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Impact of combustion conditions on physical and morphological
properties of biomass burning aerosol

Rudra P. Pokhrela , Janica Gordonb, Marc N. Fiddlerc , and Solomon Bililigna

aDepartment of Physics, North Carolina Agricultural and Technical State University, Greensboro, North Carolina, USA; bApplied
Sciences and Technology PhD Program North Carolina Agricultural and Technical State University, Greensboro, North Carolina, USA;
cDepartment of Chemistry, North Carolina Agricultural and Technical State University, Greensboro, North Carolina, USA

ABSTRACT
The study of biomass burning particle density provides information on aging, new particle
formation, transport properties, and is an important parameter in aerosol impacts modeling.
Density is used in mass closure techniques to estimate the temporal resolution of particu-
late mass concentrations. However, the study of BB particle density as a function of burning
conditions is still limited. Laboratory measurement of six sub-Saharan African biomass fuels
burned under a range of conditions, from pure smoldering to pure flaming conditions, is
presented. Smoldering-dominated burning (modified combustion efficiency (MCE) < 0.9)
particles has a very narrow range of effective density (qeff ) 1.03 g cm�3 to 1.21 g cm�3 and
a mass mobility exponent (Dfm) of �3 (2.97± 0.05), indicating that they are spherical par-
ticles. For the flaming-dominated burning (MCE >0.95) particles, show a size dependent qeff
for all six different fuels. In this case, the mean and standard deviation of the qeff decreased
with increasing size, from (0.94±0.21) g cm�3 at a mobility diameter of 80nm to
(0.31±0.07) g cm�3 at a mobility diameter of 400nm. The size-dependent qeff of flaming-
dominated aerosol suggests the fractal nature of freshly emitted particles. The relationship
between Dfm and the MCE shows three distinct morphology regimes, which we define as
the spherical particle, the transition, and the fractal regime. Our proposed relationship of
Dfm with the MCE can be used as a tool to assess the applicability of Mie theory for optical
closure calculations in the absence of particle morphological information.
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1. Introduction

Emissions from biomass burning (BB) are one of the
major sources of atmospheric aerosol loading (Bond
et al. 2004, 2013). BB emissions impact regional and
global weather, climate, air quality, and human health.
Open BB is a major source of atmospheric black car-
bon (BC) and organic carbon (OC), accounting for
42% and 74% of atmospheric BC and OC loading,
respectively (Bond et al. 2004). Even though warming
due to BC from BB is offset by cooling due to OC
and other inorganic aerosol, with a net radiative forc-
ing of 0Wm�2, the uncertainty in the estimate lies
between �0.2Wm�2 and þ0.2Wm�2 (IPCC 2013).
BC is the main light-absorbing aerosol with an esti-
mated positive radiative forcing only second to carbon
dioxide (Bond et al. 2013; Jacobson 2001). However,
there is a large uncertainty with regards to the forcing

due to BC, with an average forcing of þ0.71Wm�2

with a 90% bound ranging from þ0.08Wm�2 to
1.27Wm�2 (Bond et al. 2013). The forcing due to BC
is largely influenced by the mixing state and morph-
ology of the particles. The emissions from BB are
mostly dominated by organic aerosol (OA). The frac-
tion of OA commonly known as brown carbon (BrC)
shows enhanced absorption at lower visible and ultra-
violet wavelengths (Pokhrel et al. 2017; Laskin, Laskin,
and Nizkorodov 2015; McMeeking et al. 2014; Saleh
et al. 2014; Kirchstetter and Thatcher 2012; Lack et al.
2012). The positive forcing due to BrC is found to be
non-negligible compared to BC at the top of the atmos-
phere (Brown et al. 2018; Wang et al. 2018). This fact
suggests that a more accurate estimation of forcing due
to BrC is necessary to reduce the uncertainty in the net
radiative forcing. However, most experimentally
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determined absorption measurements are performed on
bulk aerosol, which includes both BC and BrC.
Absorption due to BrC is estimated by subtracting the
absorption due to BC from the bulk absorption of both
BC and BrC. So, to more accurately estimate the absorp-
tion due to BrC, an accurate measurement of BC absorp-
tion is needed. Calculation of BC absorption using optical
models requires input parameters such as size distribu-
tion, mixing state, and morphology of the BC. Mie theory
(Bohren and Huffman 1983) is the most commonly used
approach to estimate the BC absorption (Saliba et al.
2016; Saleh et al. 2013, 2014; Cappa et al. 2012), which
does not take into account the fractal nature of BC and
can result in a bias in the estimated BC absorption and
uncertainty in the estimated optical properties of BrC.

One of the most common ways to estimate atmos-
pheric particle material density is by measuring the aero-
sol’s chemical composition (Vakkari et al. 2014).
However, a complete measurement of the chemical com-
position of atmospheric aerosol requires extensive instru-
mentation. With the invention of the differential mobility
analyzer (DMA) (Liu and Pui 1974), the electrical mobil-
ity diameter (dmÞ is the most common way to measure
particle size. However, for non-spherical particles, dm is
not equal to the geometric diameter and estimating the
true material density requires an accurate measurement
of particle mass, dm, and the dynamic shape factor.
Therefore, an alternative particle property called its
effective density (qeff ), defined as the ratio of particle

mass to the volume of its mobility equivalent sphere, has
been commonly used in aerosol studies (Sumlin et al.
2018; Qiao et al. 2018; Li et al. 2016; Rissler et al. 2014;
Park, Kittelson, and McMurry 2004; Maricq and Xu
2004; Park et al. 2003a; McMurry et al. 2002). The effect-
ive density of atmospheric particles is an important prop-
erty, since it is linked not only to the particle’s emission
sources and aging process, but also to its physical, micro-
physical, and optical properties (Zhao et al. 2019). The
effective density is also impacted by the particle morph-
ology, mixing state, and the chemical composition.

Particles emitted from BB emissions have a complex
morphology. The common technique used to character-
ize particle morphology is transmission electron
microscopy and scanning electron microscopy
(Sarpong et al. 2020; Girotto et al. 2018; Chakrabarty
et al. 2014; China et al. 2013; Park, Kittelson, and
McMurry 2004, Park et al. 2003a). However, none of
these techniques can provide continuous online infor-
mation regarding particle morphology. The relationship
between size-selected effective density and dm can pre-
dict the complex morphology of the particles in real-
time (Park, Kittelson, and McMurry 2004, Park et al.

2003a). Furthermore, the time evolution of qeff can pro-

vide information regarding the atmospheric processing
of aerosol, since qeff changes due to chemical reactions,

new particle formation, and restructuring of fractal
agglomerates (Pagels et al. 2009; Katrib et al. 2005). The
size-resolved qeff can also be used to determine the high

temporal resolution of the mass concentration from the
ambient particle number size distribution measured by
a scanning mobility particle sizer (SMPS) for the study
of air quality and visibility (McMurry et al. 2002).

Even though the DMA-particle mass analyzer system
is very popular in determining the qeff of engine exhaust

particles (Olfert et al. 2017; Park, Kittelson, and
McMurry 2004; Maricq and Xu 2004; Sakurai et al. 2003;
Park et al. 2003a) and ambient aerosols (Wu et al. 2019;
Qiao et al. 2018; Rissler et al. 2014), the qeff measurement

of primary aerosol emitted from BB are still limited
(Sumlin et al. 2018; Zhai et al. 2017; Li et al. 2015). Most
of the studies that determined aerosol mass from the par-
ticle size distribution applied an assumed density ranging
from 1.0 g cm�3 to 1.7 g cm�3 regardless of the diameter,
aging conditions, and morphology of the particles
(Corbin et al. 2019; Kumar et al. 2018; Gkatzelis et al.
2016; Saliba et al. 2016; Vakkari et al. 2014; Flowers et al.
2010). An accurate measurement of particle density is
also necessary from the climate model perspective, since
climate models estimate the refractive indices of total
aerosol as a volume-weighted refractive index (Brown
et al. 2018; Liu et al. 2012). In addition, it is found that
the density of OA plays a significant role in the estimated
aerosol radiative forcing and aerosol-cloud interactions
in climate models (Brown et al. 2018).

In this study, we performed laboratory combustion
experiments on six different sub-Saharan African bio-
mass fuels, to study the physical and morphological prop-
erties under a variety of burning conditions ranging from
purely smoldering to purely flaming. In this article, we
investigate how burning conditions impact the physical
properties of the emitted aerosol, namely the qeff , the

particle size distribution, and a morphological property
(mass mobility exponent). We also show the relationship
between mass mobility exponent and the modified com-
bustion efficiency, which could be used as a tool to access
the applicability of Mie-based modeling for aerosol emit-
ted under different burning conditions.

2. Materials and method

2.1. NCAT burning facility

This work was conducted at the North Carolina
Agricultural and Technical State University (NCAT)
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indoor burning facility that has a well-equipped envir-
onmental chamber for the measurement of fresh and
aged aerosol, which is described in detail elsewhere
(Smith et al. 2019, 2020a, 2020b). BB aerosol was gen-
erated by the combustion of biomass fuel in a tube
furnace. The furnace (Carbolite Gero, HST120300-
120SN) holds an 85mm OD, 80mm ID, and 750mm
long quartz working tube with a heated region of
300mm. House compressed air that passes through a
zero-air generator (Aadco Instruments, 747-30) is
used to provide zero air to the tube furnace through
stainless steel tubing. The flowrate (10 standard liters
per minute) of zero air was controlled by mass flow
controller (MFC, Sierra Instruments) calibrated using
flow calibrator (MesaLabs, Definer 220). The desirable
mass of the biomass fuel sample was placed in a
quartz combustion boat (AdValue Technology, FQ-
BT-03) and placed at the center of the furnace for the
ignition. The temperature of the furnace can be
adjusted from room to 1000 �C as desired. The smoke
produced during combustion was sent to the indoor
smog chamber via a heated (200 �C), 1=4 inch stainless
steel transfer tube. The NCAT environmental chamber
has a volume of 9.01m3 and is lined by ethylene pro-
pylene (FEP) Teflon. There are 64 ultraviolet lights
(Sylvania, F30T8/350BL/ECO, 36") on two sides (32
on each) for the photochemical aging experiments. A
mixing fan is located inside of the reactor, which gen-
erally produces a well-mixed volume within 15 to
20min after combustion. Typically, the furnace was
disconnected 10min after the start of ignition and the
chamber was constantly diluted by zero air. During

this study, a dilution flow of 4 L min�1 was used but
could be varied depending on instrument sampling
flow. The relative humidity inside the chamber was
monitored (Traceable Products, Model 4085; humidity
range 5% to 95%) and was found to be always below
the detection limit of our instrument. The tempera-
ture inside the chamber was typical laboratory tem-
perature, which ranged from 21 �C–24 �C. The
schematic of the NCAT chamber facility and measure-
ment setup is shown in Figure 1.

After a series of measurements were complete, the
smog chamber was flushed with zero air at a flow rate
of 15 L min�1–20 L min�1 for at least 24 h. In add-
ition, lights were turned on to effectively remove
NOx. The furnace was also cleaned to remove any
remaining residue in the furnace by heating it to
800 �C for at least 2 h. In addition, the tube connect-
ing the furnace to the chamber was also cleaned with
methanol after each experiment. Before each burn,
chamber pressure and background aerosol/gas concen-
tration were flushed and monitored to make sure that
it was clean before proceeding with another experi-
ment. Typically, particle masses below 2 mg m�3 and
NO and O3 concentrations of less than 5 ppbv were
considered as best conditions to start a
new experiment.

2.2. Sample preparation

Woody biomass fuels were obtained from Ethiopia and
Botswana and stored under the fume hood to dry.
A calibrated analytical balance was used to measure

Figure 1. Schematic of NCAT chamber facility and measurement setup for physical and morphological properties measurements.
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the mass of the fuel that was burned. Typically, we
burned less than one gram of fuel except under some
occasions when a higher mass load was needed. Fuel
moisture content was estimated by measuring mass
loss in the fuel due to overnight heating in the oven set
at 90 �C. Fuel moisture (FM) is estimated as dry mass
fraction as:

FM ¼ mwet �mdry

mdry

� �
� 100% (1)

where mwet is fuel mass before heating and mdry is
fuel mass after heating overnight (Christian et al.
2003). The estimated fuel moisture content for all the
fuels used in this study was less than 10%. A list of
fuels burned, the geographic location of each fuel,
and their burning conditions are presented in
Table S1.

2.3. Modified combustion efficiency

Fuel geometry (that includes volume to surface ratio
and orientation), moisture content, and environmental
variables impact the emissions from fire. The modified
combustion efficiency (MCE) is calculated to quantify
the relative stage of flaming and smoldering of a fire
during burning.

MCE ¼ DCO2

DCOþ DCO2
(2)

where DCO2 and DCO are the background-corrected
carbon dioxide and carbon monoxide concentrations,
respectively (Stockwell et al. 2014; Yokelson et al.
1997). Typically, MCE values of �0.99 are attributed
to purely flaming burns and those with values of �0.8
or less to purely smoldering burns. An MCE of �0.9
represents equal contributions of the flaming and
smoldering stages (Stockwell et al. 2014). To achieve
the different combustion conditions, furnace tempera-
ture was adjusted between 450 �C to 800 �C. It was
found that the MCE of lower temperature burns
(450 �C to 500 �C) were below 0.90 whereas MCE of
high temperature burns (700 �C and 800 �C) were
greater than 0.95. CO and CO2 concentrations were
measured by a CO analyzer (model 48 C Thermo
Scientific) and a CO2 analyzer (model 41 C Thermo
Scientific). These monitors were calibrated using certi-
fied standard gas cylinders (199.7 ppmv for CO and
5028 ppmv for CO2 from Airgas National Welders).

2.4. Particle morphology and effective density

For non-spherical particles, the estimation of material
density is only possible once the dynamic shape

factor, porosity and chemical composition are known.
Due to limitations in accurately measuring the
dynamic shape factor, the particle effective density
was introduced as a ratio of the particle mass (mp) to
the mobility diameter equivalent volume (volume cal-
culated assuming a spherical particle with a diameter
equal to the mobility diameter (dm)) (DeCarlo et al.
2004; Park et al. 2003a; McMurry et al. 2002). qeff can

be expressed as:

qeff ¼
6mp

pdm
3 (3)

for spherical particles without internal voids and the
effective density is equal to its material density for
single component systems. However, for non-spherical
particles and spherical particles with internal voids,
the effective density is always smaller than material
density (McMurry et al. 2002). The mass mobility
exponent relation can be expressed as a power-law
relationship between mp and dm

mp ¼ Cd
Dfm
m (4)

where C is a pre-factor and Dfm is the mass mobility
exponent (Sumlin et al. 2018; Radney and
Zangmeister 2016; Park, Kittelson, and McMurry
2004, Park et al. 2003a). Dfm is commonly used to
describe the particle morphology, with a value �3 for
spherical particles and <3 for non-spherical particles
(Wu et al. 2019; Park, Kittelson, and McMurry 2004,
Park et al. 2003a; McMurry et al. 2002).
Furthermore, Dfm can be converted to the fractal
dimension, which is estimated from transmission
electron microscopy image analysis (Park, Kittelson,
and McMurry 2004).

By combining Equations (3) and (4), qeff can be

expressed as follows:

qeff ¼
6Cd

Dfm
m

pdm
3 ¼ C0dDfm�3

m (5)

where C0 ¼ 6C
p is a constant. For homogeneous

spherical particles, Dfm �3 and the effective density is
independent of the particle’s sizes; whereas, for non-
spherical, Dfm < 3 resulting in the decrease of the
effective density as particle size increases.

2.5. DMA-APM system and effective density
calculation

SMPS consisting of DMA (Model 3081; TSI Inc.) and
a general-purpose water-based condensation particle
counter (WCPC; Model 3787; TSI Inc.) was used to
measure the particle size distribution of BB aerosol. In
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another configuration, the aerosol size was selected by
the DMA, based on its electrical mobility, and then
passed through the aerosol particle mass analyzer
(APM; Model 3602; Kanomax Inc.) which classified
the aerosols based on the particle mass to charge
ratio. This mass to charge selection is accomplished
when particles pass through the rotating cylinders of
the APM when the radial electrical and centrifugal
forces balance each other. The APM was followed by
a WCPC. Details of the operating principle of the
APM can be found elsewhere (Park, Kittelson, and
McMurry 2003b, Park et al. 2003a; McMurry et al.
2002). During this study, APM was operated in step-
ping mode where rotational speed of the APM was
kept constant and voltage was changed stepwise for a
selected size to determine the distribution of the par-
ticle mass. The classification performance parameter,
which is defined as the ratio of the timescale for axial
and radial particle movements in the classification
zone, was kept fixed (k¼ 0.32) during this study. The
effective density was estimated for each particle size
using Equation (3) and the reported effective density
values are the peaks of the distribution as shown in
Figure S1 (see the online supplementary information
[SI]). Based on the recent study by Radney and
Zangmeister (2016) on flame-generated soot, the pres-
ence of q > þ1 would bias the peak of the mass

distribution by 13% compared to q ¼ þ1 at 150 nm
size. This would result in an effective density overesti-
mated by 13%. They concluded that 150 nm diameter
particles are the worst-case scenario for charge state
separation. For particles smaller than 150 nm the con-
tribution from q > þ1 would be minimal, and for
particles larger than 150 nm the effective mass separ-
ation between successive charge states is large, leading
to less bias in the resulting density measurements.

The effective density, calculated using Equation (3),
can be impacted by the uncertainty in the mobility
diameter selected by DMA. A small error in dm leads
to a large error in the estimated density due to dm

3

term in denominator (Park, Kittelson, and McMurry
2003b; McMurry et al. 2002). To minimize this error,
DMA size measurements were first calibrated using
polystyrene latex spheres (PSL) for multiple sizes, and
a correction factor was applied based on these meas-
urements. The effective density measurement capabil-
ity of DMA-APM was tested with different PSL
particle sizes (qeff ¼ 1:05 g cm�3). The average qeff
estimated by the DMA-APM system for four different
PSL sizes was (1.060 ± 0.016) g cm�3, where the error
is one standard deviation of the average value. The
effective density of the different sizes PSL particles
measured by the DMA-APM system is shown in
Figure S2.

Figure 2. The evolution of the particle size distribution for (a) flaming-dominated and (b) smoldering-dominated eucalyptus burn-
ing. The white line indicates the evolution of the geometric mean diameter of the distribution.
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3. Result and discussion

3.1. Particle size distribution

The size distribution of the particles emitted during
each burn was measured by an SMPS. Typically, the
particle size distribution was measured for the first
45–50min for each experiment before switching to
density measurements. Figure 2 shows the time evolu-
tion of number size distribution inside the chamber.
As expected, there occurred a decrease in particle
number concentration and an increase in geometric
mean diameter due to diffusional losses to the cham-
ber walls and particle coagulation in the chamber.
There existed a clear difference in the particle size dis-
tribution of the emitted aerosol under different burn-
ing conditions for the same fuel. For the flaming-
dominated burn of eucalyptus (MCE ¼ 0.96), size dis-
tribution was dominated by ultrafine particles with a
geometric mean diameter (GMD) of �40 nm, as
shown in Figure 2a. Whereas, for the smoldering-
dominated burn of eucalyptus (MCE ¼ 0.89), the size
distribution was dominated by larger size particles a
with GMD >100 nm once the chamber was well
mixed (typically 15-20min after ignition).

This result was consistent with a previous labora-
tory study (Carrico et al. 2016), which found smolder-
ing fires produced particles that were strongly light
scattering, with the size distribution dominated by
particles larger than 100 nm, whereas flaming fires
produced highly absorbing particles that were domi-
nated by 50 nm particles. In addition, they observed
size distributions from the flaming-dominated fires
that were bimodal, with a second peak at larger sized
particles, while such a feature was absent in smolder-
ing-dominated burning cases.

3.2. Size selected effective density of flaming and
smoldering emissions

The effective density of size-selected aerosol was cal-
culated for aerosol generated under different combus-
tion conditions. The temperature of the furnace was
adjusted to different temperatures ranging from
450 �C to a maximum of 800 �C. The burning condi-
tion was quantified by calculating MCE of the burn
and it was found that lower temperature burns
(450 �C to 500 �C) were mostly dominated by smol-
dering emissions (MCE < 0.9) while high temperature
burns (700 �C and 800 �C) were dominated by flaming
emissions (MCE > 0.95). Figure 3 shows the qeff plot-

ted as a function of mobility diameter for six different
fuels. From the six different fuels with twelve

independent burns, it is apparent from Figure 3 that
variability in qeff of smoldering-dominated emissions

is within �20% of each other. The list of fuels, qeff ,

and MCE values are presented in Table S2 (SI). Even
though there is some fuel type dependency, with
wanza having consistently lower qeff compared to

mukusi, multiple burns of acacia did not support such
a behavior with about 20% variability between differ-
ent burns.

Our qeff results are similar to a previous lab study

that focused on peat burning under different burning
temperatures (Sumlin et al. 2018). However, our val-
ues are consistently lower than the reported qeff of

rice straw burning done by Zhai et al. (2017). This
could potentially be due to the presence of a larger
fraction of inorganic components (nitrate, sulfate,
chloride, and potassium) in the aerosol sample studied
in Zhai et al. (2017). In addition, this study and a
study by Sumlin et al. (2018) did not see a reasonable
size-dependence of the qeff , whereas Zhai et al. (2017)

found larger qeff as the size increased. Values reported

by Sumlin et al. (2018) and our study are lower than
the qeff measured in the ambient environment (Qiao

et al. 2018; McMurry et al. 2002), potentially due to a
difference in the chemical composition of the aerosol.
Besides comparing biomass burning studies in the
laboratory and the field, we also compared the effect-
ive density estimated in this study with other exam-
ples of smoldering combustion, such as cigarette and

Figure 3. Effective density of freshly emitted smoldering-domi-
nated aerosol as a function of mobility diameter. The different
symbols represent the fuel types indicated in the legend.
Multiple data points at a size indicate multiple experiments.
The data for the figure is provided in Table S2.
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marijuana smoke particles. Johnson et al. (2014)
found that cigarette smoke particles have a spherical
morphology with an average effective density of
(1.18 ± 0.11) g cm�3. Another study by Graves et al.
(2020) showed that effective densities of tobacco and
marijuana smoke particles are independent of particle
size above 150 nm, with effective densities of
(0.99 ± 0.1) g cm�3 for tobacco and (0.90 ± 0.09) g
cm�3 for marijuana. These values are also within the
range (1.13 ± 0.07) g cm�3 of the values found in
this study.

Unlike the qeff for the smoldering-dominated aero-

sol, the qeff of flaming-dominated aerosol (MCE >

0.95) shows strong particle size dependence, with a
significant decrease in qeff with increasing mobility

diameter, as shown in Figure 4. Although the general
trend of qeff with mobility diameter was similar, there

was clearly a fuel dependency for qeff , with olive con-

sistently higher compared to other fuels even under
similar burn conditions (i.e., close MCE values for all
the fuels present in Figure 4). This conclusion is cor-
roborated by repeated burns of the same fuel (wanza
and acacia), which produces nearly identical values of
qeff : Since flaming combustion is dominated by black

carbon emissions (Pokhrel et al. 2016; Stockwell et al.
2014) and potentially smaller size black carbon aggre-
gates are made up of fewer primary spherules result-
ing in larger qeff for smaller size particles. In other

words, smaller particles have structures that are more
compact and closer to a sphere. As the particle size
increases, the qeff decreases, approaching �0.3 g cm�3

for 450 nm size indicating the fractal nature of freshly
emitted black carbon dominated aerosol. We com-
pared the variation of qeff with dm for the flaming-

dominated aerosol in this study with the universal
relation of the variation of qeff with dm proposed by

Olfert and Rogak (2019) based on the thermally
denuded fresh soot emitted from the different kinds
of ignition engines using different fuels. The red line
and the shaded region in Figure 4 show the best fit
line and the one standard deviation of the residuals
proposed by the Olfert and Rogak (2019). As
expected, the qeff values estimated in this study are

significantly larger than the qeff values in Olfert and

Rogak (2019) because they used bare soot, where vola-
tile material has already evaporated. As discussed in
section 2.5, some of this deviation could be due to
presence of q > þ1 charge, but does not totally
explain the deviation observed in this study. The
impact of q > þ1 charge on qeff is at a maximum at

150 nm and smaller at particle size smaller and larger
than 150 nm (Radney and Zangmeister 2016).
However, we observed the largest deviation at smaller
size and the deviation gradually decreases as particle
size increases which could potentially be due to
impact of co-emitted volatile materials along with BC
particles. The presence of volatile material would
increase the effective density of bare soot because
volatile material fills the voids in the soot, resulting in
the increase of the particle mass without a significant
impact on its mobility diameter. Since we did not
denude the particles in this study and the co-emitted
organic aerosol produced during combustion is
impacting the qeff , the resulting qeff values are signifi-

cantly larger than bare engine soot particles. Like our
result, the qeff of diesel exhaust (Park et al. 2003a)

and near traffic urban environment aerosol particles
(Rissler et al. 2014) have significantly larger qeff than

the values proposed by Olfert and Rogak (2019),
potentially due to presence of volatile materials.

The differences in qeff between this study and those

proposed by Olfert and Rogak (2019) show a size
dependency, with relatively large differences at smaller
sizes. For mobility diameters larger than 200 nm, our
qeff values are close to the proposed values. This

Figure 4. The effective density of freshly emitted flaming-
dominated aerosol as a function of mobility diameter. Different
colors and symbols represent different fuels, as indicated in
the legend. Measurements of diesel exhaust at different loads
(Park et al. 2003a) and near traffic urban environments (Rissler
et al. 2014) are also present as a function of mobility diameter.
The solid red line is the best fit line of effective density with
mobility diameter proposed by Olfert and Rogak (2019) for
freshly emitted thermally denuded soot with one standard
deviation of residuals represented by shaded region. The data
for the figure is provided in Table S3.

86 R. P. POKHREL ET AL.

https://doi.org/10.1080/02786826.2020.1822512


deviation is also expected, as there are a number of
studies which show that the mass fraction of volatile
material shows a power law relationship with the
mobility diameter since there is a larger organic mass
fraction at smaller size particles (Dickau et al. 2016;
Graves et al. 2015; Ristim€aki et al. 2007). Due to the
presence of a larger fraction of volatile material (in
our case potentially an organic aerosol) in smaller size
particles, the deviation in qeff from bare soot results is

larger for smaller particles.
The qeff for individual sizes, list of fuels, and corre-

sponding MCE of the burns are presented in
Table S3.

3.3. Dependence of mass mobility exponent on
burning condition

The relationship between the mass mobility exponent
and burning conditions was explored by the power-
law relation between particle mass and the mobility
diameter using Equation (4). Mass mobility exponent
(Dfm) is calculated as a slope of the log-log plot of
particle mass as a function of mobility diameter. An
example of mass mobility exponent calculation for
flaming and smoldering burns for wanza is provided
in Figure S3 (SI). Depending on the burning condi-
tions, the calculated Dfm ranges from a maximum of
3.06 (±0.04) to a minimum of 2.15 (±0.10) for smol-
dering-dominated and flaming-dominated burns,
respectively, with the number inside the parenthesis
representing one standard deviation of the slope of an
unweighted fit of the log-log plot of particle mass as a
function of mobility diameter. The Dfm values for
each burn are provided in Table S4 (SI). The impact
of burning conditions on Dfm is explored by plotting
Dfm as a function of MCE for different burning condi-
tions, as shown in Figure 5. The nature of the vari-
ation of Dfm with MCE is best described by the Hill
equation with maximum and minimum asymptotes of
2.97 ± 0.05 and 2.26 ± 0.05, respectively. The outlier at
MCE �0.97 is omitted during the fitting of the Hill
equation. The unweighted fitting line gives the con-
tinuum of Dfm with values of �3 for MCE � 0.92
then the Dfm decreases sharply with MCE and ultim-
ately remains independent as MCE > 0.95 with the
Dfm reaching the minimum asymptote. The maximum
asymptote of (2.97 ± 0.05) indicates that the particles
emitted during burns with MCE � 0.92 are homoge-
neous spheres having mass mobility exponents of �3,
which is consistent with the brown carbon emitted
during smoldering peat burning in a previous study

(Sumlin et al. 2018). Furthermore, the fitting coeffi-
cient base represents the minimum asymptote with a
value of 2.26 ± 0.05, indicating that particles emitted
during burns with MCE > 0.95 are non-spherical
with mass mobility exponents similar to the previously
studied externally mixed BC and diesel exhaust par-
ticles, with Dfm ranging from 2.3 to 2.41 (Wu et al.
2019; Rissler et al. 2014; Maricq and Xu 2004; Park
et al. 2003a, Park, Kittelson, and McMurry 2004).
However, the minimum asymptote value found in this
study is lower than the value (Dfm ¼ 2.48) proposed
by Olfert and Rogak (2019) in their recent review art-
icle, but the variation in the literature is wide.

The relationship of Dfm with MCE shows three dis-
tinct regimes. The first is a spherical particle regime
(with characteristic Dfm values of �3) where Dfm is
independent of the MCE but bounded by an MCE
with an upper limit of �0.92. Even though an MCE
of 0.9 is characterized as having equal portions of
flaming and smoldering emissions, the particle
morphology for MCE � 0.92 shows similar Dfm as the
purely smoldering burn. The second regime is a tran-
sition regime, where Dfm shows a strong dependency
on the MCE and the particles emitted during these
conditions (0.92<MCE < 0.95) show a fractal nature
with highly variable Dfm values ranging from 2.3
<Dfm <3. The third regime, which we call the fractal
regime, is where the Dfm is �2.26 and is independent
of the MCE of the burn, but bounded by the lower
limit of an MCE of �0.96. Figure 5 also shows the
box and whisker plot of effective density of 200 nm

Figure 5. Mass mobility exponent as a function of modified
combustion efficiency. The box and whisker plot shows the
effective density of 200 nm size particles at three different
regimes shown at right axis. The box top and bottom showing
inter quartile range and whisker showing 95th and 5th percent-
ile; central line shows the median value. Data points are given
in Table S4.
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particles within the three different regimes. Since
effective density shows size dependency at the transi-
tion and the fractal regimes, we reported 200 nm size
particles as a representative case. As evident from
Figure 5, the fractal and the spherical regimes have a
very narrow range of effective densities regardless of
fuel type whereas for transition regime, the variation
is large for both effective density and Dfm values. A
literature review by Sorensen (2011) concluded that
the Dfm is 2.17 ± 0.1 for a diffusion-limited cluster
aggregate (DLCA) with fractal dimension of 1.78 and
pre-factor of 1.3. The Dfm value for DLCA proposed
by Sorensen (2011) compares well with the Dfm for
the fractal regime (2.26) found in this study. This fact
suggests that the particles emitted during flaming-
dominated burns have similar morphology as DLCA.
Previous studies using scanning electron microscopy
images found fractal dimension of soot aggregates
emitted from wildfires to be in the range of 1.8-1.92
(Chakrabarty et al. 2014; China et al. 2013).

From the climate perspective, estimation of refract-
ive indices (real and imaginary parts) of aerosol is the
most important quantity to accurately estimate the
aerosol radiative forcing. The optical closure method
is the most common way to estimate the refractive
indices of aerosol in the atmospheric science commu-
nity (Sarpong et al. 2020; Radney and Zangmeister
2018; Saleh et al. 2014, 2016, 2018; Saliba et al. 2016;
Mack et al. 2010), where optical properties estimated
from the model are manually iterated until measured
and estimated values match. For refractive indices cal-
culations, the most commonly used approach is the
Mie theory based model (Bohren and Huffman 1983)
which treats aerosol particles as homogeneous spheres.
However, there is signficant amount of evidence that
shows that freshly emitted aerosol are fractal in nature
(Chakrabarty et al. 2007, 2014; Bond et al. 2013;
China et al. 2013; Sorensen 2001) and to accurately
estimate their optical properties we must rely on a
model which accounts for the fractal nature of aero-
sol, such as the Rayleigh–Debye–Gans (RDG) approxi-
mation (Liu et al. 2015; Chakrabarty et al. 2007). The
relationship between Dfm and MCE may not be dir-
ectly applicable for RDG approximation calculation
because use of RDG approximation requires add-
itional parameters, such as the monomer diameter,
the radius of gyration, and the fractal pre-factor.
However, the proposed parameterization of Dfm with
the MCE will provide a critical tool to access whether
the application of Mie-based calculations are appro-
priate or not based on the MCE calculation alone,
even without aerosol morphology information.

4. Conclusions

In this study, we examined the physical and morphological
properties of aerosol emitted from six different types of
hardwood fuels native to sub-Saharan Africa under con-
trolled laboratory burning conditions. It was found that
flaming-dominated burning (MCE > 0.95) produced
mostly ultrafine particles with GMD < 40nm, whereas
smoldering-dominated burning (MCE < 0.9) produced
ultrafine and fine mode particles with GMD of �80nm.
The qeff of aerosol emitted during smoldering-dominated

burns did not show a size dependency. Even though qeff
showed a fuel dependency with consistently lower qeff val-

ues for some fuels, the variation was within 20% with
ranges of qeff between (1.03± 0.05) g cm�3 to (1.21± 0.02)

g cm�3. The mass mobility exponent �3 (2.97± 0.05)
indicates that aerosol emitted during smoldering-domi-
nated emissions were homogeneous spheres without
internal voids; consistent with the organic carbon emitted
during smoldering peat burning in a previous study
(Sumlin et al. 2018).

Unlike smoldering-dominated burns, qeff of aerosol

emitted during flaming-dominated burns showed a size-
dependence, with a decrease in qeff as mobility diameter

increased. The qeff decreased from (0.94±0.21) g cm�3 at

a mobility diameter of 80nm to (0.31± 0.07) g cm�3 at a
mobility diameter of 400nm, indicating the fractal nature
of the freshly emitted aerosol. The qeff of freshly emitted

BB aerosol from flaming-dominated burns showed values
consistent with the qeff of diesel exhaust particles under

different loads (Park et al. 2003a) and with the near traffic
urban environment aerosol (Rissler et al. 2014). The mass
mobility exponent of (2.26± 0.05) for aerosol emitted dur-
ing flaming-dominated emissions were commensurate
with previously studied externally mixed BC and diesel
exhaust particles. The relationship ofDfm with MCE shows
three distinct regimes, which we define as the spherical
particle, transition, and fractal regime. The spherical par-
ticle regime shows Dfm values of�3 and is independent of
MCE, the transition regime shows the Dfm is highly sensi-
tive to the MCE, and the fractal regime is also independent
of MCE and has Dfm values similar to freshly emitted soot
particles. Furthermore, we proposed a relationship
between mass mobility exponent and MCE that can serve
as a tool to assess whether the application of Mie theory-
based calculations is justifiable or not.
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