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Abstract Aerosol particles emitted in wildfires can contribute to radiative forcing via aerosol‐cloud
interactions and by directly interacting with solar radiation. Wildfire emissions increase the concentration of
cloud condensation nuclei (CCN) in the atmosphere and thus affect cloud properties (e.g., cloud brightness). For
this study, we conducted open laboratory burning experiments with less studied biomass types from South
African savannah and European boreal forest, to quantify the particle hygroscopicity, an important factor
affecting CCN concentrations. We also investigated the effect of burning conditions (characterized by the
modified combustion efficiency (MCE)) and aging on the hygroscopicity of the particles. Considering all the
experiments, the primary hygroscopicity parameter κ is constant (0.079 ± 0.007 (mean ± STD) for
supersaturation of 0.43%) with respect to MCE for particles from smoldering combustion and increases to a
maximum of 0.19 with increasing contribution of flaming. With aging, the hygroscopicity increases (boreal
forest biomass) or remains unchanged (savannah biomass) in smoldering experiments, while it decreases in
experiments with more flaming‐dominated burning, decreasing the overall variability in κ. Using
complementary chemical analysis methods, we provide insights into the markedly different CCN results under
different burning conditions. Our results indicate that even in organic carbon‐dominated aerosol representative
of wildfires, a small fraction of inorganic material can significantly influence the aerosol hygroscopicity,
highlighting the impact of combustion efficiency on biomass burning aerosol CCN activity.

Plain Language Summary Wildfires emit particles that can act as cloud condensation nuclei (CCN)
and therefore increase the cloud fraction and lifetime, resulting in a cooling effect on the climate. The ability of a
particle to act as CCN depends, for example, on its size and chemical composition. We investigate the effect of
the chemical composition by studying the hygroscopicity of biomass burning particles. Samples of biomass
from the South African savannah and the surface layer of a European boreal forest were burned in a laboratory
and the emissions were analyzed using a chamber simulating the atmosphere. The hygroscopicity of the
produced particles was low to moderate, consistent with their high organic fraction. The particles emitted from
flaming‐dominated burning were more hygroscopic compared with those from smoldering‐dominated burning.
As these particles age in the atmosphere, the resulting effect on hygroscopicity depends on the burning
condition. The hygroscopicity of the particles from flaming‐dominated burning decreases, while that of the
particles from smoldering‐dominated burning increases or stays the same. Our results highlight the impact of
combustion efficiency on biomass burning aerosol CCN activity.

1. Introduction
Biomass burning (BB), including wildfires and residential combustion, is a major source of primary organic
aerosol and black carbon (BC) worldwide (Andreae, 2019). It also emits a variety of gaseous compounds. Some of
these compounds are strong greenhouse gases and others can act as precursors for secondary organic aerosol
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(SOA) formation. During recent decades, the rate and intensity of wildfires have been increasing and are expected
to further increase due to climate warming (Descals et al., 2022; Tyukavina et al., 2022). This warming is
especially fast in arctic regions (Rantanen et al., 2022), making boreal forest fires an object of special interest. On
the other hand, open fires in the savannah and grasslands are estimated to account for more than a third of the total
annual burned biomass (Andreae, 2019), highlighting the importance of these biomes.

Aerosol particles emitted by wildfires can directly influence the global radiative budget of the Earth by scattering
and absorbing radiation (Bellouin et al., 2005; Penner et al., 1998). These particles can also change the cloud
properties by acting as cloud condensation nuclei (CCN) (Engelhart et al., 2012; Kommula et al., 2024) and
therefore have an indirect effect on the climate. CCN activity of aerosols is influenced by the particle size,
chemical composition, and mixing state (Ching et al., 2017; Petters & Kreidenweis, 2007). These properties, and
therefore the CCN activity, have been observed to vary greatly depending on the burned fuel (e.g., Engelhart
et al., 2012) and the burning condition (e.g., Gomez et al., 2018; Mouton et al., 2023).

The effect of chemical composition on the particle CCN activity, characterized with the hygroscopicity parameter
κ, has been investigated in numerous studies both in field studies in the vicinity of wildfires (Gomez et al., 2018;
Hsiao et al., 2016; Lathem et al., 2013; Rose et al., 2010) and in laboratory experiments (Dusek et al., 2011;
Engelhart et al., 2012; Giordano et al., 2013; Martin et al., 2013; Mouton et al., 2023; Petters et al., 2009). In these
studies, various biomass types are investigated, but only some include characterization of the burning condition.
Despite several studies on the CCN activity of BB aerosols, there is a lack of research using fuels typical for
savannah and grassland fires as well as for European boreal forest surface layer fires, especially in smoldering
conditions.

Atmospheric aging can further alter the composition, size and mixing state of the aerosol and thus change their
CCN activity (e.g., Che et al., 2022; Hodshire et al., 2019; Vakkari et al., 2014, 2018; Wu et al., 2021). If it rises
above the boundary layer, BB smoke can be transported far from the source (Damoah et al., 2004). Wildfires can
thus have severe effects on the climate and human health not only in the source region but also globally. This
effect has been observed in the Arctic region (Gramlich et al., 2024; Kommula et al., 2024), where long‐range
transported BB emissions are an important source of aerosol during summer (Warneke et al., 2009, 2010).
Another instance is South America, where the smoke transported from northern Africa has been observed to
elevate CCN concentrations (Royer et al., 2023). Transported BB aerosol can be hours to even several days old
and have significant effects on the climate (Farley et al., 2022). Thus, the aging of the wildfire emissions is
especially important to consider when characterizing the CCN activity of long‐range transported smoke aerosol
particles.

Very few studies have investigated the CCN emission factors (EFCCN), a parameter relating the number of emitted
CCN active particles to the amount of burned biomass, for different biomass types. Andreae (2019) reported
EFCCN (0.5% SS) values of 0.8 × 1015 kg− 1 for savannah and grassland fires, and 1.6 × 1015 kg− 1 for boreal forest
fires. A linear relationship between emission factors for particles larger than 100 nm, which can be used as an
estimate for EFCCN, and combustion efficiency was shown by Janhäll et al. (2010). Highly variable EFCCN values
for biomass combustion in cookstoves were reported by Kristensen et al. (2021). More studies are needed to better
understand and quantify the emission factors of CCN active particles for different biomass fuels as well as the
burning conditions.

For this study, we conducted laboratory measurements of BB emissions using African savannah originated woody
and grassy material as well as samples of a boreal forest surface layer to investigate the particle hygroscopicity
and CCN emission factors. We relate these properties to the combustion efficiency as it has been previously
shown to greatly influence the emission properties. Additionally, utilizing an atmospheric chamber, we studied
the impact of photochemical and dark aging on the particle hygroscopicity. With the unique boreal forest sample
type containing vegetation, litter, and humus, we aim to mimic the field conditions of North European boreal
forest surface fires more precisely than before. Overall, our findings extend prior research by adding data for
African savannah and European boreal forest fuels and by showing the effects of combustion conditions and aging
of the BB smoke on the hygroscopicity of aerosol emissions.
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2. Methods
2.1. Biomass Samples and Combustion

Laboratory measurements of BB smoke were carried out as part of the Boreal And Savannah Fire Aerosol Aging
(BASFAA) measurement campaign at the ILMARI research facility in Kuopio, Finland in May–June 2022.
During the measurements, three biomass types, typical for savannah and boreal forest surface fires, were used.
The savannah biomass was collected in South Africa close to the Welgegund measurement station (e.g., Jaars
et al., 2016) and divided into grass and wood samples. The grass samples were collected from the ground and
middle layer and the wood samples from the middle layer and the canopy. The boreal forest surface samples were
collected in Evo, Finland from an experimental burn area (Köster et al., 2024) and consisted of forest surface
vegetation, litter, and soil organic horizon. Prior to measurements, all the boreal samples were dried in an oven at
60°C. One sample of each biomass was chosen for the analysis of the total moisture. The savannah wood sample
had a total moisture of 9.4% and savannah grass 8.6%, while the total moisture of the boreal forest surface sample
was 9.6%.

For the combustion, the sample was placed on steel mesh under a hood with an open chimney leading to an
atmospheric chamber. The sample was ignited using a heated resistor. By controlling the ignition of the sample
with the resistor power and allowing emissions from specific phases of the burning process (e.g., only the
smoldering period) to enter the chamber, we investigated a wide range of burning conditions for each fuel type.
More detailed description of the samples is given in Supporting Information S1.

2.2. Chamber Experiments

To investigate the properties of both fresh and aged BB emissions, we used a 29 m3 simulation chamber, as
described in Leskinen et al. (2015). After injection of the smoke and about 15 min of mixing in the chamber, the
primary emissions were characterized for about 45 min by sampling from the chamber. To initiate photochemical
aging, hydrogen peroxide (H2O2) and ozone (O3) were fed into the chamber and the UV lights were turned on.
Dark aging was initiated by feeding only O3 into the chamber. The target for O3 concentration was 50 ppb for
photochemical aging and 100 ppb for dark aging. To monitor the formed OH radicals during photochemical
aging, a small amount of d9‐butanol was injected into the chamber. Next, the aging of the emissions was char-
acterized for about 4.5 hr. The chamber relative humidity was set to 20%–30% for experiments with savannah
originated fuels, and 40%–50% for experiments with boreal forest surface biomass to reach the daytime ambient
conditions typical for these environments during the fire season.

The concentrations of CO, CO2, and CH4 were monitored with a Cavity Ring‐Down Spectrometer (CRDS, model
G2401, Picarro, Inc., USA). The O3 concentration was monitored with a photometric analyzer (model 49i,
Thermo Fisher) and the NO, NO2, and NOX concentrations with a chemiluminescence analyzer (model 42i,
Thermo Fisher). Gas phase volatile organic compounds (including d9‐butanol) were monitored with a proton
transfer reaction mass spectrometer (Vocus CI‐ToF 2R with PTR reactor, abbreviated as VOCUS, Tofwerk AG,
Aerodyne Inc.).

2.3. Size‐Resolved CCN Measurements

Size‐resolved CCN activity measurements were conducted using a CCN counter (CCNC, model CCN‐100,
Droplet Measurement Technologies Inc.) along with a condensation particle counter (CPC, model 3775, TSI Inc.)
and a differential mobility analyzer (DMA, coaxial Vienna‐type). The sample flow in the DMA was 0.8 L min− 1

which was distributed between the CCNC (0.5 L min− 1) and the CPC (0.3 L min− 1). The sheath flow to sample
flow ratio was 8:1 in the DMA and 10:1 in the CCNC.

The sample was dried with a diffusion drier and passed through a bipolar aerosol neutralizer (with 63Ni source).
Then, a quasi‐monodisperse particle distribution was selected with the DMA. The total number concentration of
this particle sample was measured using the CPC, and the number concentration of activated particles was
determined by the CCNC. For each supersaturation (SS) set in the CCNC, the size in DMA was stepped from 20
to 300–600 nm, providing one full size scan in 6–10 min. The upper size limit was chosen based on the aerosol
particle number size distribution in each experiment. CCN activity was measured at SS of 0.43%, 0.65%, 0.87%,
and 1.1% during primary measurements. During aging, SS of 0.09%, 0.2%, and 0.31% were added and 1.1% was
omitted.
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The CCNC supersaturations were calibrated in the beginning and after the measurement campaign using
ammonium sulfate particles (Rose et al., 2008) and comparing the results with model activation data of
ammonium sulfate (Topping et al., 2016). The instrument was stable throughout the campaign.

2.4. Size Distribution Measurements

The number size distribution of the aerosol particles in the chamber was measured using a scanning mobility
particle sizer (SMPS, TSI 3082 DMA+ 3775 CPC). The SMPS was set to measure particles from 14.6 to 685 nm
with 108 size bins. The time resolution of the SMPS measurement was 3 min.

2.5. Particle Phase Chemical Composition Characterization

The refractory BC concentration was monitored using a single‐particle soot photometer (SP2, Droplet Mea-
surement Technologies). The SP2 was calibrated on‐site using size‐selected Aquadag covering the size range
from 70 to 400 nm. Processing the measurements, the artifact described by Schwarz et al. (2022) was accounted
for. BC mass concentrations were calculated assuming a density of 1.8 g cm− 3.

An online high‐resolution time‐of‐flight soot particle aerosol mass spectrometer (HR‐ToF‐SP‐AMS, abbreviated
as AMS, Aerodyne Research Inc.) was used to measure the size‐resolved chemical composition and mass con-
centration of aerosol particles (DeCarlo et al., 2006). The instrumental operation principles and calibrations have
been described in previous publications (Canagaratna et al., 2007). In this study, the AMS was operated only in
EI‐mode (tungsten vaporizer mode), detecting only the non‐refractory material. The measurement data were
averaged and saved every 2 min. The standard calibrations of ionization efficiency (IE) and relative ionisation
efficiency (RIE) were performed using size‐selected ammonium nitrate and ammonium sulfate particles. The RIE
for ammonium and sulfate was determined to be 3.5 and 1.35, respectively. The collection efficiency (CE) was
estimated by comparing the particle volume concentration calculated from the AMS data assuming a particle
density of 1.25 g cm− 3 with SMPS volume concentration measurements. The combined RIE*CE values for
the organic matter during the primary emission stage were estimated to be in a range of 0.8–1.1, and those for the
SOA formation stage were in a range of 0.7–0.9. The decrease in RIE*CE values during aging is due to the
formation of oxidized organic components resulting in changes in particle phase state, water content, and
volatility, which is consistent with observations in chamber SOA and combustion studies (Docherty et al., 2013;
Lim et al., 2019). The oxygen‐to‐carbon (O/C) and hydrogen‐to‐carbon ratios (H/C) were derived using the
improved ambient parametrization (Canagaratna et al., 2015).

For some experiments, a Single Particle Mass Spectrometer (SPMS) was used in addition to the AMS. The SPMS
instrument (prototype of the PhotonLIZA system, Photonion GmbH) includes two reflection TOF (time‐of‐flight)
mass analyzers and provides chemical information from both refractory and organic particle components on a
single‐particle level (Passig & Zimmermann, 2021). Its working principle and parameters have been described in
detail previously (Schade et al., 2019). Briefly, the particles are introduced through an aerodynamic lens,
detected, and sized via light scattering using a pair of continuous‐wave lasers (wavelength λ = 532 nm) and
photomultipliers before entering the mass spectrometer. There, the individual particles are exposed to a sequence
of laser pulses to desorb and ionize both the inorganic as well as the organic particle material (Schmidt
et al., 2024). The unique feature of the novel SPMS method is that in addition to inorganic compounds (salts,
metals, soot) and small organic compounds (e.g., oxalate) also a molecular fingerprint of the non‐polar aromatic
compounds, such as the Polycyclic Aromatic Hydrocarbons (PAH), is detected on a single particle basis. Here, we
focus on the ions produced by laser desorption/ionization (LDI) with 5 mJ UV pulses from a KrF excimer laser
(248 nm). Mass spectra of ions of both polarities are recorded using a 14‐bit digitizer (ADQ14, Teledyne SP
Devices AB, Sweden) and converted into peak area with unit mass resolution using custom software. It should be
noted that SPMS data do not provide quantitative mass concentrations for individual particles but can be
quantified for the ensemble (Healy et al., 2013). At single‐particle resolution, it reveals characteristic chemical
signatures and their variations as well as information on the mixing state (Riemer et al., 2019) in comparative
experiments.

2.6. Processing of CCN Data

Both the CCNC and CPC data were corrected for multiply charged particles using Wiedensohler (1988)
approximation for the charge distribution. The dry activation diameter (D50) was calculated from the obtained
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multicharge corrected CCNC and CPC data for each CCNC scan by fitting a sigmoidal function to the activated
fraction (AF(Dd) = NCCN(Dd)/NCPC(Dd)) versus selected dry diameter (Dd) curve. D50 was determined to be the
diameter for which AF was half of the AF value at the plateau of the fitted curve. The sigmoidal fits were
evaluated visually, and the bad quality fits were excluded from further analysis.

The CCN activity of the particles was characterized by the hygroscopicity parameter κ introduced by Petters and
Kreidenweis (2007). The so‐called κ‐Köhler theory defines the saturation ratio over a droplet with curvature as

S(D) =
D3 − D3

d

D3 − D3
d(1 − κ)

exp (
4σs/aMw

RTρwD
), (1)

where D is the diameter of the droplet, Dd is the diameter of the dry particle, σs/a is the surface tension of the
droplet at the solution/air interface,Mw is the molecular weight of water, R is the universal gas constant, ρw is the
density of water and T is the temperature. Values of κ were determined iteratively from the κ‐Köhler theory
(Equation 1) by using D50 as the value for Dd and finding the κ value that yields the Köhler curve with a
maximum at the SS corresponding to the chosen D50 value. Measurement uncertainty for SS (ΔSS) was defined
as the standard error of the Deming regression (Hall, 2022) estimate for the linear fit obtained in SS calibration.
The uncertainty inD50 (ΔD50) was defined to be the size bin width or the 95% confidence bound of the sigmoidal
fit, depending on which of the two was smaller. Both the uncertainty in SS and D50 was considered when
calculating the uncertainty in κ using the combination of D50 + ΔD50 and SS + ΔSS as the lower bound and
D50 − ΔD50 and SS − ΔSS for the upper bound.

2.7. Modified Combustion Efficiency

To characterize the burning condition, the average modified combustion efficiency (MCE) was determined for
each experiment. MCE was calculated with the CO and CO2 concentrations measured with the CRDS in the
diluted smoke fed into the chamber. MCE was calculated as:

MCE =
ΔCO2

ΔCO2 + ΔCO
, (2)

where ΔCO2 and ΔCO are the concentrations of carbon dioxide and carbon monoxide with the effect of the room
and dilution air removed (Ward & Radke, 1993). It should be noted that, the time resolution of the CRDS (5 s) is
relatively low compared to fast changes in smoke characteristics. This may have caused fast peaks in CO and CO2

concentrations to go unnoticed, introducing additional uncertainty. Pure smoldering corresponds to anMCE value
of 0.8 or less, and pure flaming to an MCE value of ∼0.99 (Yokelson et al., 1996). Equal amount of smoldering
and flaming corresponds to an MCE of 0.9.

2.8. CCN Emission Factors

Emission factors define the amount (e.g., mass or number) of a pollutant, such as CCN, emitted per unit mass of
burned biomass. CCN emission factors (EFCCN) were determined for primary emissions with the carbon mass
balance method (Ward & Radke, 1993; Yokelson et al., 1999). EFCCN was calculated based on the CCN number
concentrations in the chamber and therefore is representative only of the burning conditions chosen to be
investigated in each experiment. CCN emission factors (in # (kg fuel)− 1) were calculated as

EFCCN = FC · 1000 ·
ERCCN
∑C
ΔCO

, (3)

where FC is fuel carbon mass fraction, ERCCN is the emission ratio of CCN (in g− 1) and the summation ∑C
includes carbon in ΔCO2, ΔCO, and ΔCH4 from the CRDS measurements during the chamber feed with effect of
the room and dilution air removed as well as carbon in volatile organic compounds measured with VOCUS, and
particle phase carbon measured with AMS and SP2. ERCCN is calculated as
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ERCCN =
NCCN

MC · P
R · T · 10− 6 ·ΔCOchamber

, (4)

where NCCN is the number concentration of CCN particles (in m− 3) calculated
from the SMPS size distribution as the sum of particles larger than D50
(SS= 0.43%),MC is the molar mass of carbon, P is pressure, R is the universal
gas constant, T is temperature and ΔCOchamber is the concentration of CO in
the chamber (in ppm) with the chamber background subtracted.

3. Results and Discussion
CCN data were recorded during 18 combustion experiments, of which eight
were conducted with savannah wood, four with savannah grass, and six with
boreal forest surface material (Table 1). Due to bimodal size distribution, we
could not determine a single κ value for the primary aerosol in experiment on
2 June and for the aged aerosol in experiments on 27 and 30 May as well as 2
June. These data have been excluded from the CCN analysis. Relatively low
MCE values were observed for the combustion of boreal forest surface ma-
terial ranging from 0.74 to 0.84. These MCE values correspond to pure
smoldering and smoldering dominated burning conditions. Contrary to boreal
forest surface, relatively high MCE values (0.84–0.97) were observed with
savannah grass, corresponding to smoldering‐dominated and flaming‐
dominated burning conditions. For savannah wood combustion, the widest
MCE range was observed with MCE values ranging from 0.59 to 0.95. Field
measurements of the African savannah and grassland burning emissions
suggest that flaming is the more dominant burning condition in such fires,
with average MCE varying from 0.94 to 0.97 (Abdulraheem et al., 2020;

Andreae, 2019; Sinha et al., 2003), though there may be seasonal changes (Vernooij et al., 2023). Smoldering
appears to be slightly more dominant in boreal forest fires with an average MCE of 0.88 (McRae et al., 2006).
Considering this, we were able to achieve the averageMCE values for savannah fires but did not reach the average
values for boreal forest surface fires.

3.1. Hygroscopicity of Primary Particles

CCN activity of the primary particles was measured for about 45 min after the chamber filling and the 15‐min
mixing period. During the primary measurement, the particle phase composition was stable in most of the ex-
periments as indicated by the elemental composition derived from the AMS measurement (see Figure S1 in
Supporting Information S1). In high MCE experiments with savannah wood, there is a slight decrease in the mass
fraction of organics and a slight increase in the mass fraction of NO3. The hygroscopicity parameter κ was
calculated for several supersaturations (SS) from 0.2% to 0.87%; however, the best coverage of data over all
experiments was recorded with SS of 0.43%. Hence, the data with this SS will be used throughout this study. The
trends in κ with increasing MCE were similar between the different SS; however, within the same MCE, the
different SS resulted in slightly different κ values (see Figure S2 in Supporting Information S1).

First, we investigate how the hygroscopicity of the primary BB particles depends on the burning condition (i.e.,
MCE) and the burned biomass type. Figure 1 presents the measured κ values (SS = 0.43%) for primary emissions
of all BB experiments as a function of MCE. In all experiments, primary aerosol had low to moderate hygro-
scopicity with κ values ranging from 0.07 to 0.19 (Figure 1). In experiments with savannah wood and boreal forest
surface material (i.e., the biomasses for which the low MCE was achieved) with MCE < 0.84, the particle hy-
groscopicity was observed to be quite independent of MCE with mean κ of 0.079 (standard deviation = 0.007).
The hygroscopicity of the savannah wood and grass burning particles showed an increasing trend with MCE
within the experiments having MCE above 0.84. Therefore, we found that flaming‐dominated burning of
savannah wood produced particles with higher hygroscopicity compared with smoldering‐dominated burning.
Due to the lack of measurements with high MCE for boreal forest surface material and low MCE for savannah
grass, we are not able to compare the trends for the different biomass types over the wideMCE range. Namely, we

Table 1
Summary of Experiments With CCN Measurements During the BASFAA
Campaign Including Fuel Type, Modified Combustion Efficiency (MCE),
and Aging Type

Date Fuel type MCE Aging

16 May 2022 Savannah grass 0.952 (±0.001) OH

17 May 2022 Savannah wood 0.589 (±0.055) OH

19 May 2022 Savannah wood 0.886 (±0.003) OH

20 May 2022 Savannah wood 0.858 (±0.005) OH

23 May 2022 Savannah wood 0.929 (±0.001) OH

24 May 2022 Savannah wood 0.935 (±0.001) OH

25 May 2022 Boreal forest surface 0.763 (±0.009) OH

27 May 2022 Boreal forest surface 0.741 (±0.012) OH

30 May 2022 Boreal forest surface 0.702 (±0.015) OH

31 May 2022 Savannah wood 0.672 (±0.022) Dark

1 June 2022 Savannah wood 0.950 (±0.001) Dark

2 June 2022 Savannah wood 0.892 (±0.002) Dark

3 June 2022 Savannah grass 0.843 (±0.002) Dark

6 June 2022 Savannah grass 0.973 (±0.0004) OH

7 June 2022 Savannah grass 0.895 (±0.002) OH

8 June 2022 Boreal forest surface 0.743 (±0.006) Dark

9 June 2022 Boreal forest surface 0.839 (±0.003) OH

10 June 2022 Boreal forest surface 0.758 (±0.009) Dark
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cannot predict if particles from boreal forest surface burning would also
exhibit increasing κ values in flaming‐dominated burning conditions.

The observed κ values are within the same range as reported in other studies
with BB aerosol. Petters et al. (2009) observed similar BB aerosol hygro-
scopicity (0.05 < κ < 0.19) for fuels containing for example needles, branches
and leaves from various tree species; however, the whole range of observed
hygroscopicity was much broader than in our measurements. Carrico
et al. (2010) reported κ values of around 0.1 derived from H‐TDMA data for
particles emitted in burning of some boreal fuels in smoldering conditions.
Li (2019) measured the hygroscopicity of sawgrass burning particles and
obtained κ values of ∼0.21 for fresh particles dominated with organic
material.

3.2. Hygroscopicity of Aged Particles

After the primary CCN measurements, aging was initiated in the chamber,
and the hygroscopicity of the aging aerosol particles was monitored for about
4.5 hr. At the end of the photochemical experiments, OH exposure ranged
from 8.3 × 1010 to 15.7 × 1010 molecules cm− 3 s which corresponds to an
equivalent photochemical age of 0.6–1.2 days (assuming 24‐hr average
ambient [OH] = 1.5 × 106 molecules cm− 3 (Mao et al., 2009)). Similarly, at
the end of dark aging, the O3 exposure ranged from 3.7 × 1016 to 4.7 × 1016

molecules cm− 3 s, corresponding to equivalent atmospheric age of 0.6–
0.8 days (assuming 24‐hr average ambient [O3] = 7 × 1011 molecules cm− 3

(Atkinson & Arey, 2003)). Here, we present the hygroscopicity of the photochemically and dark‐aged particles
toward the end of aging for 0.43% SS. Figure 1 presents the hygroscopicity of the aged BB particles as a function
of MCE. Data points with similar OH exposure (8.0 × 1010–11.2 × 1010 molecules cm− 3 s, equivalent atmo-
spheric age of 14.7–20.8 hr) were chosen for photochemical experiments. For dark aging, the last data point of
each experiment was chosen.

In most experiments, the most significant changes in hygroscopicity occurred during the first hour of aging. Three
exemplary time series of κ can be seen in Figure 2. The measured κ values of the photoaged aerosol varied from
0.07 to 0.15 and for the dark aged from 0.08 to 0.13 at 0.43% SS. The direction of the change in κ was similar for
all SS, but the magnitude of the change varied (see Figure S2 in Supporting Information S1). Photochemical aging
resulted in an increase in the particle hygroscopicity in the low MCE (<0.84) experiments with boreal forest
surface material, while dark aging had only a minor effect. In the two savannah wood experiments with lowMCE,
dark aging had no effect on hygroscopicity, while photochemical aging resulted in a slight decrease in kappa. A
clear decrease in hygroscopicity was observed in most of the experiments with highMCE (>0.84) both during the
dark and photochemical aging. In other words, an increase or no change in hygroscopicity was observed for
particles with low initial hygroscopicity and a decrease in hygroscopicity was observed for particles with higher
initial hygroscopicity. This is surprising as the oxidation state of the organic fraction increased during the
oxidation process in all the experiments (see Figure S3 in Supporting Information S1), which is typically asso-
ciated with an increase in observed hygroscopicity (Jimenez et al., 2009). Similar to us, Engelhart et al. (2012)
reported a decrease in κ for particles with high initial hygroscopicity and vice versa, causing the overall variability
in hygroscopicity to decrease. Based on our results, the burning condition (represented by MCE) seems to be an
important factor affecting the change in particle hygroscopicity during aging.

3.3. Chemical Composition and Links to Particle Hygroscopicity

To better understand the dependency of hygroscopicity on MCE and the changes in κ during the oxidation
process, we investigate the chemical composition of both primary and aged aerosol. The chemical composition of
the aerosol was characterized with an AMS and an SPMS, and the black carbon (BC) concentration with an SP2.
In this section, we present the aerosol composition as measured from the chamber for 1 hr before aging started and
at the end of aging. In these two experimental stages, we examined the size‐resolved chemical composition of

Figure 1. Hygroscopicity of primary and aged particles as a function of
modified combustion efficiency (MCE) for supersaturation of 0.43%. Filled
circles correspond to primary aerosol. Open squares indicate
photochemically aged aerosol and open triangles indicate dark aged aerosol.
Error bars show the uncertainty in supersaturation and activation diameter
reflected in κ.
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aerosol particles across all the size ranges. We observed that the chemical
composition of smaller particles (e.g., 80 nm) was very similar to that of large
particles (e.g., 300 nm).

Based on the measurements with the AMS and the SP2, the organic material
highly dominated the total mass of non‐refractory material and BC, having a
mass fraction of 86%–99% (Figure 3). This was observed for both primary
and aged particles in all fuel types and burning conditions. Both non‐
refractory inorganic materials (including ammonium nitrate, ammonium
sulfate, ammonium bisulphate, and sulfuric acid) and BC remained low in all
experiments with mass fractions of 0.4%–6% and 0%–8.1%, respectively.
These results are consistent with several field and laboratory studies reporting
high organic fractions and low elemental carbon (EC) (or BC) fractions in
wildfire emissions with MCE < 0.97 (Christian et al., 2003; Hosseini
et al., 2013; Liang et al., 2022; Pokhrel et al., 2016). Very low and almost
constant EC/OC values at MCE < 0.97 were reported by Pokhrel et al. (2016),
also in line with our observations. We see a small increase in the BC/OC ratio
at the highest MCE values (see Figure 3); however, we did not achieve the
burning conditions where this ratio is expected to increase strongly (Pokhrel
et al., 2016).

The observed relatively low hygroscopicity of the primary aerosol in exper-
iments with MCE < 0.84 is consistent with previously published values for

primary BB emissions (Petters et al., 2009), and with the high organic fraction and low carbon oxidation state
(OSc) as measured with the AMS. However, when using a simple mixing rule and the literature values of κ for BC
and different organic and inorganic chemical components analyzed by AMS, the slight decrease of the organic
and increase of the inorganic fractions are not sufficient to explain the higher hygroscopicity of the primary
aerosol in the experiments with high MCE. The hygroscopicity of the primary particles is shown in Figure 4 as a
function of OSc, which can be used to estimate the degree of oxygenation of the aerosol particles (OSc = 2*O/C‐
H/C, Kroll et al., 2011). There were clear differences in OSc between the burned biomass types. Primary particles
emitted during BB of boreal forest surface material appear to be less oxidized with OSc from − 1.5 to − 1.2
compared to savannah wood (− 1.2 < OSc < − 0.9) and savannah grass (− 0.7 < OSc < − 0.5). When the whole
data set is considered, there is a moderate positive correlation of κ with increasing OSc (R2 = 0.50 for SS of
0.43%), but within the different biomass types, the trend is not always clear. In the case of savannah wood, there is

a large scatter in κ and no increasing trend with increasing OSc can be seen.
Hence, the differences in primary aerosol hygroscopicity cannot be fully
explained by differences in OSc.

During photochemical aging, SOA formation was observed in most of the
experiments. However, the mass fractions of total organic material, inorganic
material, and BC did not change notably as the initial organic fraction was
already close to 1 (Figure 3). During all experiments with photochemical
aging, the O/C ratio increased with time while the H/C ratio decreased,
resulting in an increase in OSc (see Figures S3 and S4 in Supporting Infor-
mation S1). In these experiments, OSc increased rapidly during the first hour
of aging and continued to increase more slowly until the end of the experi-
ment. A slight increase in OSc was observed in most of the dark aging ex-
periments (see Figures S5 and S6 in Supporting Information S1). These
changes in OSc are consistent with the observed changes in κ in experiments
with boreal forest surface material. However, the increase in OSc during
photochemical aging, and the minor changes in organic and inorganic frac-
tions seem to be contradictory to the observed decrease in hygroscopicity with
ongoing oxidation in experiments with MCE > 0.84 (see Figure 1). Hygro-
scopicity of the particles can also be affected by many other physicochemical
properties of organic aerosols that are not detectable by the AMS. Charac-
teristics of organic aerosol, such as water solubility and molecular mass (Han

Figure 2. Time series of hygroscopicity parameter κ for supersaturation of
0.43% during three exemplary savannah wood experiments with
photochemical aging (MCE= 0.86, 0.93) and dark aging (MCE= 0.67). The
vertical dashed line marks the start of aging. The solid lines are shown only
to guide the eye.

Figure 3. Mass fractions of organic and inorganic material (as measured with
the AMS) as well as black carbon (BC) in primary and aged particles as a
function of MCE. Mass fractions for primary aerosol are shown with open
circles and for aged aerosol with crosses.
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et al., 2022), may differ between the experiments and change during aging,
contributing to the change in κ. However, based on our calculations, these
changes cannot fully explain the changes in κ during aging.

The seemingly contradicting behavior of hygroscopicity with particle
composition based on AMS and SP2 measurements indicates that, most
likely, we were not able to detect all chemical constituents of the BB aerosol
with these methods. Previous studies have reported that inorganic and organic
salts, not quantitatively detected by AMS, may form a significant fraction of
BB emissions (Corbin et al., 2015; Haslett et al., 2018), and therefore influ-
ence their physico‐chemical properties. Many of these salts, such as KCl and
K2SO4, are very hygroscopic (κ = 0.99 and κ = 0.55, respectively), sub-
stantially increasing the κ value even if they are not the dominant fraction.
With its ability to detect metals (Passig et al., 2020) and a range of organic
species on a single‐particle basis (Passig et al., 2022), SPMS can be used as a
complement to more common online MS technologies, filling in some of the
gaps left by analysis with, for example, AMS. Here, we use the obtained
SPMS spectra as a qualitative indicator to identify compounds and trends in
the composition that could explain the observed differences in hygroscopic-
ity. Due to the complex ionisation mechanisms, it is difficult to quantify the

aerosol chemical composition from the signals in SPMS mass spectra without thorough calibration, but the
relative changes upon aging or between sources can be reliably determined.

Figure 5 shows the average particle mass spectra for one example case for each of the three fuels studied, showing
both the primary emissions and the emissions at the end of the aging process. Each spectrum represents the sum of
2,500 single‐particle mass spectra, irrespective of particle size. The mass spectra of primary emissions from
boreal forest surface material (Figure 5a, top) reveal a high content of organic material, including fragments of
organic nitrogen species from biomass pyrolysis (CN− and CNO− ) and comparably strong signals from oxygen‐

Figure 4. Hygroscopicity parameter κ versus the mean carbon oxidation state
(OSc) for all supersaturations during the primary measurements.

Figure 5. Summed SPMS bipolar mass spectra (each n = 2,500) from primary particles (top) and from particles sampled
during the end of photochemical aging (bottom). (a) Particles from the boreal forest surface (9 June), (b) particles from
savannah wood material (19 May), and (c) particles from savannah grass material (7 June). Note that in SPMS, the peak area
is not a direct measure of the mass concentration values without thorough calibration.
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containing organic carbon (OC) (C2H3O
+) and organic acids (HCO2

− , CH3CO2
− , C2H3CO2

− , and C2HO3
− )

(Zauscher et al., 2013; Zhang et al., 2017). After about 4.5 hr of photoaging, the signal of many OC fragments and
polycyclic aromatic hydrocarbons decreased, whereas organic acids remained stable. The potassium signal in-
creases, probably due to the loss of masking organic coatings (Zauscher et al., 2013). Further aging effects are
illustrated by the changes in relative peak areas (RPA), defined as the normalized peak area of one m/z channel to
the total ion intensity (see Figure 6). The increase in the peak atm/z= − 89 reflects the formation of oxalate in BB
particles (Srivastava et al., 2019; Zhang et al., 2017). The observed changes in OC composition toward higher
oxidized, more water‐soluble organics are consistent with the increase in oxidation state derived from AMS data
(Figure S3 in Supporting Information S1) and with the moderate increase in hygroscopicity (Figure 1).

In contrast to the boreal forest surface biomass, the savannah wood and grass particle mass spectra are charac-
terized by strong potassium signals (Figures 5b and 5c). Prominent potassium signals are a typical feature in
SPMS due to its low ionization potential (Reinard & Johnston, 2008). Therefore, OC can still be the dominant
mass fraction, especially at low MCE values, and the hygroscopicity, in this case, is comparable to boreal forest
material (Figure 1). But the clear difference in the dominance of the potassium signal between savannah bio-
masses and the boreal forest surface material is a strong indication that the potassium contents of these samples
are different. These differences in the potassium signal are also visible in the AMS data. Although SPMS data is
not available for all experiments, it is reasonable that the relative fraction of inorganic particle constituents in-
creases with higher MCE values, resulting in higher κ values. A qualitative explanation for the observed decrease
in hygroscopicity with aging in experiments with savannah wood and grass can be found in the chemistry of
potassium salts. Heterogeneous reactions converting potassium chloride via potassium nitrate to potassium
sulfate are documented for the aging process of BB organic aerosol and are associated with changes in deli-
quescence and a decrease in hygroscopicity (Freney et al., 2009; Li et al., 2003). In line with this, the SPMS data
shows a decrease in the RPA of K2Cl

+ and HSO4
− as well as an increase of K3SO4

+ (see Figures 6b and 6c).

Beyond the potassium salts, the formation of organic salts can substantially affect the hygroscopicity of internally
mixed particles (Drozd et al., 2014). In particular, the presence of oxalic acid has been reported to reduce the
hygroscopicity by the formation of less water‐soluble potassium oxalate (Boreddy et al., 2014; Jing et al., 2017),
but also mixtures with levoglucosan revealed similar trends (Jing et al., 2017). While the resulting organic salts
are likely to fragment in the ionization process of the SPMS, the presence of oxalate and organic acids, and the
observed decrease of the K2Cl

+ signal are consistent with this transformation and can contribute to the observed
decrease in hygroscopicity during aging of the BB emissions from savannah materials.

3.4. CCN Emission Factors

CCN emission factors (EFCCN) for supersaturation of 0.43%, derived from SMPS size distributions and CCN
activation diameters (D50) for primary aerosol, are presented in Figure 7. The primary size distributions, averaged
over the time of the CCN measurement, and the D50 values are shown in Figure S7 of the Supporting Infor-
mation S1. The uncertainty due to the minimal changes in the size distribution (e.g., due to wall losses or

Figure 6. Changes in relative peak area (RPA) with photochemical aging for selected compounds from the same particles as
in Figure 5. In boreal forest particles, the K2SO4

+ signal is strongly overlaid by organic fragments. OC 43 indicates
m/z = +43, a peak made by both oxygen‐containing and non‐oxygen containing fragments; organic acids include the sum of
m/z = − 73, − 71, − 59, − 45.
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coagulation) over the primary measurement phase falls within the measure-
ment uncertainty. For boreal forest surface, EFCCN varies from 0.8 × 1015 to
3.5 × 1015 (kg fuel)− 1 at a SS of 0.43%, and for savannah wood and savannah
grass from 3.0 × 1015 to 9.5 × 1015 (kg fuel)− 1 and 1.2 × 1015 to 2.5 × 1015

(kg fuel)− 1, respectively. Our values for boreal forest surface are similar to the
previously published EFCCN value of 1.6 × 1015 (kg fuel)− 1 (SS = 0.5%) for
boreal forest fire by Andreae (2019). For savannah and grassland fires, the
previously published values are close to our results for savannah grass ma-
terial at high MCE. For these types of fires, Andreae (2019) reported EFCCN
value of 7.9 × 1014 (kg fuel)− 1 for SS of 0.5%; however, burning condition
was not specified. Emission factors for particles larger than 100 nm (often
used estimate for D50) were published by Janhäll et al. (2010) for savannah
and grassland fires and ranged from 2.1 × 1014 (kg fuel)− 1 to 6.6 × 1014

(kg fuel)− 1. These fires were characterized with MCE values typical for
flaming dominated burning (0.95 < MCE < 0.98). In our data, a decreasing
trend with increasing MCE can be seen within experiments with savannah
wood and grass material, similar to previous observations by Janhäll
et al. (2010). In the case of boreal forest surface, the scatter in EFCCN is large
and there is no clear trend with MCE. In Figure 7, the circled experiment
included only smoldering emissions before visible flames appeared, while in
the other experiments of boreal forest surface material, emissions from the
flaming phase as well as the smoldering phases before and after the flame
were included. Comparing these two types of experiments with similar MCE,
we can see that the EFCCN is smaller in the experiment with only the smol-
dering part compared to the experiments where emissions from the whole
combustion were included.

It should be noted that even if the EFCCN is the highest at low MCE, the
overall emissions of CCN from BB are more complex to determine. For

example, in boreal forest fires where a large amount of moist biomass is burned, the duration of the smoldering
phase can be much longer than the duration of the flaming phase with high MCE. At the same time, the amount of
the burned biomass is significantly higher during the flaming phase (Wang et al., 2021), which may result in larger
overall emissions from the flaming phase compared to the smoldering one.

4. Conclusions
In this study, we characterized the hygroscopicity of aerosol particles emitted during open laboratory combustion
of woody and grassy material from the South African savannah as well as surface material from a Finnish boreal
forest. We have evaluated the effects of burning conditions and fuel type as well as photochemical and dark aging
on the hygroscopicity of the particles. Our results suggest that primary particles from flaming combustion are
more hygroscopic compared with those from smoldering combustion. This is possibly due to the larger contri-
bution of inorganic material, such as potassium‐containing salts to the chemical composition of flaming particles
as suggested by the qualitative analysis of SPMS data. During both photochemical and dark aging, the variability
in hygroscopicity between different burning conditions decreased, and the hygroscopicity parameter κ seemed to
approach the value of 0.1. The increased hygroscopicity in the experiments with smoldering combustion was
driven by the increase in the oxidation state of the organic fraction. The observed decrease in the experiments with
flaming‐dominated combustion was likely due to changes in the refractory inorganic fraction toward less hy-
groscopic compounds.

Due to the lack of smoldering experiments with savannah grass and flaming experiments with boreal forest
surface material, we cannot conclude whether there are differences in hygroscopicity between the biomass types
over the entire MCE range. Therefore, more data are needed to determine whether the fuel type or the burning
condition is a more important factor in determining the hygroscopicity of the BB aerosol for these fuels. However,
within the available data, we did not observe clear differences in κ between smoldering of savannah wood and
boreal forest surface and more flaming dominated burning of savannah wood and savannah grass. Our findings,

Figure 7. CCN emission factors as the number of emitted CCN per kg of
burned biomass as a function of MCE for supersaturation (SS) of 0.43%.
Error bars represent the measurement uncertainties for EFCCN and MCE. If
error bars are not visible, they are smaller than the size of the marker. The
circled experiment with boreal forest surface material included only the
emissions from smoldering phase prior to flame ignition, while the other
boreal forest surface experiments included emissions from the flaming phase
as well as the smoldering phases before and after the flame. All other
experiments included emissions from both the smoldering and flaming
phases.
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even if not complete, highlight the importance of characterizing the burning condition when reporting the
properties of BB aerosols.

Chemical composition is sometimes used as a proxy for hygroscopicity by using literature values of κ and mass
fractions measured with, for example, an AMS. As our results show, non‐refractory composition measured with
AMS fails to capture all the constituents, especially the refractory inorganic compounds in aerosol particles from
flaming combustion, possibly underestimating the κ values. For this reason, it is important to also consider the
refractory material of BB aerosol when calculating κ from chemical composition.

In addition to hygroscopicity, we determined the primary CCN emission factors, indicating the number of CCN
active particles in the fresh smoke for each kilogram of burned fuel, at supersaturation of 0.43%. Contrary to the
hygroscopicity, we observed differences in EFCCN between the fuels. A decreasing trend with increasing MCE
was observed for EFCCN with the savannah‐originated fuels, as expected. EFCCN was lower for BB of savannah
grass compared to BB of savannah wood in similar burning conditions. In the case of boreal forest surface ex-
periments, the data are more scattered. It should be noted that due to changes in particle hygroscopicity and
aerosol size distribution during the aging as well as the large variability in the supersaturation conditions in the
atmosphere, the overall number of CCN originating from BB is much more complex.

Overall, our results provide a new understanding of the effects of biomass type, burning condition, and atmo-
spheric aging on BB particle hygroscopicity and CCN emission factors. Our results highlight the importance of
taking the burning condition into account when characterizing the hygroscopicity of BB aerosol. This is especially
important for primary aerosols where the differences in hygroscopicity are pronounced. For long‐range trans-
ported aerosols that have undergone changes in the atmosphere due to photochemical and/or dark aging, the
differences in hygroscopicity may be smaller. Future studies are needed to further investigate the differences in
hygroscopicity and EFCCN between the studied fuels over a wide MCE range.
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