smouldering-softwood, smouldering-hardwood, flaming-hardwood, flaming-softwood, and

peat, respectively.
3.5. Investigation of the sources of discrepancy in k

While the k framework has been shown to provide consistent representations of hygroscopicity for well-defined organic and
inorganic compounds (Petters and Kreidenweis, 2007), the present results demonstrate persistent discrepancies between k
values derived from CCNC, HTDMA, and composition-based prediction for complex biomass-burning aerosols under
controlled conditions. Under the Zdanovskii—Stokes—Robinson (ZSR) analog mixing framework, the distribution of k across
experiment types is expected to follow the bulk chemical composition of the aerosol, with variations driven primarily by
differences in organic and inorganic fractions associated with fuel type and burn phase, while non-hygroscopic black carbon
contributes by reducing the overall effective hygroscopicity. The composition-based predicted k values, therefore, provide a
reference expectation for how hygroscopicity should be structured across the dataset. Comparison with k derived from
HTDMA and CCNC measurements allows assessment of whether subsaturated growth, supersaturated activation, and bulk
composition provide consistent representations of aerosol hygroscopicity, or whether systematic divergence emerges between

regimes.

Within a given burning phase (flaming or smouldering), different fuel types exhibit roughly similar bulk chemical mass
fractions of the major aerosol components (Supplementary Information, Fig. S3). All the bulk flaming smoke particles have
black carbon as the most dominant component, while the bulk smouldering particles have organic as the most dominant
component. Additionally, smoke particles from flaming experiments have a higher bulk inorganic-to-organic ratio. All the
obtained bulk chemical composition information, along with the mixing rule equation in sec., yields the prediction of the bulk
hygroscopicity of the particles. Under both the ZSR mixing assumption and the uniform fractional k values (Korg and Kinorg)
assumptions, observed similarity in bulk chemical composition within the same burning phase should lead to comparable «

values, unless additional factors play a dominant role.

In this current study, both CCNC-derived x and AMS—SP2 chemical-composition-based predicted k values show a clear
dependence on burning phase, especially among the same fuel type, with systematically lower « values in flaming experiments,

likely associated with higher black carbon content. Hardwood burnt under smouldering conditions consistently has higher
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values of both CCNC « and predicted k than those of hardwood burnt under flaming conditions. Similarly, softwood burnt
under smouldering conditions consistently has higher k values for both CCNC-derived and chemical composition-based
predictions than softwood burnt under flaming conditions. Across all the six experiment types, there is, however, a significant
overlapping area of the CCNC « values between flaming hardwood and smouldering softwood — an exceptional smouldering

experiment that has a lower median CCNC « value than its corresponding median predicted « value.

The k values derived from CCNC measurements are generally higher than those derived from HTDMA across most experiment
types, with composition-based predictions typically lying between the two. This consistent directional offset suggests that the
observed divergence is not random and motivates a systematic evaluation of potential contributing factors. The following
subsections assess the extent to which key factors—including black carbon treatment, assumptions in organic hygroscopicity,
and size representation along with the size dependence of hygroscopicity—can account for the observed discrepancies. Table
4 below summarizes the investigated factors, their expected effects, and the extent to which they are supported by the present
dataset. Table S9 and Table S10 in Supplementary Information provide summary of Factor-by-Factor Evaluation of HTDMA
versus AMS-SP2 k discrepancies and CCNC versus AMS-SP2 « discrepancies, respectively. Supplementary Information, Note
S7 provides some further explanation of the investigations and/or detailed/additional explanation of some contributing factors,
including mainly the non-tested measurement regime dependent factors and the unknown direction systematic CCNC versus
AMS-SP2 based prediction discrepancy causing factors referring to the varied choices of adjustments and parameters as

explained in Supplementary Information, Notes S6.

Table 4. Classification of factor categories contributing to discrepancies among « values derived from HTDMA, CCNC, and AMS—-SP2 approaches in the

current biomass burning smoke study

Investigated | Investigation
in this study | results (Validity Quantitatively
. Suspected Direction Level of the Checked
No | Factor category Primary nature y
Factor’s
HTDMA CCNC AMS-SP2 Influence
Presence)

1 Particle size Depend on the particle size distribution Yes Highly Valid Yes
representation nature, the selected particle sizes, and both (HTDMA
(number- vs mass- direction and magnitude of the size Sect. 3.5.2 only);
weighted for dependence presence in the particles’ until Sect.

HTDMA versus Combined hygroscopicity 354

AMS-SP2; number Methodological / Table S12.

weighted Dso vs mass | Systematic and

mean for CCNC Physicochemical

versus AMS-SP2)

combined with

Size-dependent

hygroscopicity

2 Depend on the actual k,, of the particles Yes Less valid Yes;
. relative to the current/initially used
Organic .
hygroscopicity (o) Chemical uniform Ko, value of 0.1 Sect. 3.5.6 (Could be '
YETOSCOPICILY (Korg Table S14. improved with a

variability .
bit more accurate
investigation
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using directly
measured O:C
ratio values while
determining the
Korg Values and/or
using the point-
t0-point Korg
value adjustment
instead of mean-
to-point
adjustment)

Number-weighted vs
mass-weighted k
averaging

Methodological
(HTDMA
measurement)

Depends on
the size
dependence
presence in
the
hygroscopicity
of the bulk
particles

Not
applicable

Not
applicable

Yes

Sect. 3.5.2
until Sect.
354

Table S13

Less Valid

(Could be
improved with
more accurate
investigation
using more
accurate particle
mass distribution
instead of using
SMPS- derived
mass distribution
that applied an
assumed constant
& uniform
density)

External mixing
(multiple hygroscopic
modes; pure non-
hygroscopic fraction
presence)

Combined
Methodological /
Systematic and
Physicochemical

Depend on the particle size distribution
nature, the selected particle sizes, and both
direction and magnitude of multiple
hygroscopicity external mixing among the

bulk particles.

Sect. 3.5.1
Table S11

External mixing
of non-
hygroscopic/non-
coated pure BC
particles:

Valid

Other external
mixing:

Not
systematically
investigated,
except the bulk
size dependent
hygroscopicity of
the HTDMA «
values as in
Factor number 1
investigation.

Condensable organic
gases (co-/re-
condensation during
measurement)

Physicochemical
(gas—particle
partitioning) +
kinetic /
measurement-
timescale
dependent

Increase

Not
applicable;
OR
Limited

Not
applicable

Not investigated

Surface-active
organic compounds
(SVOCs / low-
volatility organics)

Physicochemical;
Regime
dependent

Decrease or no
effect

Mostly
increase

Not
applicable

Not investigated.

Surface-active
presence was
only guessed
through the high
presence of
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7 . Physical; Decrease No effect Not No Not investigated No
Particle phase state . .
(viscosity / solidity) | LoBIME applicable
dependent
8 Particle shape / Decrease Not Not No Not investigated No
restructuring / Physical affected Applicable
compaction
9 Combined Not Not Not No Not investigated No
Methodological / | Applicable Applicable | known
Volume- vs mass- Systematic and
fraction use in ZSR Physicochemical
mixing (AMS-SP2 based
prediction related
only)
10 | Data processing / Not Not Not No Not investigated No
parameterization Applicable known Applicable | (Just
choices (SPAR fitting selected
adjustment, chosen consistently)
Kohler model, used (Notes S6;
minimum SSeff, Notes S7.2)
chosen
parameterization Systematic
scheme, and choice to | (CCNC
use an improved measurement
parameterization related only)
scheme for bulk
particles that contain
both hygroscopic
particles with small
sizes and nearly
hydrophobic
particles):

3.5.1 Role of black carbon presence and treatment

Based on the CCNC'’s size-resolved particle activation ratio (SPAR) curve sigmoid fitting, certain fraction of externally mixed
non- hygroscopic particles was likely to be present (Supplementary Information, Fig. S11 and Fig. S12). The maximum values
of the activation fraction in the CCNC sigmoid fitted SPAR curve both never reach the value of one and were lower than the
maximum activation fraction of pure ammonium sulphate particles in the calibration measurements. The additional features of
decreasing activation fraction (AF) after reaching its maximum AF values, i.e., small AF at large particle sizes is observed in
the Fig. S11 and S12. This was also observed in the SPAR curves of inorganic particles externally mixed with combustion
aerosol particles consisting of black carbon (Vu, D., et al 2019). On the other side, two peaks of hygroscopicity with the first
hygroscopicity showing a growth factor (GF) value at around one in some HTDMA measurements observed indicating the
likelihood of externally mixed nonhygroscopic particles. (Supplementary Information, Fig. S13, flaming-hardwood, 165 nm).
A strong candidate of the nonhygroscopic fraction particles among the biomass burning smoke particles especially in the

current study was black carbon (BC).

As the nature of the CCNC data processing when fitting a sigmoid curve to the recorded SPAR curve, the non-hygroscopic

fraction was not considered in the determination of the bulk CCNC « values of the whole population of the particles. The
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exclusion of the non-activating fraction — likely suspected as the non externally mixed black carbon, would probably be initially
expected to be the positive shifts’ contributor of the CCNC « values from the predicted k values under flaming conditions, at
which black carbon mass fractions are typically higher. Drawing the sigmoid curve only on the active population should inflate
the k values relative to bulk chemical k values. How the SPAR curves were fitted and adjusted in this current study is detailed

in Supplementary Information, Note S5-S6.

Contrary to this expectation, the present dataset shows no clear burn-phase driven pattern in the CCNC—AMS « discrepancy
(Table 1,34 and 6" columns). Like in the flaming experiments, CCNC derived k values from most smouldering experiments,
which relatively have lower BC contents, shifted also positively from the corresponding chemical-composition based « values.
The magnitude of the shifts did not show any clear burn phase dependence either. The relative positions of the predicted
median k from the CCNC median k were -0.070 and -0.023 for the flaming experiments; -0.021, +0.008; -0.098; -0.036 for
the smouldering experiments. Of the mean « values, the distance of the predictions from the corresponding CCNC « values
were -0.121 and -0.018 in flaming experiments, while -0.114, -0.040; -0.218; -0.174 in smouldering experiments. On the other
hand, just like the predicted «k values across the six different experiment types, the absolute values of mean CCNC-derived «
display pronounced burn-phase-dependent behaviour (discussed in Sect. 3.4), even though the externally mixed non-
hygroscopic black carbon particles are excluded from the CCNC « determination. These two observed patterns indicate that
burn-phase-dependent characteristics persist in CCNC-derived «, and simple removal of non-activating black carbon was not

proven as a strong positive shift driver in the current study and dataset.

This conclusion is further supported by sensitivity tests in which BC was treated as entirely externally mixed and non-
hygroscopic particles (Supplementary Information, Table S11). It can be seen from the table that removing black carbon from
the prediction, instead of increasing the accuracy, worsens the accuracy of the prediction relative to the CCNC «x. This was
especially for the flaming experiments with high BC content. The burn phase separation pattern of the predicted « values also
flipped after the BC exclusion where the flaming k values were now higher than the smouldering «k values (Supplementary
Information, Fig. S13). This pattern was now in contradiction with the burn phase separated pattern of the CCNC « values.
The suspected cause of these both reversed and higher values of the BC-excluded predicted « of flaming experiments was the
higher inorganic: organic ratio of these experiments compared to the smouldering experiments. Across the flaming
experiments, the prediction accuracy errors changed from underpredicting the CCNC « as much as 23.17% and 4.91% to
overpredicting the CCNC « as much as 164.93% and 233.41% after the BC exclusion, for flaming hardwood and flaming

softwood experiments, respectively.

Lastly, SP2 measurements indicate the presence of coated BC particles in some flaming experiments, with coating thickness
values exceeding unity, even until more than 1.5. This result suggests that a fraction of BC is internally mixed and may

contribute to particle hygroscopicity. However, this complexity is not explicitly represented in the simplified treatment of BC
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in composition-based predictions and does not alter the conclusion that BC treatment alone cannot account for the observed

inter-method.
3.5.2. Role of Size-Related Factors — Qualitative Check for HTDMA versus prediction

In the present study, HTDMA-derived k values are number-weighted, whereas AMS—SP2-based « predictions are inherently
mass-weighted. In addition, the effective particle size represented by the HTDMA number-weighted mean depends on the
discrete particle sizes selected for measurement. When hygroscopicity is size-dependent, the differences in size representation
between the HTDMA and the prediction can, in principle, contribute to discrepancies between measured and predicted k
values. To evaluate the relevance of such size-related effects, two complementary aspects were examined: (i) the
representativeness of the HTDMA number-weighted mean particle size relative to the mean size of the complete particle
number size distribution measured by the SMPS (Supplementary Information, Fig. S7a), and (ii) the AMS-SP2 mass-weighted
composition-based predicted k values compared to the HTDMA measured discrete size k values at two different sizes of 75
nm and 110 mm. (Supplementary Information, Fig. S7b). Across most experiment types, the HTDMA-represented mean
particle sizes were smaller than the corresponding number-weighted-SMPS-derived mean sizes. This indicates that HTDMA
measurements generally emphasize smaller particles, with even larger negative size shifts, compared with those that dominate
the bulk mass relevant to AMS—SP2 predictions. Size dependence of the HTDMA « values was observed mostly in flaming
softwood, leaves, and smouldering softwood with lower HTDMA mean « values at 110 nm than at 75 nm. (Supplementary

Information, Fig. S7a and S7b).

Under a framework in which k decreases with increasing particle size, this mismatch in size representation would be expected
to bias number-weighted HTDMA « values toward higher values relative to mass-weighted predictions, assuming uniform
particle density across sizes. Such behaviour is observed only in the flaming-softwood experiments, where HTDMA-derived
k exceeds the predicted «. In contrast, for many experimental types, measured HTDMA « values remain systematically lower
than predicted values, despite evidence of size-dependent hygroscopicity. This indicates that particle size representation alone

cannot explain the observed discrepancies between HTDMA-derived and AMS—SP2-predicted k values.

Supplementary Information, Fig. S8 (a) and (b), provide insights into how the HTDMA mass-weighted mean sizes in the
present dataset differ from the corresponding SMPS mean particle mass size distributions in the leaves experiments, as
examples. Based on the Fig. S8 (a) and (b), the differences between the two mean sizes were even larger than those of the
corresponding number-weighted approaches. The difference can be as much as a 250 nm negative shift in the HTDMA mass-
weighted mean sizes relative to the bulk SMPS mass-weighted mean sizes. As a note, the SMPS mass-distribution-based mean
size values were obtained by converting the mean number-size distribution, assuming a constant effective density of 1.3 g/cm3.

This constant or uniform value may not have been accurate, especially across different time points or aging stages, and across
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different fuels and burning phases. Supplementary Information, Fig. S8 (c) provides the mean HTDMA « values distribution
using the mass-weighted instead of the number-weighted. It can clearly be seen from Fig. S8 that the median « value of the

flaming softwood is now below 0.1, compared to this value in Fig. 3b, which is above 0.1.

Overall, the size-resolved analyses demonstrate that size-dependent hygroscopicity and whether to use number- or mass-
weighted mean calculations can influence k comparisons in specific cases; however, they are still insufficient to explain all

discrepancies, especially the variability across different burn phases and fuel types.
3.5.3. Role of Size-Related Factors — Quantitative Check for HTDMA versus prediction

Table S12. reports the fraction percentage of the lost error from the total initial error of the bulk prediction accuracy in
predicting the discrete size HTDMA « values obtained by changing the particle size from one that has lower HTDMA -
prediction agreement to another particle size with better agreement. The two compared particle sizes were 110 nm and 75 nm.
This is to illustrate how large the improvement that can be achieved by selecting a more suitable tested particle size of the
HTDMA measurement. It is important to remember, however, that the main results of HTDMA « values to be compared with
either CCNC « or predicted k values in this current study (Table 1, Sect. 3) were number-weighted mean values calculated
from across several tested particle sizes, instead of directly using the individual size k values. Therefore, the results in Table
S12 did not provide a direct explanation for the discrepancies in the mean or median « values investigated in this study. (Table

1, Sect. 3).

Based on Table S12, the drops in the prediction error values (%) achieved by selecting the size with closer «k values between
75 nm and 110 nm to the corresponding bulk predicted k values can be as much as around 15-85% from the total initial error.
This indicates that the choice of the dry size in an HTDMA « measurement can lead to significant differences in the agreement
with predicted k. However, it is important to note that the improvement is still often only marginal. In the case of a peat or a
smouldering-hardwood experiment, even choosing the size with better agreement between 110 nm and 75 nm leads to a
residual error of several thousand % relative to the predicted value. This is because of the extremely small kK measured under
sub-saturated conditions and a correspondingly higher composition-based prediction of k. The remaining error not covered by
the size adjustment indicates the presence of other factors affecting the discrepancy between the measured k values and the
bulk mass weighted predicted «k values, other than the coupling factor between the size dependence of hygroscopicity and the

size representation difference issue.

Additionally, in the current study, with the selected number-weighted HTDMA particle sizes, the size dependence of
hygroscopicity did not appear to significantly affect the discrepancy between the HTDMA « values and either the predicted or
CCNC « values. This was illustrated by Fig. S12 (a) and (b) in the Supplementary Information. Figure S12 (a) and (b) provide
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the regression linear relationship between the magnitude of the hygroscopicity’s size dependence represented through the
absolute % difference between the k values at 110 nm and at 75 nm, with the resulting bulk CCNC « versus number-weighted
HTDMA « values or bulk predicted « values versus the HTDMA number-weighted k values. The R? values for these two
relationships were small: 0.1247 and 5x10”7 for HTDMA-CCNC and Predicted-HTDMA, respectively, showing very weak
relationships. It could mean that the selected particle sizes were already appropriate and sufficient in many experiments in the
current study, and/or that other factors contributed more to the observed inter-method discrepancies. In summary, the choice
of size makes very little improvement in the reconciliation of the HTDMA number-weighted mean measured hygroscopicity

and bulk mass-weighted predicted hygroscopicity, particularly for small measured hygroscopicity.

Table S13 shows the prediction error that can be achieved by changing the mean calculation approach of the HTDMA « values
from number-weighted to mass-weighted mean calculation. Based on the Table S13, the prediction accuracy generally became
worse when changing the calculation approach from number-weighted to mass-weighted. This was despite the aim of trying
to more realistically approach the mass-weighting implicit in the AMS-SP2 based prediction. Based on the Table S13,
improved accuracy of the prediction relative to the corresponding number-weighted HTDMA mean «k values up to 80% error
reduction from the initial total error was only observed in flaming-softwood experiments, either photo-aging or non-
photoaging, and in one experiment date of the smouldering-softwood experiments with only about 29.46% error loss from
initial total error. It is important to note, however, that the rough mass-weighted calculation of the HTDMA mean « values in
current study used assumption of uniform and constant particle effective density of 1.3 g/cm? to convert the SMPS number

size distribution to mass size distribution which may not be significantly accurate.

To recap, particle size selection is an important issue when interpreting the discrepancy either between discrete size HTDMA
K or across-sizes- (number or mean)-weighted-mean k and CCNC mean k; or between the HTDMA mean « and predicted
mean K. At a discrete size, selecting incorrect size of the HTDMA « to be compared with the bulk predicted «k can contribute
to up to 85% (maximum observed contribution) of the prediction accuracy error. This high contribution can then also contribute
to the discrepancy between the predicted k and CCNC « in relatively also a high percentage. Once averaged across sizes, the
discrepancy will first depend on how close the size represented by the mean value that was obtained through either number-
or mass-weighted in the HTDMA mean « calculation, with the mean size represented by either the CCNC « value or prediction
k value determination. However, it is important to note that better or more accurate and comparable size representation does
not guarantee better or improved agreement among methods. It just leads to more trusted and reliable discrepancies. The
discrepancies themselves could instead become bigger if indeed measurement regime factors exist contributing to the
discrepancies. Finally, as previously discussed through the correlation’s investigation, in this current study, coupled factors
between size dependence of the hygroscopicity and size representation issue was not the most dominant affecting factor of the

observed discrepancies.
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3.5.4. Size Related Factor’s Effect Discussion for CCNC versus Prediction

In contrast to HTDMA, CCNC measurements characterize particle activation in a polydisperse aerosol population under a
fixed effective supersaturation (SSeff ). Although CCNC-derived k values are often interpreted as representing bulk aerosol
hygroscopicity, the inferred « is in practice governed primarily by particles near the activation diameter at 50% (D50), rather
than by the entire size distribution. In this sense, CCNC-derived « retains an implicit number-weighted character, determined
by activation probability rather than explicit size selection. By comparison, k values derived from AMS-SP2 data are
inherently mass-weighted, reflecting chemical contributions dominated by particles near the mass-weighted mean diameter.
Although both CCNC and AMS—SP2 approaches are frequently described as providing bulk k values, they do not represent
the same effective particle sizes. Differences between CCNC-derived and predicted «k values, therefore, arise naturally when

hygroscopicity is size-dependent or when the aerosol population is not internally mixed.

Under such conditions, D50-related effects influence CCNC-AMS « discrepancies through two complementary mechanisms.
First is related to the number-weighted activation criterion versus the mass-weighted chemical signal, as mentioned earlier.
Secondly, the CCNC—-AMS discrepancy is also sensitive to the direction of size-dependent hygroscopicity. In either cases of
decreasing or especially increasing hygroscopicity with particle size increase, the resulting activation curve behaviour can
mimic the curve of an internally mixed aerosol population, even though it is actually driven by size-dependent effects, leading
to shifted/biased « values. Externally mixed aerosol populations, i.e. more than one range of hygroscopicity values for one
same particle size, can further complicate this interpretation. In the present study, neither size-resolved CCNC activation
measurements nor size-resolved chemical composition data were available. A more detailed, case-by-case discussion of these
mechanisms is provided in the Supplementary Information, Notes S5, including the data processing approach used in this

current study while handling SPAR curves with apparent two spikes.
3.5.5. Role of the used korg and plausible variation of the korg value- General investigation

Based on Fig. 3 in Sect. 3.1, HTDMA median « values in all experiments are lower than the chemical composition-based
predicted k values, except those of flaming-softwood experiments. This was despite the presence of size-related factor(s)
suspected as factor(s) leading to higher measured number-weighted HTDMA « values than their real bulk values, as discussed
in previous subsection. Kim N et al (2017) in their study suspected that overestimated k values in prediction calculations,
compared to HTDMA dataset values, could be likely caused by overly high ko used in the formula. A similar issue might
explain the current study’s findings in most experiments except the flaming-softwood experiments (though reduction in Korg
would lead to increased underprediction of the k values relative to the CCNC « values). Varying discrepancies between

measured and predicted HTDMA « values across different experiment types, including the exceptional pattern of the flaming-
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softwood experiment, indicate that kg values may differ depending on the fuel type or burning conditions, though plausible

variation in Korg applied in the current study is unable to bring better agreement between the HTDMA « and prediction x.

In this study, efforts to use linear regression to determine fractional k values for each experiment type were inconclusive, likely
due to insufficient dynamic range (see Table S7-S8 and Fig. S9). Therefore, an effort to minimize the effect of
inappropriateness in applying the selected constant fractional x values were investigated by widening the predicted
hygroscopicity values by varying the fractional k values across a plausible range for comparison with HTDMA or CCNC
measurements. A validation check of the varied kg presence can also then be done by using a range of available linear
regression equations of Kore versus O:C ratio relationships in previous studies. This was done in this current study as a

complementary investigation, as provided in Fig. S10(b).

The O:C used in the current validation check is not the directly measured value, but rather the f44 versus O:C functional
relationship given by the equation of Aiken, A. C., et al (2008): f(x)=(0.0382+0.0005)x+(0.0794+0.0070) where f(x) is the
O:C ratio and x is the f44 (m/z 44 mass divided by OA mass). Meanwhile, the equation used to convert the O:C ratio was Korg =
0.18x O/C + 0.03, according to Korg = (0.18+0.04)x O/C + 0.03 by Lambe, A. al. (2011) that was generated over measured O/C
ratios ranging from 0.05 to 1.42. This coefficient value of 0.18 was roughly similar to the finding of Thalman et al. (2017),
which reported a consistent value of Korg ~0.15 that corresponded to O:C ratio ~0.8 ( Korg =0.1875 x O/C). On the other hand,
a higher coefficient like in the equation of Chang, et al., (2010): Kore=(0.2940.05)-(O/C) for the O:C ratio ranging from 0.3 to
0.6, was not used in the current study, due to its narrower O:C ratio values range used in that equation’s generation, compared
to the O:C ratio range in the current study's dataset. That coefficient value of 0.29 was actually similar to the recently published
value that constructed an equation for final k (instead of «org) versus O:C ratio: k = 0.31 + 0.02 (O/C) — 0.05 £ 0.02 of biomass
burning particle (Bai, B., et al, 2026). Additional calculations using that equation could maybe be conducted in the present
dataset to obtain the final k values compared to those from three methods of the current study focus. However, it is important
to note that many other published articles have found that the hygroscopicity of the organic fraction (thus likely also the overall
hygroscopicity, especially of particles with complex change of chemical mass fraction composition, such as inorganic: organic
and/or organic: BC ratio) is not solely determined by oxidation state as reflected by O:C ratio values (Han, S., et al 2021), so

that these kind of equations were recommended to be used as an approximate guidance only. (Chang, R. Y.-W., et al 2010).

Based on the Fig. S10(b). , the observed burning phase-separated patterns show that flaming experiments have higher Korg
values than smouldering experiments, regardless of fuel type, with peat having the lowest Kor,. These ko patterns were not like
either CCNC k or AMS-SP2 « burn phase-separated patterns that have a reverse burn phase separation pattern, i.e., higher
smouldering x than flaming k. Additionally, based on the ZSR equation, constant or similar values of other components —
inorganic hygroscopicity and mass fractions of either organic or inorganic- like within the same burn phase, should drive the

resulting k values’ pattern to follow the Ko values’ pattern. However, the CCNC « in this study did not follow the pattern of
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the calculated oz values, assuming those values were roughly accurate, at least in their inter-experiment-type patterns. For
example, the highest smouldering k among the CCNC smouldering k values was not from smouldering-softwood as expected.
Compared to HTDMA-derived «, the patterns (Fig. S10(b)) seemed roughly similar to the ko, values, except for the flaming
hardwood experiment. These results may suggest the presence of other fuel- and burn-phase-dependent, non-systematic factors
contributing to variability, particularly in the measured CCNC « values, in addition to the variability in the particles’ Ko values
not captured by bulk chemical composition alone. Droplet activation in this current study may also be controlled by population

heterogeneity and/or activation-related processes specific to supersaturated conditions.
3.5.6. Quantitative Check of the influence of O:C ratio Informed Organic k Adjustment

Based on the bulk averaged O:C ratio AMS f44-based calculated values in Fig. S10 (a) and the corresponding equation based
derived Ko values in Fig. S10 (b), new predicted « values were calculated as in the Table S14. Based on Table S14, the use of
the new Ko values as mentioned above, instead of the single Kor, value = 0.1, improved the accuracy of the prediction relative
to the corresponding HTDMA « in only some experiments. The improvement could achieve a reduction of up to 46.95% (at
the highest) from the initial total error. Consistent direction of the accuracy change, which was a positive direction or
improvement, was observed in only the prediction of HTDMA « of peat experiments across all repetitions and aging time
points. Compared to the CCNC « values, chemical composition-based «k predictions using the new ko, values showed better
agreement in only a few experiments too. However, the contribution percentages of the error loss relative to the initial total
error (%) in predicted versus CCNC measurement comparisons were much lower, achieving mostly less than 5% loss of

prediction accuracy, with only two experiment showing an error reduction of 9.23% and 22.99%.

The lower sensitivity of the CCNC k values could be caused by their significantly higher discrepancies to the predicted k values
compared to the corresponding discrepancies of HTDMA « values to the predicted k values. For example, in a flaming-
softwood experiment on 07 April 2022, the gaps between HTDMA « and the predicted k changed from +0.032 to +0.025
(absolute delta of the deviation = 0.007), equal to a reduction of the prediction accuracy error as much as 15.91% from the
total initial error. Meanwhile, the gaps between CCNC « and the predicted k changed from +0.077 to +0.070 (absolute delta
of the deviation = 0.007), equal to a reduction of the prediction accuracy error as much as 1.63% from the total initial error.
Similarly, in a leave experiment on 29 September 2022, a change in the deviation of the CCNC « relative to the predicted
CCNC « from +0.081 to +0.119 corresponded to just 0.147% reduction in error, but the same shift (-0.069 to -0.031)

corresponded to a 9.82% error loss of the prediction accuracy relative to the HTDMA «.

3.5.7. Other Factors: What remained and not tested Factors - Regime Dependent Hygroscopicity
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This current subsection discusses the not currently tested factors which are measurement regime dependent factors. As
mentioned in earlier discussion, the present data sets showed roughly consistent direction of discrepancies at which CCNC «
values were always higher than HTDMA « values. This kind of discrepancy pattern was also observed in several studies of
especially organic-rich or complex mixture, indicating measurement-regime-dependent-behavior (Wu, Z., et al 2013; Pajunoja,

A., et al 2015; and Juranyi, et al 2009)

The HTDMA-derived «k represents equilibrium water uptake at ~90% RH, whereas in biomass burning aerosols dominated by
organic material, hygroscopic growth under subsaturated conditions can be suppressed by thermodynamic constraint, such as
limited solubility leaving the particles into partially dissolved condition, and kinetic limitation, such as diffusion-limited water
uptake driven by certain particle phase states. The water uptake restricting particle phases could be in form of amorphous semi-
solid or solid (i.e., glassy or crystalline state) (Koop, T., et al, 2011). Depending on the microstructure and viscosity, Mikhailov,
E. et al (2009) further classified amorphous phases into: gels or viscous liquids, rubbers, and glasses/ultra-viscous amorphous
state. The restricted water uptake conditions caused by the particle phase state then led to lower apparent k values. On the other
hand, CCNC-derived « reflects activation behaviour near or above supersaturation. During CCN activation, the Kohler
framework amplifies both solute (Raoult) and surface tension (Kelvin) effects, particularly near the critical point, while these
two effects can be suppressed or even totally disappeared at ~90% RH where particles exist in a more concentrated conditions

with potential presence of incomplete dissolution and phase limitations.

Another factor, which is instrumental and kinetic related effect — specifically, organic co-condensation effect, could also exist,
contributing to the inter-method discrepancies, though not tested here. In cases where CCNC k becomes higher than HTDMA
K because of surface tension presence and absence in CCNC measurement and HTDMA measurement, respectively, it seems
reasonable to expect that the co-condensation that can potentially happen in HTDMA measurement only will reduce the
HTDMA-CCNC discrepancies. More detailed explanation of each of the factors mentioned in this subsection are in

Supplementary Information, Note S7.3
3.5.8. Limitations of composition-based k prediction

This subsection discusses limitations of composition-based k prediction in capturing factors that affect the HTDMA and/or
CCNC « as detailed in previous subsections. In addition to measurement regime effects, discrepancies between predicted and
measured k values reflect limitations in the composition-based framework. The prediction relies on simplified assumptions,
including fixed « values for each component, an ideal internal mixing rule, and the neglect of surface tension and phase-state
effects, as well as potential neglect of gas-particle partitioning of semivolatile organic vapors (Wu et al., 2013). Additionally,
the current study uses mass fraction approaches instead of volume fractions, assuming comparable or similar densities across

components (Gunthe et al., 2009), which is a reasonable approximation for particles consisting mostly of organics. Besides,
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among particles with similar component densities, systematic bias can arise when converting masses to volumes, due to factors

such as composition-dependent instrument collection efficiencies (Brock et al., 2011).

The use of a constant k value for organic aerosol (korg = 0.1) does not capture the variability of biomass burning organics,
which depend strongly on fuel type and combustion conditions (Bougiatioti et al., 2016; Saleh et al., 2013). Meanwhile,
enhanced CCN activity driven by surface-tension reduction is not accounted for (Xiong et al., 2022), contributing to the
underestimation of kKCCNC. The assumption of ideal mixing further limits predictive accuracy, as systematic bias can result.
Interactions between inorganic salts, organic compounds, and black carbon can produce non-linear hygroscopic behavior,
challenging the ideal internal mixing assumption due to factors such as core-shell morphology and the kinetic limitations
(Wang et al., 2021), dry organic-inorganic particles non-ideal mixing with density deviations of up to 20% (Vokes et al., 2022),
phase separation, partial solubility, and surfactant partitioning phenomenon. Further, potential external mixing contributing to
the bulk chemical composition measurements was not accommodated in the ZSR-based internal mixing rules. Lastly, the
prediction does not account for particle phase state or kinetic limitations. Semi-solid or viscous particles may not fully

equilibrate with water vapor at subsaturated conditions, reducing observed growth relative to predicted values.

Assuming that the varied process mentioned above occurs only among the organic components, not including intercomponent
interactions, those processes should only affect and be sufficiently accommodated in the Ko, parameter. In the current study,
replacing the uniform Kor, value with the O:C ratio-based Ko still couldn’t sufficiently and consistently capture the fuel-and-
burn-phase dependent discrepancies caused by the factors in the previous paragraph, either when compared to HTDMA or
CCNC, at which the prediction-measurement discrepancies were not only varied in terms of magnitudes, but also in directions,

i.e., lower or higher, relative to the prediction.

Finally, differences in the size representation—bulk mass-based composition of the prediction versus either sizes selected
using a number-weighted approach in the HTDMA or a size-number distribution-based approach in the CCNC
measurements—may introduce further discrepancies when hygroscopicity varies across the particle population. Overall,
composition-based k should be interpreted as a first-order estimate. The observed deviations highlight the importance of
processes not captured by simplified mixing frameworks. Table 5 below provides a summary of factors with different and/or

contradicting effects on the different measurement instruments or on the prediction.

Table 5. Summary of contradicting effects of some factors on the HTDMA measured k values and CCNC measured « values

Factors and Validity in this Current Study The contradicting effect

Presence of an external mixture — Slightly Kams-sp2 18 more similar to Kurpma, Which uses piecewise

validated linear fitting to accommodate all the substances with
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different hygroscopicity, than to kccn, which ignores the

non-hygroscopic fraction

Presence of surface-active substances — Potentially lower or keeping constant the kutpma, yet
Assumed or Not Validated increasing the Kcene, not affecting the Kams-sp2
Presence of condensable organic gases — Not affect Kcene, nor Kams-sp2, but can improve the Kurpma

Assumed or Not Validated

Particles’ phase state and morphology — Likely influence kurpma significantly, but not the Kcene.
Assumed or Not Validated For example, the solid phase of the particles in the
HTDMA measurements may limit the particles’ ability to
take up water vapor further, yet in the CCNC
measurement, this barrier was overcome through fast

water droplet activation; not affect kams-sp2.

3.59 Direction for Future Work

Although this study has identified several potential drivers of the discrepancies among « values derived from CCNC, HTDMA,
and composition-based prediction, further work is required to quantify these effects more systematically and rigorously,
particularly for processes that were not explicitly isolated here. A more systematic experimental framework is proposed,
consisting of four complementary sets of experiments for each fuel and burn condition to first minimize discrepancies
associated with particle size representation and mixing state, then investigate and isolate discrepancies caused potentially by
organic-and water vapor co-condensation differences in the HTDMA and CCNC instruments. (Supplementary Information,

Notes S8)

Once the issue of the two instrumental systems’ difference regarding the organic-and-water vapor co-condensation possibility
or presence is isolated or diminished, whereas discrepancies associated with particle size representation and mixing state are
minimized, it may become possible to derive a quantitative correction framework linking k values obtained from different
measurement approaches. Such a framework, developed within a unified experimental system, could enable conversion
between HTDMA-, CCNC-, and composition-derived « values. This would allow more consistent application of
hygroscopicity data, for example, using HTDMA-derived « for subsaturated processes such as visibility and CCNC-derived k

for cloud activation and aerosol—cloud interaction studies.

Lastly, ranges of measurements (Supplementary Information, Notes S8) not conducted in the current study were suggested to
further explore the discrepancy factors more thoroughly and deeply. Additionally, particle density measurements should

probably be useful if HTDMA mass-weighted averaged values are also calculated and compared in addition to the HTDMA
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number-weighted averaged, to avoid any bias caused by the assumption of uniform effective particle density in the SMPS

number concentration to SMPS mass concentration conversion.
Conclusion

This study investigated the hygroscopicity (k) of submicron biomass-burning aerosols generated from peat, leaves, hardwood,
and softwood under flaming and smouldering conditions using three approaches: HTDMA measurements, CCNC
measurements, and AMS-SP2 composition-based prediction. All experiments were conducted within a consistent
experimental framework, allowing direct comparison of both k values and the underlying mechanisms controlling them. In
general, CCNC-derived k exceeds HTDMA-derived k, with composition-based predictions falling in between. These
discrepancies reflect the fundamentally different aerosol properties emphasized by each method. Composition-based « values
are primarily governed by burn-phase-dependent bulk chemical composition, whereas CCNC-derived « reflects activation
behaviour under supersaturation and HTDMA-derived « reflects subsaturated hygroscopic growth. Both the magnitude and
direction of discrepancies vary across fuel types and combustion conditions. Clear burn phase separation, at which smouldering
particles generated higher k values, was observed in both the CCNCC measurement and the chemical composition-based

retrieval.

The relative ordering of fuels differs between methods. Under supersaturated conditions, smouldering aerosols, particularly
from peat and leaves, exhibit the highest k values, whereas flaming aerosols show lower values. Under subsaturated conditions,
k shows greater fuel dependence, with peat exhibiting the lowest values, consistent with its low effective organic
hygroscopicity and the likely presence of a semi-solid particle phase. This contrasting behaviour, particularly for peat,
highlights the role of regime-dependent processes affecting aerosol water uptake. The mean values of each method under
flaming and smouldering burn phases in sequence were 0.040-0.068 and 0.049-0.123 for HTDMA; 0.105-0.161 and 0.163-
0.238 for CCNC; then 0.060-0.068 and 0.114-0.133 for AMS-SP2 chemical composition-based predictions, respectively.

Several suspected factors contributing to the discrepancies among measurements were investigated. The coupling effect
between size representation and k size dependence was quantitatively observed as affecting the HTDMA-CCNC «
discrepancies. However, the influence was small compared to the total observed discrepancies. Similarly, the contributing
effect of the presence of externally mixed non-hygroscopic BC particles to the discrepancies seemed not significant. The
possible cause of the insignificant contribution of the BC content presence to the HTDMA-CCNC discrepancy was the likely
presence of a significant fraction of the BC content in the form of coated BC particles, which likely reduces its impact on any
difference in k values caused by the CCNC data processing nature that excludes the non-hygroscopic fraction from the x

difference.
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Among the tested measurement versus prediction factors, korg seemed to be a more important factor than the size-related
factor. However, not all fuel types and burn phases produced particles with strong O:C ratio versus korg correlations. Peat
became the only experiment type consistently benefited, with a 16-59% improvement, while substantial residual discrepancies
remained, from using an O:C ratio-informed «org instead of a constant xorg of 0.1. Additionally, changing the initially used
uniform korg of 0.1 to more experiment-type dependent values in the prediction affects the HTDMA versus prediction
discrepancies noticeably, but affects only slightly the CCNC versus prediction discrepancies. The coupling between size
representation and intrinsic size dependence of hygroscopicity may also contribute to the discrepancies, particularly when
particle sizes are not sufficiently and appropriately selected, tested, and accounted for in HTDMA-derived mean « values.
However, this effect does not appear to be the most significant driver in the present dataset. Lastly, the quantitative
investigation in this study confirmed the importance of the BC fraction inclusion in the AMS-SP2-based « prediction of the

BB particles.

Overall, the results demonstrate that hygroscopicity in biomass-burning aerosols is a regime-dependent property rather than a
single intrinsic parameter. Although not explicitly isolated or investigated in the current study, the observed significant
divergence between subsaturated and supersaturated k values suggests additional discrepancies affecting factors related to
different physicochemical processes that dominate across regimes. The factors include those related to a kinetic limitation on
water uptake (e.g., particle phase state) and those related to activation-related processes, including both surface tension
reduction and bulk—surface partitioning. Taken together, these findings highlight that « cannot be treated as a method-
independent quantity for biomass-burning aerosols. Instead, regime-aware parameterizations are required, explicitly
accounting for size—composition coupling, mixing state, and the physicochemical processes governing both subsaturated water

uptake and cloud droplet activation.

Appendix A
All the additional materials, such as explanations, figures, and tables, are provided in a separate file available in the link as

mentioned in “Supplement Link” section.

Code and data availability
The code and data are available at Zenodo: https://doi.org/10.5281/zenodo.20695234.
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The link to the supplement will be included by Copernicus.
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