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Abstract. This study examines the morphological proper-

ties of freshly emitted and atmospherically aged aerosols

from biomass burning. The impacts of particle morphol-

ogy assumptions on hygroscopic predictions are examined.

Chamber experiments were conducted at the University of

California, Riverside, Center for Environmental Research

and Technology (CE-CERT) atmospheric processes lab us-

ing two biomass fuel sources: manzanita and chamise. Mor-

phological data was obtained through the use of an aerosol

particle mass analyzer (APM), scanning mobility particle

sizer (SMPS) system and transmission electron microscope

(TEM). Data from these instruments was used to calculate

both a dynamic shape factor and a fractal-like dimension

for the biomass burning emissions. This data was then used

with κ-Köhler theory to adjust the calculated hygroscopic-

ity for experimentally determined morphological character-

istics of the aerosol. Laboratory measurement of biomass

burning aerosol from two chaparral fuels show that parti-

cles are nonspherical with dynamic shape factors greater than

1.15 for aerosol sizes relevant to cloud condensation nuclei

(CCN) activation. Accounting for particle morphology can

shift the hygroscopicity parameter by 0.15 or more. To our

knowledge, this work provides the first laboratory chamber

measurements of morphological characteristics for biomass

burning cloud condensation nuclei and provides experimen-

tal particle shape evidence to support the variation in reported

hygroscopicities of the complex aerosol.

1 Introduction

Aerosols have important health effects, affect regional visi-

bility, are a key factor in the earth’s climate via radiative forc-

ing mechanisms, and play a vital role in atmospheric chem-

istry (Seaton et al., 1995; Haywood and Boucher, 2000; Ra-

manathan et al., 2001; Pöschl, 2005; Forster et al., 2007). For

all impacts, particle composition and size are important. Par-

ticles are ubiquitous but can be nonuniform and nonspheri-

cal. As such, a number of instruments exist to measure these

critical aerosol properties. One property that remains diffi-

cult to characterize through conventional techniques is par-

ticle morphology. Morphology is used here as a term to de-

scribe the shape of a 3-dimensional particle and has a di-

rect impact on particle size measurements (DeCarlo et al.,

2004). The true volume of a particle is difficult to accurately

measure without knowledge of the particle morphology. Re-

ducing uncertainties in particle morphology will increase the

accuracy of characterizations and parameterizations that rely

on knowing the true volume of a particle, e.g., particle den-

sity and hygroscopicity.

Biomass burning emissions are a major source of nonuni-

form and nonspherical complex aerosol emissions (2–

5 Pg C yr−1) to the atmosphere (Crutzen and Andreae, 1990;

Andreae et al., 2004; Reid et al., 2005; van der Werf et al.,

2006). Both the developed and developing world are subject

to biomass burning events through agricultural burning, wild-

fires, and domestic burning applications (Forster et al., 2007).

The aerosol formed during biomass burning events is a com-

plex mixture of volatile, semivolatile, and nonvolatile com-

ponents that are able to seed clouds, modify cloud properties,

and indirectly impact radiative forcing (Forster et al., 2007;
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Reutter et al., 2009; Liu and Wang, 2010). The impact of a

potential wildfire or prescribed burn depends on the fuel type,

the burning regime (e.g., smoldering, flaming, or mixed), and

the aging time of the atmospheric emissions. This work fur-

ther explores the role of biomass burning aerosol as cloud

condensation nuclei (CCN). We obtain information about the

shape and true volume of biomass burning particles using a

semicontinuous method to investigate the impact of particle

size, changes in shape that occur during the evolution of pho-

tochemical aging and changes in perceived hygroscopicity as

a result of particle volume and sizing assumptions. A large

portion of this study presents data on fresh biomass burning

aerosol that is most applicable near the point of emission.

However, the data and conclusions that are presented should

be noted whenever an estimation of the climate impacts of

biomass burning aerosols are discussed.

2 Theoretical considerations

2.1 Biomass burning cloud condensation nuclei

Several recent works on biomass burning aerosol have fo-

cused on their ability to act as CCN (e.g., Novakov and Cor-

rigan, 1996; Martins et al., 2009; Petters et al., 2009; Car-

rico et al., 2010; Rose et al., 2010, 2011; Hennigan et al.,

2011; Engelhart et al., 2012; Giordano et al., 2013; Lathem

et al., 2013; Martin et al., 2013; Yokelson et al., 2009). The

CCN ability of inorganic compounds can be described well

by classical Köhler theory (Köhler, 1936). The theory has

since been expanded to better model organic/inorganic mixed

particles with varying degrees of accuracy and complexity

(e.g., Shulman et al., 1996; Raymond and Pandis, 2002). One

extension, κ-Köhler theory, has become a common method

for reporting CCN ability and estimating particle hygro-

scopicity. Its popularity is due to its empirical grounding,

ease of understanding, ability to represent organic/inorganic

mixed particles and translate to both the sub- and supersat-

urated regimes. This has led to a large body of published κ-

Köhler theory values. The κ parameterization of hygroscop-

icity posits that particle diameter and the supersaturation at

the point of activation effectively capture CCN ability (Pet-

ters and Kreidenweis, 2007):

κ =
4A3

27D3
d ln2Sc

; where A=
4σs/aMw

RTρw

, (1)

where ρw is the density of water,Mw is the molecular weight

of water, σs/a is the surface tension of the solution–air in-

terface, R is the universal gas constant, T is the tempera-

ture, Dd is the dry particle diameter, and Sc is the critical

supersaturation required to activate a particle with size Dd.

In practice, Dd is generally the measured electrical mobility

diameter and is calculated as the 50 % efficiency for which

half of all particles activate at sc, the instrument supersatura-

tion. In the derivation of κ-Köhler theory,D3
d actually stands

in for the volume of the particle being activated. A main fo-

cus of this study are the implications of treating the electrical

mobility diameter as the volume equivalent diameter. From

Eq. (1), κ is interpolated using a linear regression of experi-

mental Dd and calibrated sc.

Thus, the CCN activity can be represented by a single hy-

groscopicity parameter, κ . A range of κ biomass burning lit-

erature values has been reported. Multiple factors affect this

range. Different fuels can have a wide variability in CCN ac-

tivity. The particles can be very nonhygroscopic (e.g., κ < 0.1

for various softwoods) to very hygroscopic (e.g., κ > 0.5 for

sage and sawgrass) (Petters et al., 2009; Carrico et al., 2010).

Differences in burning conditions contribute to the range of

κ . Additionally, the oxidative aging of these emissions can

affect the observed κ values (Hennigan et al., 2011; Engel-

hart et al., 2012). The presence of surface-active compounds

can also affect the range of κ (Giordano et al., 2013).

The derivation of κ-Köhler theory, as stated in Eq. (1), is

chosen here because it a computationally inexpensive form

of the theory to implement and is widely used. The deriva-

tion of κ-Köhler theory in Eq. (1) applies a few assumptions

(that do not necessarily apply to all derivations of κ-Köhler

theory). First, ideal droplet water activity conditions are as-

sumed when the growing cloud droplet exists as an aque-

ous solution and all available solute is dissolved. Second,

κ-Köhler theory applies the ideal surface tension of water,

σs/a = 0.072 J m−2. Third, and most important for applica-

tion to biomass burning, the diameter of the particle cubed,

D3
d , is assumed to estimate the volume of a spherical parti-

cle. A number of studies have investigated the applicability

of the first two assumptions and come to varying conclusions

on their importance. Martin et al. (2013) did observe that

nonspherical particles can exist in biomass burning plumes

and their presence can lead to an underestimation of κ . Here

we present the same conclusions but the work presented here

differs in a number of important ways from the work of Mar-

tin et al. The experimental setup used in Martin et al. was

a clever way to determine that the particles were nonspher-

ical but was not able to measure the degree of nonspheric-

ity. Both this work and Martin et al. observed the effect that

aging has on particle morphology and how that impacts κ ,

but here we are able to quantify the changes in morphology

through empirical constructs such as fractal-like dimension.

It remains that the magnitude of particle nonsphericity and

its effect on hygroscopicity has only been theoretically ma-

nipulated and not experimentally measured, especially as a

function of particle aging (Dusek et al., 2011). Here we pro-

vide simultaneous morphological and hygroscopicity mea-

surements of fresh and aged biomass aerosol. These mea-

surements together provide a more accurate parameterization

of particle hygroscopicity.
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2.2 Volume equivalent and electrical mobility

diameters

CCN activity measurements require either mass or volume

information in addition to droplet activation data. Particle di-

ameter alone can introduce 84–96 % variation in CCN con-

centrations (Dusek et al., 2006). Particle volume informa-

tion is commonly obtained from mobility particle sizing in-

strumentation and is combined with a cloud condensation

nuclei counter (CCNC). This experimental method selects

the electrical mobility diameter of a particle. The mobility-

selected particle then flows to the supersaturated column

of the CCNC where, if above a critical size, it activates to

form a cloud droplet. When combined with κ-Köhler the-

ory, the method assumes that a particle’s electrical mobil-

ity is equivalent to its volume equivalent diameter. For a

spherical particle this is true: the mobility diameter equals

the volume-equivalent diameter. However, for nonspherical

particles, electrical mobility diameter deviates from the vol-

ume equivalent diameter. The phenomenon has also been

observed in CCN experiments using mass-selected particles

measured with a Kanomax APM (aerosol particle mass an-

alyzer; Kuwata and Kondo, 2009). The volume equivalent

diameter (dve) is defined as the diameter of a spherical par-

ticle of the same volume as the particle of interest (Baron

and Willeke, 2001). For a nonspherical particle, dve is the

diameter of the particle if it were compacted or melted to

form a sphere while preserving internal void spaces (empty

regions of the particle that are isolated from the surrounding

gas).The electrical mobility diameter, dm, can be measured

with a differential mobility analyzer (DMA) and is defined

as the diameter of a sphere with the same migration velocity

in a constant electric field as the considered particle (Knut-

son and Whitby, 1975). A force balance occurs in the annular

region of the DMA to mobility-select a certain “size” parti-

cle. The particle is first charged and flown into an annulus

with a constant electric field being applied between the inner

and outer walls. As the particle moves in the electric field,

the charge on the particle is attracted toward the inner annu-

lar wall. A drag force between the particle and gas is equal

and opposite to the electrical force when the particle reaches

a terminal migration velocity. Careful design of the annulus

allows for a particle of a desired electrical mobility to exit

the DMA in a monodisperse size stream.

Assuming a particle and its volume equivalent sphere have

the same charge, the relationship between the two diameters

is as follows:

dm

CC(dm)
=

dveχ

CC(dve)
, (2)

where CC is the Cunningham slip correction factor and χ

is the dynamic shape factor. The slip correction factor used

in the calculation of Eq. (2) is given in Seinfeld and Pan-

dis (2006) as

CC = 1+
2λ

D

[
α+β exp

(
−
γD

2λ

)]
, (3)

where D is the diameter of the particle, λ is the mean free

path of the suspending fluid, and α, β, and γ are empiri-

cal constants. The empirical constants used in this study are

given in Allen and Raabe (1982). The dynamic shape factor

is a correction to account for the increased drag on a non-

spherical particle (Fuchs, 1964). The shape factor is equal to

one for a sphere and can be greater than one for nonspheri-

cal particles. The flow regime of the suspending fluid relative

to the particle dictates the nature of the forces acting on the

particle. Hence, both CC and χ are functions of the Knud-

sen number. The flow regime here is in the transition regime

because both particle sizing and the CCNC commonly oper-

ate near standard ambient temperature and pressure (approxi-

mately 298 K, 1 atm) and the particles of interest as CCN are

between 10 and 200 nm. This introduces an added level of

complexity to volume calculations, as the dynamic shape fac-

tor behavior is more readily available in the continuum and

free molecular regimes (Dahneke, 1973a, b; Kousaka et al.,

1996; Baron et al., 2001). However, other work on nonspher-

ical particles and their dynamic shape factors have assumed

that the shape factor in the transition regime is approximately

equal to the shape factor in the free-molecular regime (De-

Carlo et al., 2004). The analysis presented here also makes

this assumption. Our analysis also neglects particle orienta-

tion effects on the shape factor. Because χ can be greater

than 1 for nonspherical particles, the use of electrical mobil-

ity for volume measurement will likely overpredict particle

volume. An overprediction in particle volume in Eq. (1) will

underestimate calculated κ values; thus, misrepresenting the

cloud forming ability of nonspherical aerosols.

It should be noted that calculation of the volume equiva-

lent diameter is possible without explicit knowledge of the

shape factor. If the density of the material is known, then the

volume equivalent diameter can be determined from measur-

ing the mass of a given particle (DeCarlo et al., 2004; Kuwata

and Kondo, 2009). The uniqueness of this study is the ex-

perimental observation of the shape factor to compensate for

the unknown density of the complex material from biomass

burning aerosols.

2.3 Fractal and fractal-like dimensions

Combustion processes often generate aggregates of small

(d < 10–30 nm) particles. The fractal dimension (Df) is a

semiempirical relationship often used to describe aggregates.

Df is defined as the relationship between the number of pri-

mary particles in an aggregate to the aggregate’s radius of

gyration. The relation can be written as a power law expres-

sion (Mandelbrot, 1982):

N = C

(
Rg

a

)Df

, (4)
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where N is the number of primary particles in the aggregate,

Rg is the radius of gyration of the aggregate, a is the radius of

the primary particles, and C is a constant. Park et al. (2003)

use this relationship with the assumption that the primary

particle diameters are approximately constant to show thatN

then varies proportionately to particle mass. Park et al. also

assume that the radius of gyration is linearly proportional to

the mobility diameter in the continuum and free-molecular

regimes (Schmidt-Ott et al., 1990) to define a “fractal-like”

dimension, here referred to as D
′

f:

m= C′D
D′f
m , (5)

wherem is the mass of the aggregate. Here, aD′f of 3 implies

a spherical particle whileD′f < 3 indicates a nonspherical par-

ticle. This relationship, and its analogue in density, is directly

applicable to data obtained from the Kanomax APM. Park et

al. used APM data to determine the fractal-like dimension

of diesel exhaust particles. They obtained fractal-like dimen-

sions of 2.33 <D′f < 2.84 depending on engine load. Work

done by Nakao et al. (2011) used this relationship to show

SOA (secondary organic aerosol) formation from diesel ex-

haust has similar D′f. Zhang et al. (2008) exposed flame-

generated soot to subsaturated sulfuric acid vapor and ob-

tained a fresh (unexposed) D′f of 2.1 and an aged (exposed)

D′f of 2.8.

In this work, we obtain information about the shape and

true volume of biomass burning particles using a semicon-

tinuous method. We do this for both freshly emitted and pho-

tochemically aged emissions. We provide evidence to sup-

port the work of others that demonstrate that (1) the parti-

cles emitted are nonspherical, (2) the degree of nonspheric-

ity changes with photochemical aging, and (3) using the true

volume equivalent diameter to calculate κ greatly shifts the

predicted hygroscopicity. We also discuss how the limitations

of the current methods for measuring particle volume affects

CCN measurements.

3 Experimental methods and instrumentation

A series of biomass burning experiments were carried out

at the University of California, Riverside, College of En-

gineering – Center for Environmental Research and Tech-

nology (UCR CE-CERT) atmospheric processes lab from

the spring to the summer of 2013. Two shrubs common

to the California chaparral biome, chamise (Adenostoma

fasciculatum) and manzanita (Arctostaphylos glandulosa),

were burned in an outdoor wood-burning stove. Both fu-

els were collected on Bureau of Land Management land

near the San Bernardino National Forest (approximately

33.84◦, −116.88◦ and the surrounding area). The collection

site is approximately 3600–3900 feet in elevation. Chaparral

species such as chamise, manzanita, scrub oak, and cean-

othus surround the area. Both manzanita and chamise burned

in the flaming regime. The flame-integrated modified com-

bustion efficiencies (MCE) of both fuels were greater than

0.97 (where MCE≡ 1CO2

(1CO2+1CO)
; Ward and Hao, 1991).

A sample line from the stack of the stove drew smoke from

the fire and diluted it with a venturi tube injection system.

The diluted sample was then injected into a 12 m3 Teflon

chamber to a final particle concentration ∼ 100 µg m−3. The

chamber concentration is within range of ambient and plume-

like concentrations also used in previous chamber studies

(Hennigan et al., 2011). The sample was injected with a 10 : 1

total flow to sample flow ratio. As short of a copper transfer

line as possible (approximately 7 m in length) was used for

the smoke injection. The enclosure is surrounded by 170 ul-

traviolet (UV) lights with peak intensity of 350 nm (350 BL,

Sylvania®). UV lights were turned on 1 h after injection to

promote photochemistry and remained on until the experi-

ment concluded. The chamber was flushed and filled with

filtered air prior to injection. The temperature of the chamber

ranged approximately from 20 to 27 ◦C during the experi-

ments. The experiment was operated until the chamber was

empty (up to 6 h). This series of chamber burns produced par-

ticle number, size, and volume data similar to that of ambient

studies and previous aged biomass burning studies conducted

at CE-CERT (Hennigan et al., 2011; Giordano et al., 2013).

Scanning mobility CCN analysis (SMCA) was used to

obtain fast size-resolved CCN activity of the aging sys-

tem (Moore et al., 2010). The sampled aerosol was size-

classified using a scanning mobility particle sizer (SMPS,

TSI 3080/3081). The monodisperse stream from the classi-

fier was split and one stream entered a condensation parti-

cle counter (TSI 3772) while the other stream was sampled

with a DMT (Droplet Measurement Technologies) continu-

ous flow streamwise thermal gradient chamber CCN counter

(CCNC) (Roberts and Nenes, 2005; Rose et al., 2008). The

CCNC instrument was operated at a 10 : 1 sheath-to-aerosol

ratio with a sample flow of 0.5 L min−1. The total concentra-

tion (CN) of sized particles measured by the CPC (conden-

sation particle counter) determined the ratio of CCN / CN.

For each supersaturation, sc, the activation diameter, Dd,

was defined as the diameter for which CCN / CN= 0.5. The

experimental setup was calibrated with ammonium sulfate

((NH4)2SO4) aerosol. CCNC calibration information is pro-

vided in Table A1.

A schematic of the experimental setup to measure parti-

cle mass and calculate particle effective density is shown in

Fig. 1. Particles were selected by mass in the Kanomax APM,

then sized by electrical mobility in a downstream DMA col-

umn, and the DMA exit stream was split between the CPC

(TSI 3760A) and an electrostatic TEM (transmission elec-

tron microscope) precipitator (FHNW TEM sampler). The

APM–DMA setup was used for improved time resolution

over the DMA–APM setup (McMurry et al., 2002; Khali-

zov et al., 2009; Xue et al., 2009). The system is described in

more detail in Malloy et al. (2009). Here, the APM selected

three different particle masses between the (spherical, unit

Atmos. Chem. Phys., 15, 1807–1821, 2015 www.atmos-chem-phys.net/15/1807/2015/
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Figure 1: Schematic of the APM-DMA-TEM setup  753 

Figure 1. Schematic of the APM–DMA–TEM setup.

density equivalent) 50 and 100 nm particle size range. TEM

grids were used to collect three masses of particles relevant

to CCN activation, corresponding to approximately 50, 75,

and 100 nm particles (assuming unit density). Using the ef-

fective density analogue of Eq. (5), the fractal-like dimension

was obtained by fitting the power function (Park et al., 2003;

Xue et al., 2009; Nakao et al., 2011):

ρeff = Cd
D′f−3
m , (6)

where ρeff is the effective density of particles, C a con-

stant, dm is the mobility diameter of the particles, and D′f the

fractal-like dimension. For reference, the effective density of

a particle is related to the material density of a particle by

mp =
π

6
ρmd

3
ve =

π

6
ρeffd

3
m, (7)

where mp is the mass of the particle and ρm is the density

of the material comprising the aerosol. During the begin-

ning and the end of the experiment, the TEM precipitator was

turned on. The APM was operated in a single mass selection

until the charge across the TEM grid was 60 pA, indicating a

sufficient capture of particles. After an experiment, the TEM

grids were stored in a grid holder away from heat and light.

The grids were analyzed using a Philips Tecnai 12 transmis-

sion electron microscope.

The pictures of the particles obtained from the TEM were

further analyzed using the freeware image analysis program

ImageJ (http://imagej.nih.gov/ij/). The shape factor, χ , is de-

termined from mobility diameter data and a volume calcula-

tion of each particle. The mean volume of the agglomerates

for each APM mass selection was calculated as follows (Park

et al., 2004):

V̄ =

∑
iNi

π
6
d̄3

p

n
, (8)

where N is the number of primary particles in the agglomer-

ate, dp is the mean primary particle diameter, and n the num-

ber of agglomerates. By using two-dimensional projected im-

ages of three-dimensional objects from the TEM, previous

studies have demonstrated that the projected area can be used

to calculate N or Rg in fractal agglomerates (e.g., Meakin et

al., 1989; Koylu et al., 1995):

N = ka

(
Aa

Ap

)α
, (9)

where Aa is the projected area of the agglomerate, Ap is the

mean projected area of primary particles, ka is a constant, and

α is a projected area exponent. Numerical simulations have

been used to calculate the empirical factors of Eq. (9), ka and

α. In this study, we use the values of Oh and Sorensen (1997)

who found that α = 1.19 and ka = 1.81 well described the

agglomerates whose primary particles were allowed to over-

lap. Aa, Ap, and dp were determined through image analysis

using ImageJ. Figure 2 shows how the three values were se-

lected.

Once the mean volume of an aggregate at a certain mass

was found with the above analysis, the diameter of the sphere

with that volume was used as the volume-equivalent diameter

for that particle. The above analysis is only applied directly

to freshly emitted particles. It does contain the assumption

that condensing material forms a uniform layer of material

over the primary particles; i.e., that there is no preferential

partitioning of condensing material. The mean peak mobility

diameter measured from the SMPS during the collection of

the TEM grid was used as the mobility diameter for applica-

tion in Eq. (2).

4 Results and discussion

4.1 Morphology of freshly emitted biomass burning

aerosol

The APM–SMPS–TEM system (Fig. 1) measured the freshly

emitted properties of biomass burning aerosol. The TEM

grids were then photographed and analyzed as illustrated in

Fig. 2. The primary particle diameter was both calculated

from the projected area of the primary particles (A= d2
·π /4)

and measured directly. Direct measurement was done by

measuring the average length of multiple lines drawn from

the edges through the center of a primary particle. If the di-

rectly measured and calculated diameters deviated more than

50 %, then the calculated value from the projected area was

used and is reported here.

To measure the area and diameter of primary particles,

only particles clearly distinguishable were selected for anal-

ysis. This usually meant that particles on the ends of fractal

chains were selected as opposed to those in the center of the

agglomerates. Previous work on flame-generated agglomer-

ates has shown that the primary particle diameters follow a

normal distribution with a mean between 28.5 and 34.4 nm

(Koylu and Faeth, 1992; Lee et al., 2001). Figure 3 shows

www.atmos-chem-phys.net/15/1807/2015/ Atmos. Chem. Phys., 15, 1807–1821, 2015
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Figure 2. The three measured parameters from the TEM pictures

used in this study: the primary particle projected area (Ap), primary

particle diameter (dp), and the projected area of the particle (Aa).

the primary particle diameter distribution from particles at

the three selected masses from the APM–SMPS system. The

total number of individual primary particles analyzed is 475.

The data is fit with a normal Gaussian distribution whose

mean lies at 25.7± 2.1 nm. This mean projected primary par-

ticle diameter, while slightly smaller than other reported val-

ues, is within the 25 % standard deviation reported in the lit-

erature for primary particle size diameters (Koylu and Faeth,

1992). This value is smaller than China et al. (2013) pro-

jected primary particle diameters of 37–56 nm, but a number

of differences exist between these studies. Primarily, China

et al. measured particles much larger than those examined

here (aerodynamic diameters > 250 nm) through use of scan-

ning electron microscopy (SEM). Their study was also an

ambient study, conducted downstream of a fire plume. The

China et al. fire likely had different fuel sources and different

burning conditions than those presented here. The distribu-

tion here may also be shifted to the lower end from the abun-

dance of 10–20 nm primary particles that appeared mostly

in the 0.9 fg (50 nm) particles from the APM. Over 80 % of

the primary particles observed below 20 nm were from 0.9 fg

agglomerates. However, primary particles below 20 nm only

made up 40 % of counts for the total number of primary par-

ticles from the 0.9 fg agglomerates. When < 20 nm primary

particles are omitted, the distribution of primary particle size

shifts to a mean of 27 nm. When only the particles from

the 0.9 fg agglomerates are considered, the distribution be-

comes a double-peaked normal distribution centered on 14

and 19 nm.

In this study, the mean primary particle projected area and

diameter shown in Fig. 3 were used in the application of

Eq. (9). The analysis was applied for each of the three se-

lected agglomerate masses from the APM. The application

of mean primary projected area introduces a slight overesti-

mation of primary particle size for the 50 nm agglomerates
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Figure 3. TEM analysis of primary particle diameters of agglomer-

ates generated from biomass burning of chamise. Data is fit with

a normal Gaussian distribution. The mean of the distribution is

25.7± 2.1 nm.

and a slight underestimation for the 75 and 100 nm agglom-

erates. However, the percent change on the calculated vol-

ume as a whole is small. For example, the bimodal 50 nm

primary particle distribution, if half of the total agglomerate

projected area is assumed to be contributed by one peak, the

calculated volume is forced upward by ∼ 35 %. For the 75

and 100 nm particles, the calculated volume is forced down-

ward by ∼ 7 %.

Table 1 shows the calculated application of Eqs. (8) and (9)

to the TEM images obtained for the 50, 75, and 100 nm

equivalents selected from the APM–SMPS system. Figure 4

graphically demonstrates the size dependence of the shape

factor to the mobility diameter. The shape factor for these

particles ranges from 1.06 to 1.42 indicating a 120–285 %

overestimation of the true volume of a particle when using

the electrical mobility diameter.

4.2 Morphology of aged biomass burning aerosol

To measure the effect of atmospheric aging on biomass burn-

ing aerosol’s morphology, the APM–SMPS system was used

as described in Nakao et al. (2011). The TEM was not used in

this section because saturation of the TEM grids required ex-

tensive time, longer than that necessary to observe changing

morphology that can occur with aging.

Figure 5 shows the evolution of the fractal-like dimension

(D′f) as a function of experimental time. In this analysis a

fractal-like dimension of 3 indicates a spherical particle and

D′f < 3 indicates a nonspherical particle. Calibration with am-

monium sulfate, an inorganic crystalline solute and not quite

spherical particle (D′f = 2.7), is included for comparison and

agrees well with previously reported literature values (Biskos

et al., 2006). The black line indicates the time the UV lights

Atmos. Chem. Phys., 15, 1807–1821, 2015 www.atmos-chem-phys.net/15/1807/2015/
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Table 1. The number of particles analyzed from TEM images of the mobility diameters (Dmobility) of particles selected with the APM–

SMPS–TEM system for freshly emitted biomass burning. Equations (7) and (8) are used to calculate the volume equivalent diameter (Dve)

and shape factor (χ ).

Dmobility Number of Number of primary Volume of the total Dve χ

(nm) particles particles agglomerate (nm)

analyzed (calculated) (calculated; nm3)

50 42 6± 1 5.5×10+4 47± 3 1.06± 0.1

75 197 12± 1 1.1×10+5 60± 4 1.25± 0.1

100 153 20± 2 1.8×10+5 70± 8 1.42± 0.18
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Figure 4. Shape factor (χ ) vs. the APM selected mobility diame-

ter equivalent for freshly emitted, flaming regime chamise biomass

burning aerosol.

surrounding the chamber were turned on. Raw data from

electrical mobility sizing and aerosol mass data are provided

in supplemental material. The freshly emitted particles have

a D′f of 2.15± 0.05 indicating a nonspherical particle, simi-

lar to the D′f of 2.20 of Xue et al. (2009) for freshly emitted

diesel particles. After 4 h of photochemical exposure, the D′f
rises nearly linearly to 2.60.

TheD′f analysis here is a bulk measurement of all the parti-

cles selected in the APM which increased from 50 to 250 nm

equivalent sizes. While it should be theoretically possible

to link the D′f reported here to the dynamic shape factor, χ

(Kaspar, 1982; DeCarlo et al., 2004), we do not do so here

because of the limitations an ensemble method (the APM–

SMPS system) has when expanded to a size-dependent indi-

vidual particle analysis.

The APM–SMPS data set agrees with the TEM analysis of

the previous section – that freshly emitted biomass burning

aerosol are not spherical. Because the TEM operates at near-

vacuum pressures, there is the possibility that volatile ma-

terial may evaporate from the fractal backbone. This would

skew the perceived importance of the particle’s morphology.

However, this second confirmation of morphology from the

APM–SMPS system indicates that volatile evaporation in the
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Figure 5. APM–SMPS derived fractal-like dimension data vs. time

of experiment. A fractal-like dimension of 3 indicates a spherical

particle, while Df < 3 is nonspherical. Black line indicates time of

UV lights being turned on. Ammonium sulfate calibration data is

included for comparison.

TEM is not completely the reason for shape factors greater

than 1 being reported.

As D′f increases with time, the aerosol becomes more

spherical with photochemical exposure. This is likely due to

a coating of SOA forming on the primary emissions (Nakao

et al., 2011). The SOA fills in the void space inside the frac-

tal agglomerates. This aged fractal-like dimension is smaller

than the aged biomass burning plume aerosol measured by

China et al. (2013) but the D′f reported here is not directly

comparable to their Df. In addition to the different deriva-

tions, China et al. (2013) focused on larger particles than

those investigated here, on a shorter period of atmospheric

aging (1–2 h), and during the smoldering phase of the burn.

However, both of these results confirm, through two different

methods, that applying the electrical mobility diameter as the
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volume equivalent diameter will result in an overestimation

of particle size and volume.

4.3 Applying a true volume equivalent diameter to the

CCN analysis of biomass burning aerosol

The assumption that the electrical mobility diameter cubed

multiplied by π/6 is equal to the true volume of the particle

will result in a skewed CCN prediction for aerosol from com-

bustion sources. The previous work of Dusek et al. (2011) has

investigated conceptually the importance of fractal morphol-

ogy in CCN analysis. We present experimental data for both

the hygroscopicity and morphology of the particle and apply

it to κ-Köhler analysis.

Figure 6 shows an example of the CCN to CN activation

ratio as a function of mobility diameter for biomass burning

at a supersaturation of 0.37 %. Both the raw electrical mobil-

ity activation diameters and the volume equivalent diameters

are shown on the figure. The volume equivalent diameters are

determined on a point-by-point basis by using a logarithmic

regression of the data in Fig. 4 and Eq. (2). The shape fac-

tor is assumed to be equal to unity for particles smaller than

30 nm where the regression falls below 1. The activation ratio

of ammonium sulfate at the same supersaturation is included

for comparison. Figure 6 shows the shape factor of a particle

that affects its perceived mobility diameter. Since χ is greater

than unity for particles larger than 30 nm, the activation curve

shifts to smaller electrical mobility diameters. In this exam-

ple, the diameter where half of all particles activate (Dp50)

is measured at 75 nm electrical mobility but the true volume

equivalent diameter for that particle is at 60 nm.

Figure 7 shows the total effect that accounting for the

volume equivalent diameter can have on the calculation of

κ . The data from a nonphotochemically exposed chamise

biomass burning injection into the chamber is presented.

The markers in Fig. 7 are the activation diameters for each

scan of the SMPS–CCNC system at a supersaturation. The

red line is the κ fit between the points as shown where the

lines of constant κ are forced such that critical supersatura-

tion scales with d
−3/2

d . The implications of this are discussed

later. The black line is the fit of the points if the mobility

diameter is converted to the volume equivalent diameter via

the process described for Fig. 6. The hygroscopicity of man-

zanita biomass, without morphological corrections, has a κ

of 0.38± 0.09. This value agrees with Engelhart et al. (2012)

hygroscopicity measurements of primary (nonaged) chamise

emissions. When the shape factors of the particles is taken

into account using the TEM data collected concurrently, the

calculated κ increases to 0.52. Since the particles are not

spherical, their volume equivalent diameters are smaller than

their mobility diameters. Therefore, using only the mobility

diameter when calculating κ can substantially underestimate

hygroscopicity.

This analysis of particle morphology may help reconcile

the difference in calculated hygroscopicity between filter-
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Figure 6. Activation curves for manzanita using the mobility diam-

eter and the volume equivalent diameter calculated using the shape

factor data from Fig. 4. The activation curve of ammonium sulfate

is included for comparison. The black squares represent the raw

electrical mobility activation diameters and the red crosses are the

volume equivalent diameters.
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Figure 7. Supersaturation vs. the dry activation diameter for one

experiment of freshly emitted chamise biomass burning aerosol.

Markers indicate the data from the SMPS–CCNC system and the

red line is the best-fit κ between the points. The black line indicates

the κ when the volume equivalent diameter is used instead of the

mobility diameter.
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reconstituted biomass burning aerosol and in situ sampled

aerosol. Carrico et al. (2008) reported H-TDMA (hygroscop-

icity tandem differential mobility analyzer) and CCN-derived

κ values for biomass burning filter samples extracted in wa-

ter and methanol. The CCN-derived κ from the Carrico et

al. study of Alaskan duff core aerosol extracted in water

was 0.148. This value is significantly higher than the on-

line sampling of Alaskan duff core done by both Petters et

al. (2009) and Engelhart et al. (2012) which reported a CCN-

derived κ value of 0.09 and 0.07, respectively. Despite the

fact that Petters et al. (2009) humidified and dried their par-

ticles (up to > 95 % RH (relative humidity) and then down

to < 5 % RH), there still exists a large discrepancy between

humidified/dehumidified particles and the filter-reconstituted

aerosol. The 50 % increase in filter-reconstituted hygroscop-

icity may be due to the use of mobility diameter as the vol-

ume equivalent diameter for nonspherical aerosols. In fil-

ter reconstitution, the liquid solution is first atomized and

dried before flowing into the downstream instruments. The

process of drying may fill in void space in a nonspherical

backbone; thus, producing a particle whose volume equiva-

lent and electrical mobility diameters are identical. It is im-

portant to note that Carrico et al. (2008) reported a lower

hygroscopicity value for reconstituted sagebrush than both

Petters et al. (2009) and Engelhart et al. (2012) in situ sam-

pled aerosol, though Petters et al. humidified and dehumid-

ified their aerosol. This discrepancy may be due to differ-

ent burning or feedstock conditions that may influence par-

ticle composition. Additionally, the Petters et al. (2009) hy-

groscopicity results must be viewed alongside the Martin et

al. (2013) work on particle prehumidification. The work pre-

sented here clearly shows that particles with mobility diame-

ters between 50 and 100 nm are not spherical. However, Mar-

tin et al. was unable to collapse particles below mobility di-

ameters of 100 nm with exposure to high relative humidity.

The Martin et al. result may suggest that there is a lower limit

for particle shape factor for which a particle exposed to sub-

saturated conditions can collapse. If such a limit exists, then

the Petters et al. humidification of the particles would not af-

fect any comparisons between in situ sampled aerosols and

filter-reconstituted aerosols (due to the activation diameters

of Petters’ aerosols). Since reconstitution of aerosols appears

to increase measured hygroscopicity, this also suggests that

cloud processing of fractal aerosols should be considered for

biomass burning aerosol’s climate impacts.

4.4 Sensitivity of κ to particle shape factor

Because the shape factor of particles derived from biomass

burning can range from 1 to greater than 1.5, the importance

of particle morphology can be negligible to substantial.

While the current literature on the morphology of biomass

burning aerosols is sparse, the work done on diesel particles

suggests that burn conditions may play a part in particle mor-

phology (Park et al., 2004; Nakao et al., 2011). Along with
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Figure 8. Sensitivity analysis of κ to χ . κ data for each biomass

burning species is taken from Petters et al. (2009). The sensitivity

of κ to χ is analyzed using two constant dynamic shape factors of

1–1.5. The region between the two χ values is shaded in grey for

black spruce and blue for sage brush. The κ lines for Douglas fir,

oak, titi, and needlegrass rush are shown for comparison.

the effects that particle aging have on morphology shown in

this study, it is prudent to analyze the potential range of hy-

groscopicities that biomass burning aerosols can have.

For any nonspherical, fractal particle generated from com-

bustion, the larger the activation diameter in a CCNC, the

greater the difference between the mobility diameter and vol-

ume equivalent diameter will be. Figure 8 shows how sen-

sitive κ can be when applying a volume equivalent diame-

ter calculation. In Fig. 8, hygroscopicity data from biomass

burning tests by Petters et al. (2009) is used. The grey-shaded

area is the sensitivity of black spruce (κ = 0.07) when apply-

ing a dynamic shape factor of 1 (right-most boundary of the

shaded area) and of 1.5 (left-most boundary of the shaded

area). Here, black spruce ranges from a κ of 0.07 to 0.24.

The blue-shaded area is the same treatment for sage brush

(κ = 0.33–1.1 after applying χ ). The hygroscopicity values

of Petters et al. (2009) are used here despite their humidified

conditioning. The values from Petters et al. used here are

the averages for both their stack and chamber burns which

represent a large range of hygroscopicities over a number of

burns. It should be noted that their humidification and drying

of the particle may collapse the particle to a sphere. However,

the average values they report seem to fall within the range

of biomass burning hygroscopicity values that subsequent

groups have reported without the humidification step (e.g.,

Hennigan et al., 2011; Engelhart et al., 2012; Giordano et al.,

2013). Douglas fir, oak, titi, and needlegrass, two relatively

low-hygroscopic and two moderately hygroscopic biomass
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burning species, are included for comparison. In this analy-

sis we apply a constant shape factor across all diameters as

opposed to the mobility diameter-dependent treatment used

earlier. This sensitivity analysis therefore shows the area in

which the true κ line falls in but not necessarily its slope.

It is also a large range of χ which captures the effects that

burn conditions and the species itself may have on particle

morphology. This range is indicative of the effects that pho-

tochemical aging can have on morphology.

It is worth noting that a κ value of 1.1 is higher than that of

pure potassium chloride (κ = 0.99) and is likely an unreason-

able hygroscopicity value to use for biomass burning aerosol

(Carrico et al., 2010). The high hygroscopicity value comes

out of the application of the extreme shape factor value of

χ = 1.5. In application, a more realistic median or even min-

imum χ should likely be applied when calculating particle

hygroscopicity.

A sensitivity analysis of how the slip correction factor af-

fects κ can also be performed. The analysis can be performed

using Eqs. (1), (2), and (3) at a constant supersaturation and

applying a range of χ from 1.01 to 1.5 at standard temper-

ature and pressure. The percent underestimation of κ over

the range of shape factors is nearly linear. At χ = 1.01, κ

is underestimated by 1.66 % and at χ = 1.5, κ is underesti-

mated by 47.5 %. Even when applying a large shape factor

(χ = 1.5), the percent difference between the Cunningham

slip correction factor at the mobility diameter compared to

the volume equivalent diameter is only approximately 17 %.

At lower shape factors (χ = 1.01), the difference is even

more negligible.

Figure 9 shows the sensitivity of the slope of the κ-Köhler

isolines (heretofore referred to as the experimental exponent

or exponent) to two different methods of applying the shape

factor to CCN analysis. Shown in the figure is the applica-

tion of a constant shape factor (χ 6= f (ddry)) and a variable

shape factor (χ = f (ddry)). The data shown is an interpola-

tion of the κ data from the chamise experiments shown in

Fig. 7. The constant application of χ does not exhibit any

change in the experimental exponent of the κ lines. Sc scales

with d
−3/2

d as predicted by Köhler theory. This suggests that

the solute dissolution process is thermodynamically ideal,

the particle completely dissolves and surface tension effects

are negligible. When a variable shape factor is applied, sc
then scales with d−1.8

d . Kumar et al. (2011) observed a sim-

ilar effect on the κ exponent in wet processed soil and dust

samples. Their study observed an unusually low experimen-

tal exponent of −2.16 for the wet processed mineral sample,

Arizona test dust (ATD). This deviation from Köhler theory

could be caused by sparingly soluble species, an externally

mixed sample (composition as a function of particle size), or

activation physics. While the droplet formation mechanisms

between ATD and biomass burning aerosol are likely differ-

ent (adsorption vs. absorption), the presence of sparingly sol-

uble species could explain the deviation from Köhler theory
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Figure 9. Variation of κ-Köhler isolines when applying a constant-

or no-shape factor and applying a shape factor as a function of parti-

cle size. The blue triangles have a critical supersaturation that scales

with d
−3/2
d

due to a constant shape factor being applied while the

red circles scale with d−1.8
d

due to the χ − dmobility relationship

from Fig. 4 being applied.

for the corrected data set of combustion aerosol. Further in-

vestigation into this phenomenon is required. The complexity

and non-ideal behavior of the aerosol solute can be masked

if electrical mobility diameter is used in CCN analysis.

5 Conclusions

This work investigated the morphology and hygroscopicity

of biomass burning aerosol. We show, through two indepen-

dent measurements that particles emitted from biomass com-

bustion are not spherical and that the degree of nonsphericity

can change with photochemical exposure. Thus, for biomass

burning aerosol sampled near source with electrical mobility

techniques, size and volume measurements are likely overes-

timated. As the aging process occurs, SOA condenses on the

fractal particle and the volume changes (measured through

electrical mobility) are small compared to changes in par-

ticle mass. We also measure the dynamic shape factor of

freshly emitted particles and apply it to κ-Köhler theory to

accurately determine the volume of particles activating into

droplets. We find that particle morphology is a function of

a particle’s electrical mobility diameter, which is consistent

with the literature, and a particle’s dynamic shape factor can

range from 1.06 to 1.42 for electrical mobility equivalent di-

ameters of 50–100 nm. These mobility diameters are relevant

for CCN activation and therefore represent an underestima-

tion of κ since the volume of particle that is being activated
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is smaller than assumed. Alone, this suggests an underesti-

mation of up to almost 50 %. The uncertainty induced by ex-

cluding particle morphology in CCN data sets is consistent

with the range of biomass burning κ values presented in lit-

erature data. The issue of parameterizing particle hygroscop-

icity is further complicated by changes in particle morphol-

ogy and composition that occur with photochemical aging

and time. Biomass burning derived aerosols, from a number

of biomass species including manzanita and chamise, expe-

rience a decrease in hygroscopicity with aging (Engelhart et

al., 2012; Giordano et al., 2013). The results presented here

suggest that morphological changes as well as chemical com-

positional changes may contribute to that phenomenon. A

number of questions still remain to be investigated about the

true nature of biomass hygroscopicity. Since shape factor, χ ,

is a function of particle size, in practice this means that the

κ isolines do not follow those of an ideal solution, where

critical supersaturation scales with d
−3/2

d . Scaling with ideal

theory suggests that critical solubility and surface tension

limits are negligible and thus non-ideal effects are partially

hidden from electrical mobility-CCNC observation. The cor-

rected data suggests that sc scales with d−1.8
d and does not

follow ideal thermodynamic behavior. Non-ideal behavior

is observed because the process of chemical transformation

(secondary aerosol formation) occurs concurrently with the

physical rounding (decrease in the fractal nature) of the par-

ticles. The importance of timescales for chemical vs. physi-

cal evolution of ambient biomass burning aerosols needs to

be further explored.
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Appendix A

Table A1. (NH4)2SO4 DMT CCN calibration information for a 0.5 L min−1 flow rate.

Supersaturation setting (%) 1T (◦C) Dd (nm) Supersaturation reported

0.2 4.6 81.0 0.20 %

0.4 7.6 54.81 0.37 %

0.6 10.6 42.2 0.54 %

0.8 13.6 37.3 0.64 %

1.0 16.5 32.05 0.81 %

Table A2. Summary and definition of key symbols.

Symbol Meaning Reference

κ Hygroscopicity parameter Petters and Kreidenweis (2007)

χ Dynamic shape factor Kaspar (1982); DeCarlo et al. (2004) and references therein

Dd Activation diameter of a dry particle at a given supersaturation Petters and Kreidenweis (2007)

used in the κ-Köhler hygroscopicity parameterization

Dm Electrical mobility diameter of a dry particle DeCarlo et al. (2004) and references therein

Dve Volume equivalent diameter of a dry particle DeCarlo et al. (2004) and references therein

N Number of primary particles in an aggregate Oh and Sorensen (1997) and references therein

Ap Mean projected area of primary particles Oh and Sorensen (1997) and references therein

Aa Projected area of an agglomerate Oh and Sorensen, 1997 and references therein

ka,α Empirical factors used to calculate the number of Oh and Sorensen (1997) and references therein

primary particles in an aggregate from a projection

Figure A1. Raw APM–SMPS data for one chamise experiment shown in the paper. The mobility diameter for a number of selected particle

masses is shown with plot markers colored as a function of experiment time. Lights are turned on at time= 1. Decreasing measured mobility

diameter for a given particle mass indicates that particles are becoming less fractal with time.
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