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bDepartment of Chemical and Biomolecular Engineering, University of Maryland, College Park, Maryland, USA; cDepartment of Physics,
North Carolina A&T State University Greensboro, Greensboro, North Carolina, USA; dDepartment of Chemistry, North Carolina A&T
State University, Greensboro, North Carolina, USA; eDepartment of Chemistry and Biochemistry, University of Maryland, College Park,
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ABSTRACT
Aerosols hygroscopic growth is of current interest due to its effect on atmospheric light
scattering and extinction. Knowledge of hygroscopic properties is essential for predicting
the effect of aerosol on cloud formation, regional visibility, climate impact, and lung depos-
ition. Previous studies have used surrogate components of complex aerosol; and the appli-
cation to complex multi-component aerosol like biomass burning aerosol is limited. We
report aerosol hygroscopicity parameter of biomass burning aerosol derived from
Eucalyptus and cow dung in a humidified smog chamber using two techniques: (1) measur-
ing extinction hygroscopic enhancement factor f(RH) of aerosol using a cavity ring down
spectrometer and deriving the hygroscopicity parameter using empirical equations and (2)
directly using a Cloud Condensation Nuclei Counter (CCNC). Based on repeated measure-
ments of the same fuel under different burning conditions, quantified by the modified com-
bustion efficiency (MCE), we found that aerosol hygroscopicity depends on both fuel types
and to some extent on burning conditions. For similar MCE, cow dung has a consistently
larger value of hygroscopicity compared to Eucalyptus. Hygroscopicity measurements
ranged from 0.024 to 0.577 for MCE measurements that ranged from 0.73 to 0.99.
Specifically, sub-saturated hygroscopicity parameter values for cow dung are 0.024–0.131
and Eucalyptus are 0.012–0.300, while supersaturated hygroscopicity parameter values for
cow dung are 0.071–0.577 and Eucalyptus are 0.021–0.494. There is a clear increase in
hygroscopicity with increasing MCE for supersaturated cow dung measurements using
CCNC but the dependence of kappa on MCE is generally inconclusive.
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1. Introduction

Biomass burning (BB) emissions have a major impact
on air quality, human health, and climate (Andreae
2019). BB is a primary source of particulate matter
and trace gases in the global atmosphere (Andreae
2019; Bond et al. 2013), estimated at annual emissions
of 1.6–4.1 Pg of CO2, 11–53 Tg CH4, and 0.1–0.3 Tg
of N2O (Barker et al. 2020). BB aerosol directly affects
regional and global radiative forcing by absorbing and
scattering solar radiation and indirectly affects the
energy balance by modulating cloud properties, cloud
lifetime, and precipitation (Cecchini et al. 2017;
Hamilton et al. 2018; Sato and Suzuki 2019; Thornhill
et al. 2018). How aerosol hygroscopicity is represented
in climate models is one potential source of uncer-
tainty, since hygroscopicity is dependent on fuel type
and burning conditions (Hamilton et al. 2018).

Burning conditions, quantified using the modified
combustion efficiency (MCE), has a known effect on
aerosol chemical, physicochemical, and optical proper-
ties. Flaming-dominated combustion emissions pro-
duce more absorbing aerosol and have single
scattering albedo values in the range of 0.29 to 0.44
(Liu et al. 2013; Smith et al. 2020). Smoldering-domi-
nated combustion emissions produce more scattering
aerosol that have single scattering albedos in the range
of 0.66 to 0.77 (Liu et al. 2013; Smith et al. 2020).
Fuel moisture can additionally change the burning
conditions as moisture in the fuel can elongate the
smoldering stage of the burn and shorten the flaming
stage, which ultimately causes a less efficient burn
than that of dry fuel (Chen et al. 2010). Fuel with
more moisture has been shown to increase emissions
of incompletely oxidized carbon (e.g., CO) and nitro-
gen (e.g., NH3) species (Chen et al. 2010).

Burning conditions impact the hygroscopicity of BB
aerosol, which in turn influences their radiative forcing.
Hygroscopicity is a key parameter for assessing aerosol
effects on radiative forcing, visibility, and the global
energy budget (Farmer, Cappa, and Kreidenweis 2015;
Kreidenweis et al. 2005; Kreidenweis and Asa-Awuku
2014; McFiggans et al. 2006; Petters and Kreidenweis
2007; Reutter et al. 2009), where their optical properties
are altered by changing the particle size (Brock et al.
2016; Cheng et al. 2008; Eichler et al. 2008; Haarig
et al. 2017; Hand and Malm 2007; Liu et al. 2013;
Titos et al. 2016).

Multiple techniques exist to measure aerosol hygro-
scopic growth (Tang et al. 2019). However, few stud-
ies directly compared optical subsaturated growth to
supersaturated cloud condensation nuclei (CCN)
measurements (Patel and Jiang 2021). Previous studies

measured the enhancement of scattering or extinction
due to water uptake (Fierz-Schmidhauser et al. 2010;
Zieger et al. 2013), or by the change in the particle
size described by a hygroscopic growth factor
(Swietlicki et al. 2008). Previous BB subsaturated and
supersaturated water-uptake studies used common
Western United States and Asian fuels (Carrico et al.
2008; Clarke et al. 2004; Gomez et al. 2018; Martin
et al. 2013; Ng et al. 2017; Rose et al. 2011).

To our knowledge, few studies have directly
explored the influence of African BB fuels on droplet
activation. Royer et al. (2022) studied the long-range
transport of African smoke to the tropical marine
boundary layer and used size-resolved aerosol chem-
ical composition data to predict a single hygroscopic-
ity parameter, j. Kacarab et al. (2020) collected data
in the NASA ObseRvations of Aerosols above CLouds
and their intEractionS (ORACLES) aircraft study to
measure CCN concentration, aerosol size distribution,
and vertical updraft near and around the marine
boundary layer and determined droplet formation
sensitivity to aerosol concentration and the hygrosco-
picity parameter. Both studies found that African BB
was hygroscopic and contributed to cloud formation.
However, the BB fuels and burn conditions in these
studies were not characterized.

Only a few studies have measured the BB cloud
droplet formation for specific fuels under specific
burn conditions (Engelhart et al. 2012; Giordano et al.
2013; Petters et al. 2009); however, these studies did
not often examine African BB fuels. Li et al. (2016)
looked at 5 different fuels (Wheat, Corn Straw, Rice
Straw, Cotton Residue, Soybean Residue) with an
average MCE of 0.92 and utilized a hygroscopic tan-
dem differential mobility analyzer (HTDMA) with a
RH of 80% and obtained an average j-hygroscopicity
value of 0.25. Using the same technique again, Li
et al. (2015) examined wheat at MCE > 0.9 and
obtained a j-hygroscopicity value of 0.27. Lewis et al.
(2009) examined three biomass fuels (Pine, Chamise
and Saw Palmetto) commonly found in western and
Southeastern United States; all burned at MCE > 0.9
and were measured by a HTDMA of 95% RH to
obtain j-hygroscopicity values between 0.2–0.7.
Petters et al. (2009) had an extensive study of 24 dif-
ferent North American biomass fuels, with MCE >

0.9 and used both a HTDMA at 89% RH and CCN
measurements to obtain a wide range of j-hygrosco-
picity values ranging from 0.06 to 0.7. Giordano et al.
(2013) used Scanning Mobility CCN analysis (SMCA)
measurements to observe Chamise and Manzanita
(common North American plants) burning with
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MCE > 0.98 and found j-hygroscopicity values
between 0.1–0.24. Engelhart et al. (2012), who exam-
ined 12 biomass fuels with MCE > 0.9 and SMCA
measurements, found j-hygroscopicity values ranging
from 0.06–0.6. Dusek et al. (2011) used Oak (a com-
mon North American wood) and Musasa (a tree origi-
nating from Zimbabwe) at MCE > 0.9 and SMCA
measurements to find j-hygroscopicity values of 0.05–
0.2. Rose et al. (2011) used SMCA measurements to
examine an agricultural fire located in Guangzhou,
China and found the j-hygroscopicity values to be
0.1–0.6. Rissler et al. (2006) examined aerosol of an
amazon fire with HDTMA at 90% RH and found the
sub-saturated j-hygroscopicity values to be 0.03–0.07.
Martin et al. (2013) investigating burning experiments
of Beech wood in a smog chamber with a HTDMA
and a cloud condensation nuclei counter (CCNC)
found the j-hygroscopicity values to range between
0.2–0.4. Gomez et al. (2018) conducted a controlled
laboratory study in which they used a variety of
North American fuels to determine hygroscopicity
(j-hygroscopicity values ranged between �0–1.8) of
the fuels they studied. However, they only character-
ized the dependence on fuel type but did not extend
the analysis quantitatively to the influence of MCE on
hygroscopicity. It is important to note that the
previously mentioned studies were tested under dry
conditions and particles were often size selected in
sub-saturated and supersaturated regimes to deter-
mine particle growth. In summary, there is a vast
range of reported hygroscopicity values determined in
the MCE range for flaming-dominated and transition
region combustion, as shown in Figure 4 (Li et al.
2016; Pokhrel et al. 2020) and summarized in Table 1.
Few BB hygroscopicity values are reported for MCE
< 0.9, corresponding to smoldering-dominated burn
conditions.

The global BB aerosol burden had been observed to
be primarily from Africa at �52% (van der Werf et al.
2010). African BB has a complex mixture of savanna
fires and domestic fires (Laris et al. 2021). In 2018,
�900 million people in sub-Saharan Africa relied on
solid fuels like wood, charcoal, animal dung, and crop
residue as their main energy source (IEA 2020). It is
predicted that the population of Africa will be 40% of
the global population by 2100 (UN 2017); the contri-
bution of the aforementioned African BB will likely
increase with the rapid population increases predicted
on the continent. Despite being the largest BB con-
tributor, studies on African BB emission are new and
very limited (Eck et al. 2003; Flamant et al. 2018;
Haywood et al. 2021; Laris et al. 2021; Redemann

et al. 2021; Vakkari et al. 2014). Most climate models
and emission inventories used for Africa are based on
North American, European, and Asian emission data
(Bond et al. 2013; Lamarque et al. 2010; Streets et al.
2004). Thus, the lack of African fuel representation in
the literature has led to a significant gap in scientific
knowledge.

In this study, laboratory experiments of a common
sub-Saharan biomass fuel, Eucalyptus, and locally
obtained cow dung were conducted by generating
aerosols by burning them in a tube furnace, as previ-
ously described (Pokhrel et al. 2020; Smith et al. 2019;
Smith et al. 2020). Dried cow dung is a widely used
fuel in sub-Saharan Africa and several cultures in
developing countries and is lit to provide heat and a
flame for cooking. We determine the aerosol hygro-
scopicity of these two fuels over a wide range of MCE
values. A humidified smog chamber simulated a trop-
ical environment where the relative humidity (RH)
was varied between 0–90%. In regions classified as
tropical wet and dry/savanna climate (Kottek et al.
2006) outside the equatorial zone, RH varies between
20% and 40% during the dry season. Where wildfires
are along the equator, there is little seasonality and
RH is 60–80% year-round. Only a few studies have
compared hygroscopicity obtained with extinction
measurements using a cavity ring-down spectrometer
(CRDS) to other methods (Brock et al. 2016; Dawson
et al. 2020). Both Dawson et al. (2020) and Brock
et al. (2016) used the extinction enhancement factor
f(RH) measurements to derive the hygroscopicity par-
ameter. In this work, we report the influence of burn-
ing conditions on the single-hygroscopicity factor (j)
using fresh aerosol emissions from Eucalyptus
(African biomass fuel) and local cow dung burning
and conduct closure studies where we derive the
hygroscopicity parameter by two approaches: j from
extinction enhancement measurements f(RH, aext)
using a CRDS (Kreidenweis and Asa-Awuku 2014)
and results of j directly determined using a CCNC.

2. Experimental methods

The experimental set-up for this study is shown in
Figure 1. Fuels were burned in a tube furnace and
introduced into a 9m3 Teflon environmental chamber.
The set-up has been used previously to study the
emissions and aging of biomass fuels (Pokhrel et al.
2016; Pokhrel et al. 2020, 2021; Smith et al. 2019).
Here, we briefly describe fuel burning conditions,
chamber humidification, optical extinction measure-
ment, and a CCN measurement.
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2.1. Burning samples and conditions

We burned Eucalyptus and cow dung under a variety of
burning conditions, as quantified by MCE. Eucalyptus is
a fuel for domestic use in Africa (Beyene and Koch
2013) and was obtained from Ethiopia. Cow dung was
obtained from a farm in New Orleans, Louisiana. Our
fuels were dried by storing them in a fume hood for
over a year and had a moisture content below 10%
(Pokhrel et al. 2020). A mass of 0.07 to 1.50 g of the
fuels were burned in a tube furnace (Carbolite Gero,
HST120300-120SN). Biomass fuels were placed in a
quartz boat (AdValue Technology, FQ-BT-03) and the
tube furnace was pre-heated to the desired temperature,
ranging between 500–800 �C. Then, the fuels were placed
in the center of the pre-heated tube. Particle-free filtered
air (Aadco Instruments, 747-30) was introduced to the
furnace at 10L min�1 with a calibrated mass flow con-
troller (MFC, Sierra Instruments). All aerosol and gases
produced from combustion passed through a cyclone
(URG, URG-2000-30ENS-1) to select particles smaller
than 2.5 lm before they were introduced to the Teflon
chamber.

CO2 and CO emissions were measured from all
burns to determine the MCE. The MCE is the ratio of
the change in CO2 to the sum of the changes in car-
bon monoxide (DCO) and carbon dioxide (DCO2)
released during combustion. DCO and DCO2 denote
changes in the respective gas concentration with
respect to pre- and post-ignition of a fuel sample.
Thus, the MCE is defined as

MCE ¼ DCO2

DCOþ DCO2
(1)

In this study, measured MCE values ranged from
smoldering-dominated (MCE ¼ 0.73) to flaming-
dominated combustion (MCE ¼ 0.99) (Pokhrel et al.
2020). MCE for smoldering conditions, MCE ¼ 0.73
were achieved with a lower furnace temperature of
450 �C. MCE for flaming conditions, MCE ¼ 0.99

were achieved with a temperature of 800 �C. A table
of the performed experiments is provided in the sup-
plementary material (SI, Table S1).

2.2. Chamber conditions and humidification

The indoor environmental chamber was operated at a
constant volume. The constant volume was held under
positive pressure to minimize the flow of contaminated
room air into the system. The environmental chamber
was first filled with particle free filtered air. A mixing
fan was turned on at the time of combustion and left
on for �10–15min after aerosols were emitted into the
chamber. Steady state was achieved, and the chamber
was well mixed after �45min from the time of com-
bustion. The chamber had a constant flow of 4 L min�1

of zero air to offset the constant sample flowrates of the
instruments (Smith et al. 2019).

The chamber was humidified by flowing particle-
free air through a customized bubbler (Quark Glass)
containing �400mL of deionized, American Society
for Testing and Materials (ASTM) type II water,
which had < 50 ppb of total organic carbon. The bub-
bler setup included a round bottom flask heated by a
heating mantle (Chemglass, CG-10000-07), powered
by an analogue controller (Chemglass, CG-15005-01),
followed by a short length of insulated Teflon tubing
attached to the chamber. This heated bubbler was
attached periodically when changes in RH were
desired and resulted in �2% RH changes when vapor
was introduced for 2–3min.

2.3. Gas-phase composition and aerosol size
distribution

The chamber allowed for multiple aerosol and gas spe-
cies to be sampled. This included NOx (Thermo
ScientificTM 42iQ NO-NO2-NOx Analyzer), CO
(Thermo ScientificTM 48iQ Carbon Monoxide Analyzer),
and CO2 (Thermo ScientificTM 410iQ Carbon Dioxide

Table 1. Summary of past studies measuring hygroscopicity values in smoke from the burning of various fuels under different
burning conditions.
Reference Fuel MCE j-hygroscopicity value Instrument

Li et al. (2016) Wheat, Corn Straw, Rice Straw, Cotton
Residue, Soybean Residue

>0.9 0.25 HTDMA (80% RH)

Li et al. (2015) Wheat >0.9 0.27 HTDMA (80% RH)
Lewis et al. (2009) Pine, Chamise and Saw Palmetto >0.9 0.2-0.7 HTDMA (95% RH)
Petters et al. (2009) 24 North American biomass fuels >0.9 0.06-0.7 HTDMA (89% RH) and CCNC
Giordano et al. (2013) Chamise and Mazanita >0.98 0.1-0.24 SMCA
Engelhart et al. (2012) 12 biomass fuels >0.9 0.06-0.6 SMCA
Dusek et al. (2011) Oak and Musasa >0.9 0.05-0.2 SMCA
Rose et al. (2011) Agricultural fire in Guangzhou, China – 0.1-0.6 SMCA
Rissler et al. (2006) Amazon fire – 0.03-0.07 HTDMA (90% RH)
Martin et al. (2013) Beech wood – 0.2-0.4 HTDMA and CCNC
Gomez et al. (2018) 36 biomass fuels – �0–1.8 Hygroscopicity Nephelometer
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Gas Analyzer). The aerosol size distribution was meas-
ured with a Scanning Mobility Particle Sizer (SMPS).
Specifically, aerosol was passed through a 710mm
impactor inlet (3.8lm particle diameter cut point), then
charged with a Kr-85 neutralizer (TSI model 3081) in
the Long Differential Mobility Analyzer (DMA, TSI
model 3080). The aerosol number concentration was
measured using a water-based condensation particle
counter (WCPC) (TSI model 3788).

2.4. Cavity ring down spectroscopy hygroscopicity
measurements

Aerosol sampled from the chamber entered a ring-down
cavity (170 cm long, stainless steel, 1=2" OD) and the
aerosol light extinction was measured at 550nm. The
laser components of the system included a Continuum
Surelite I-20 Nd:YAG laser running at 20Hz. The 355-
nm beam pumped an optical parametric oscillator
(OPO) laser. Additional details of the CRDS and set-up
are described in our previous work (Singh et al. 2014;
Singh, Fiddler, and Bililign 2016; Smith et al. 2019). The
CRDS was operated under four different conditions to
subtract background and calculate the change in ring-
down time. Each condition was conducted for approxi-
mately three minutes and rotated through for each RH
measurement. Specifically, (a) whole chamber air was
sampled, (b) air was sampled via a drier (water vapor
was removed), (c) air was sampled via a drier and a
high efficiency particle air (HEPA) filter (water vapor
and particles were removed), and (d) air was sampled

via a HEPA filter (particles were removed). Extinction
measurements were taken at 0% RH, 40% RH, and then
several measurements between 78–92% RH. Zero and
40% RH measurements are representative of dry condi-
tions (as defined by the World Meteorological
Organization (WMO 2016)).

We provide here the key equations for the extinc-
tion measurement using a CRDS (Moosm€uller,
Varma, and Arnott 2005; Strawa et al. 2006; Smith
et al. 2019; Thompson, Smith, and Winefordner 2002;
Thompson et al. 2008). Briefly, the extinction coeffi-
cient aext (m

�1) is defined as

aext ¼ RL

Cair

1
s
� 1
s0

� �
, (2)

where cair is the speed of light in air and RL is the
ratio of mirror-to-mirror distance to the length of the
cavity, resulting in a unitless value >1. There is an
exponential decay of light exiting the cavity and the
time needed to drop to 1/e of the initial intensity is
called the ring-down time. The extinction coefficient
can be calculated from the ring-down time in the
presence (s) and absence (s0) of sample. The extinc-
tion enhancement factor, f(RH) is defined as the ratio
between the aext measured at different RH values.

2.5. Cloud condensation nuclei counter (CCNC)
measurements and analysis

The water uptake of Eucalyptus and cow dung were
investigated at two different supersaturations (0.7 and

Figure 1. Experimental set-up. A table of experiments and experimental conditions is provided in the supplementary material
(Table S1).
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1.0%) using a CCNC (Droplet Measurement
Technologies)—a technique that has been widely used
and described in previous literature (Malek et al.
2022; Moore, Nenes, and Medina 2010; Roberts and
Nenes 2005). The CCNC instrument supersaturation
was calibrated with ammonium sulfate, and the results
of the calibration are provided in SI Table S2. The
aerosol particles from the environmental chamber
were dried to < 5% RH using multiple diffusion dry-
ers. The dried particles were then passed to a DMA to
produce a distribution of charged particles
(Wiedensohler 1988). The monodisperse aerosol
exited the DMA in two simultaneous streams. One
stream (�0.3 L/min) flowed into the WCPC—where
particle concentration (CN) was measured, while the
other stream (�0.5 L/min) flowed into the CCNC—
where the concentration of activated particles (CCN)
was measured.

Data analysis was performed using SMCA methods
(Moore, Nenes, and Medina 2010). The SMCA is
done by plotting the activated fraction CCN

CN versus dry
diameters at each supersaturation. After the SMCA
performs a charge correction on the data, removing
multiply charged particles (Moore, Nenes, and
Medina 2010; Wiedensohler 1988), a sigmoid was fit-
ted through the activation fraction, and the critical
activation diameter (Dd) was obtained. Dd represents
the point at which 50% of the particles are activated
at a constant supersaturation. For each supersatur-
ation, the process was repeated 10 times, and the aver-
age Dd and standard deviation were reported.

3. Droplet growth and hygroscopicity theory

Hygroscopic growth and activation of atmospheric
aerosol can be described by K€ohler theory that con-
nects water vapor saturation to droplet diameter as
follows (Petters and Kreidenweis 2007) Equation (3):

S ¼ aw exp
4Mwrs=a
RTqwD

(3)

where S is the equilibrium saturation ratio of water,
aw is the water activity of the droplet solution, Mw is
the molecular mass of water, rs/a is the surface tension
at the droplet air interface, R is the ideal gas constant,
D is the droplet diameter, and qw is the density of
liquid water at temperature, T.

K€ohler theory postulates that there are two factors
that contribute to droplet growth—(i) the solute or
the Raoult’s effect and (ii) the curvature or the Kelvin
effect. Both control the equilibrium vapor pressure of
water above a liquid surface. The K€ohler equation
describes not only the CCN activation under

supersaturated conditions but can also be applied to
hygroscopic growth under subsaturated conditions.
Petters and Kreidenweis (2007) proposed a single
hygroscopicity parameter, j, representation based on
particle dry diameter and droplet growth. j-values
have been useful in describing and predicting the
CCN activity and hygroscopicity of single components
and aerosol mixtures (Farmer, Cappa, and
Kreidenweis 2015), and the parameterization of
j-hygroscopicity values has been used extensively in
cloud modeling studies (Chang et al. 2010; Pringle
et al. 2010; Reutter et al. 2009; Spracklen et al. 2008).
j-hygroscopicity values have been used to investigate
water uptake, CCN activity, and the chemical compos-
ition of atmospheric aerosol (Wang et al. 2017).
j-hygroscopicity values can also be determined from
hygroscopic growth data measured by hygroscopic tan-
dem differential mobility analysis or extinction and scat-
tering measurements at high and low RH f(RH) (Tang
et al. 2019). Fewer studies have determined j-hygrosco-
picity values from extinction measurements (Beaver
et al. 2008; Brock et al. 2016; Dawson et al. 2020).

In this work j-hygroscopicity values can be derived
from measured CCN and optical parameters with three
different methods. The single j-hygroscopicity value
derived from CCN measurements jCCNC is determined
using Equation (4) (Petters and Kreidenweis 2007):

jCCNC ¼ 4A3

27D3
d�ln2S

; A ¼ 4Mwrs=a
RTqwD

, (4)

where s is the supersaturation and s¼ S � 1, Dd is the
activation diameter, and other variables are already
defined.

The single j-hygroscopicity value derived from
optical measurements was calculated with two empir-
ical equations. Kreidenweis and Asa-Awuku (2014)
proposed the following relationship for j-hygroscopic-
ity with f(RH ¼ 80%) as

jKA ¼ f ðRHÞ0:976 � 1
� �

0:25, (5)

The relationship has been applied to soluble species
such as ammonium sulfate (Kreidenweis and Asa-
Awuku 2014) and soluble sugars (Dawson et al. 2020)
and has been shown to agree well with subsaturated
HTDMA derived j-hygroscopicity values. Brock et al.
(2016) also provided an empirical relationship for
extinction measurements as follows

jBrock ¼ f RHð Þ � 1
� � 100� RH

RH

� �
, (6)

It should be noted that Equation (6) when applied
to particle sizes > 100 nm is assumed to ignore the
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effects of curvature for water-soluble aerosol. j-hygro-
scopicity derived from Equation (6) agreed well with
field measurements of aged continental aerosol size
distributions, organic-rich compositions (background
to very polluted), from the boundary layer to the free
troposphere (Brock et al. 2016); moreover, the fit was
not good for sea-salt or dust as the parametrization of
Equation (6) is not applicable for these particles.
j-hygroscopicity derived from Equations (5) and (6)
were applied to polydisperse aerosol sampled from the
chamber (Figure 1). These hygroscopicity models are
based on the aerosol physicochemical properties that
include solute mass, molecular weight, bulk density,
dissociable ions, and activity coefficients. K€ohler the-
ory models inorganic compounds effectively, but it is
known that most combustion particles are multi-com-
ponent systems. Equations (4)–(6) have yet to be dir-
ectly compared in the literature, particularly for
complex aerosol from biomass burning sources.

4. Results and discussion

This study was able to capture a wide range of MCE
values (�0.7–1.0) using a tube furnace for conducting
the combustion. Data from all the experiments show
that the MCE is directly proportional to the furnace
set temperature, as shown in Figure 2.

The estimated sub-saturated hygroscopicity values
for cow dung and Eucalyptus range between 0.01 and
0.3. Specifically, the average sub-saturated jKA for
cow dung and Eucalyptus (for all MCEs) is 0.07 ± 0.04
and 0.06 ± 0.08, respectively (Figure 3). Few studies
have explored the influence of combustion condition
on hygroscopicity. Specifically, Gomez et al. (2018)
reported subsaturated hygroscopicity values for fuels
ignited with four burning techniques; jKA ranged
from �0.01 to �0.27 and are consistent with subsatu-
rated values reported here for both cow dung and
Eucalyptus. Although MCE was not explicitly meas-
ured, Gomez et al. (2018), found that fuel type exhib-
ited a greater influence on j-hygroscopicity values
than combustion conditions. In this work, subsatu-
rated hygroscopicity values also do not change as sig-
nificantly with MCE as the supersaturated
hygroscopicity values (Figure 3) and fuel type modi-
fies the overall average sub-saturated j-hygroscopicity
values (jKA). Cow dung has an estimated jKA larger
than Eucalyptus and the hygroscopicity values are
consistent with the work of Gomez et al. (2018), who
used fuels native to North America.

However, supersaturated hygroscopicity values are
larger than subsaturated values (Figure 3). The

relationships of supersaturated cow dung measure-
ments have an R2 value of 0.692, and a P-value of
0.01, which means that there is only a 1% likelihood
that the observed trend is by chance. Therefore, the
dependence of hygroscopicity on MCE is statistically
significant for the cow dung measurements using
CCNC. The subsaturated cow dung measurements
and both Eucalyptus measurements do not show a
conclusive relationship, since their R2 values are poor,
and the slopes of their fit lines are not statistically dif-
ferent from zero. In Figure 3a, there are intermediate
to low jCCNC values (0.1 > jCCNC > 0.3) for cow
dung emissions with MCE < �0.80. Above MCE >

0.95, jCCNC values peak at 0.57; considerably higher
than low MCE cow dung emissions. Between MCE >

�0.8 and < 0.95, the jCCNC values increase to an
average of 0.44. At MCE � 0.95 jCCNC drops to 0.2.
This value is an outlier in the data and inconclusive.
A similar trend is seen in Figure 3b for Eucalyptus.
jCCNC values are less than 0.1 at low MCE, and in the
intermediate MCE range (between 0.80 and 0.90)
jCCNC values increase to �0.5. Values then decrease
to �0.1 around MCE �0.95 and again appear to
increase as the MCE approaches 1. In general, most
laboratory (Carrico et al. 2008; Dawson et al. 2016;
Dusek et al. 2011; Hansen et al. 2015; Massoli et al.
2010) and field measurements (Bougiatioti et al. 2016;
Cerully et al. 2011; Kim et al. 2016; Wu et al. 2013)
showed that jCCNC is usually larger than j derived
from f(RH). For all the data presented in Figure 3, the
CCNC and extinction measurements were done
independently.

Figure 2. Furnace temperature vs. MCE for all experiments.
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Figure 3. Comparison of jKA (small open squares, extinction-based measurements) and jCCNC (large, closed triangles, CCN meas-
urements) as a function of MCE for (a) cow dung and (b) Eucalyptus. Dashed lines show the sub-saturated measurement trends,
and the solid lines show the supersaturated measurement trends. Note, the y-axis is plotted on a log scale to help visually
enhance trends in jKA.

Figure 4. Box and whisker plots of the comparison of jKA (CRDS extinction-based measurements) and jCCNC (CCNC measurements)
obtained by simultaneous measurements of cow dung (red) and Eucalyptus (blue). Boxes represent the interquartile range from 25
to 75%, with whiskers representing the max and min for the data. The line inside the box is the median. Each data point is
marked by a black open circle. The solid black lines are ranges of j found in different studies. The studies on the left side (light
green) are supersaturation studies, the studies on the right (dark green) are subsaturated experiments, and the studies in the mid-
dle conducted both sub-saturation and supersaturation measurements.
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Figure 4 shows data where CRDS and CCNC meas-
urements were taken simultaneously. Figure 4 con-
firms that supersaturated measurements for smoke
emitted from burning cow dung and Eucalyptus dur-
ing the same experiments are consistently higher than
subsaturated CRDS hygroscopicity estimates. These
higher values seen in the supersaturated measure-
ments can be attributed to dissolution assumptions in
K€ohler theory, which assumes that the solute instant-
aneously dissolves in the droplet.

Furthermore, the range of hygroscopicity measured
under supersaturated conditions shows greater vari-
ation than that measured in subsaturated conditions.
Figure 4 also shows that fuel type is a factor in the
hygroscopicity, as observed in previous studies, since
cow dung has a larger hygroscopicity (both super and
sub-saturated) than Eucalyptus. In this study, cow
dung has consistently larger j-hygroscopicity values
than Eucalyptus, suggesting that cow dung is more
effective at cloud seeding than other fuels. Figure 4
shows that values found in this study compare well
to those of other studies. The discrepancy between
reported kappa values at the sub and supersaturated
levels is well known (Gohil et al. 2022; Lee et al.
2022; Malek et al. 2022). Specifically, Lee et al. attri-
bute these differences to a variation in aerosol
organic solubility. Additionally, the discrepancies in
measured hygroscopicity can be accounted for if
adsorption processes are also considered in water-
uptake (Gohil et al. 2022; Malek et al. 2022; Pajunoja
et al. 2015).

The j-hygroscopicity values reported in Figure 3
were derived from Equation (5) and are directly com-
pared to the j-hygroscopicity values derived from
Brock et al. (Equation (6)). These equations are
applied to polydisperse aerosol and both methods esti-
mate similar kappa values (Figure S1). The agreement
between both methods suggests that Equation (5)
approximates similar values of aerosol bulk hygrosco-
picity across the particle size distribution. Brock et al.
(2016) showed that this polydisperse estimate was like
that derived from monodisperse hygroscopicity meas-
urements with the CRDS. Thus, the agreement of the
two models here also suggests that both equations can
be used interchangeably to estimate the subsaturated
j-hygroscopicity values of polydisperse BB aerosol
from CRDS measurement.

5. Summary and conclusions

In this study we determined the hygroscopicity of BB
aerosol derived from African biomass fuels combusted

at different burning conditions. The particle hygrosco-
picity parameter was determined using K€ohler Theory
applied for supersaturated and subsaturated condi-
tions. The hygroscopicity parameter was also deter-
mined from extinction hygroscopic enhancement
factor f(RH) by using two empirical equations. Sub-
saturated hygroscopicity values for cow dung were
0.024–0.131 and Eucalyptus were 0.012–0.300, while
supersaturated hygroscopicity values for cow dung are
0.071–0.577 and Eucalyptus are 0.021–0.494.

Subsaturated j-values suggested moderate droplet
growth across the polydisperse aerosol and suggested
that emissions from BB are equally likely to contribute
to regional haze formation; regardless of the fuel type
and the burning conditions the aerosol studied here
had similar growth factors in the sub-saturated
regime. The influence of burning conditions, as deter-
mined by MCE, on hygroscopicity was systematically
studied in this work due to our ability to dial in a
specific MCE using the tube furnace. Emissions at
higher MCEs, corresponding to flaming-dominated
conditions, showed increasing hygroscopicity trends
and were more likely to contribute to cloud seeding.
The j-values from CCNC measurements were con-
sistently higher than subsaturated values and tended
to increase with increasing MCE. While the depend-
ence of Kappa on MCE was only demonstrated for
supersaturated measurements of dung in this work, it
is possible that this trend can be applied more gener-
ally. However, the present data set does not support
that assertion and further refinement and measure-
ments would be needed to demonstrate a robust
relationship.

Furthermore, differences in particle hygroscopicity
appeared more discernible in the supersaturated than
in the subsaturated condition. Hygroscopicity also
showed fuel type dependency, as it was higher for cow
dung compared to Eucalyptus.
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