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Abstract. Smoke particle emissions from the combustion
of biomass fuels typical for the western and southeastern
United States were studied and compared under high humid-
ity and ambient conditions in the laboratory. The fuels used
were Montana ponderosa pine (Pinus ponderosa), southern
California chamise (Adenostoma fasciculatum), and Florida
saw palmetto (Serenoa repens). Information on the non-
refractory chemical composition of biomass burning aerosol
from each fuel was obtained with an aerosol mass spectrome-
ter and through estimation of the black carbon concentration
from light absorption measurements at 870 nm. Changes in
the optical and physical particle properties under high humid-
ity conditions were observed for hygroscopic smoke parti-
cles containing substantial inorganic mass fractions that were
emitted from combustion of chamise and palmetto fuels.
Light scattering cross sections increased under high humidity
for these particles, consistent with the hygroscopic growth
measured for 100 nm particles in HTDMA measurements.
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Photoacoustic measurements of aerosol light absorption co-
efficients revealed a 20% reduction with increasing relative
humidity, contrary to the expectation of light absorption en-
hancement by the liquid coating taken up by hygroscopic
particles. This reduction is hypothesized to arise from two
mechanisms: (1) shielding of inner monomers after particle
consolidation or collapse with water uptake; (2) the lower
case contribution of mass transfer through evaporation and
condensation at high relative humidity (RH) to the usual heat
transfer pathway for energy release by laser-heated particles
in the photoacoustic measurement of aerosol light absorp-
tion. The mass transfer contribution is used to evaluate the
fraction of aerosol surface covered with liquid water solution
as a function of RH.
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1 Introduction

Light absorbing particles often are formed by incomplete
combustion of carbonaceous materials and are released by
sources such as industrial plants, vehicle emissions, and
biomass burning. Such particles, generically referred to
as black carbon or soot, form an important but not well-
understood category of aerosols with dramatic radiative im-
pact and climatic implications. This uncertainty is due in
part to variability in global distribution and mixing state,
along with complex soot morphology and internal composi-
tion (Jacobson, 2001). Characterization of biomass burning
emissions can make an important contribution to understand-
ing properties of ambient aerosols because biomass burning
provides a significant source of airborne particulate matter
worldwide (Bond et al., 2004). This source may increase in
the future due to the influence of global and regional warm-
ing on wildfire activity (Westerling et al., 2006). The radia-
tive impact of smoke on atmospheric temperature is highly
uncertain (Solomon et al., 2007), partially because the sus-
pended particles can have both direct and indirect effects
on atmospheric radiation transfer (Ramanathan et al., 2001).
Additional variability in the radiative impact of biomass
burning aerosol is provided by a number of factors includ-
ing combustion conditions and morphological properties of
the aerosol particles, as well as other factors discussed in this
manuscript: the fractal dimension and collapse of the par-
ticles and effects of aerosol aging such as coating enhance-
ment.

Fresh, dry soot particles generally can be characterized as
fractal-like chain aggregates consisting of small (30–50 nm
diameter) spherical monomers. The following scaling law,
which relates the number of monomers,N , to the radius of
gyration of the cluster,Rg, is useful in describing soot mor-
phology (Chakrabarty et al., 2007; Köylü et al., 1995; Liu et
al., 2008; Sorensen, 2001):

N=ko

(
Rg/a

)D
, (1)

whereko is the fractal prefactor,a is the mean monomer ra-
dius, andD is the mass or density fractal dimension. The
radius of gyration of the particle provides a measure of the
overall cluster radius, and both the non-integer fractal dimen-
sion and fractal prefactor characterize monomer distribution
and fractal morphology. The fractal dimension,D, describes
the space-filling characteristics of the aggregate.D is equal
to 3 for a sphere and 1 for a perfectly linear particle, cor-
responding to extremes on either end of the scale. Numer-
ous experimental and simulation studies have used Eq. (1)
to characterize the structure of aggregates from various com-
bustion sources. For aggregates formed during high temper-
ature combustion, in which the monomers or clusters meet
each other through random motion and stick together with
near unity probability (referred to as diffusion-limited clus-
ter aggregation; DLCA; Sorensen, 2001),D has been re-
ported to lie between 1.6 and 1.8 (Chakrabarty et al., 2006;

Köylü et al., 1995; Sorensen, 2001). The level of compact-
ness of the fractal-like particle also is related to fractal pref-
actorko, with lesser packing density for smaller values ofko

at fixedD. The value ofko for combustion aerosols formed
via DLCA has been found to be near unity (Sorensen and
Roberts, 1997). The branched, open morphology of a soot
particle immediately following combustion generation (cor-
responding toD≈1.8) is expected to become more compact
(i.e. D>1.8) with age. Therefore, the value ofD may be
correlated with the particle’s history and is important in de-
termining its optical properties (Liu et al., 2008).

The 2006 Fire Lab at Missoula Experiment (FLAME-1)
was the first of two major campaigns to study particulate
matter emissions by wildland fires relevant to visibility im-
pairment, climate impacts, and airborne particulate matter
(PM) standards (Moosm̈uller et al., 2007). It took place
at the United States Forest Service Fire Sciences Labora-
tory in Missoula, Montana during June 2006. The cam-
paign involved laboratory characterization of emissions from
the controlled combustion of mostly North American fuels
(McMeeking et al., 2009). Optical, physical, and chemical
properties of the biomass smoke were measured along with
emission rates. A chamber burn experiment consisted of a
brief (typically 5–10 min) burn of about 200 g of fuel with
the smoke being trapped in the large, enclosed combustion
chamber and sampled during a two-hour period (McMeeking
et al., 2009). Further description of the FLAME campaigns,
including a detailed description of the experimental set up
for the chamber burns and fuel list, can be found in other
publications (Lewis et al., 2008; Moosmüller et al., 2007)
and at the FLAME website (http://chem.atmos.colostate.edu/
FLAME/).

This manuscript presents results concerning light scatter-
ing and absorption by the smoke from combustion of three
representative biomass fuels under varying humidity condi-
tions. The optical properties of particles depended strongly
on relative humidity (RH), fuel type and particle composi-
tion, hygroscopicity, and morphology. Very little change
in light scattering and absorption upon humidification was
measured for mostly hydrophobic particles that showed little
adsorption of water vapor and hygroscopic growth. Results
were more complex for the more hygroscopic particles where
light scattering increased with rising RH and water uptake
while measured light absorption actually decreased. This is
contrary to the theoretical prediction that the presence of a
non-absorbing coating surrounding a soot core leads to en-
hancement of light absorption (Bond et al., 2006). Our work
seeks to understand the changing optical properties of the
smoke aerosol in light of particle morphology and measure-
ment circumstances.
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2 Experimental approach

2.1 Instrumentation

Several state-of-the-art instruments were used in this study.
Photoacoustic instrumentation was used to quantify aerosol
light absorption at 870 nm (Arnott et al., 1999). Measure-
ments of light scattering coefficient were obtained from re-
ciprocal nephelometry (Abu-Rahmah et al., 2006) within
the photoacoustic instrument’s resonator. Two integrat-
ing nephelometers operating at 530 nm (Radiance Research
Model 903) also were deployed to quantify light scattering
by particles (Day et al., 2006). Size and chemically-resolved
mass loading information for the emitted particulates was
provided by a high-resolution aerosol mass spectrometer
(HR-ToF-AMS, hereinafter “AMS”) (Aerodyne Research,
Inc.) (Canagaratna et al., 2007; DeCarlo et al., 2006). A Hy-
groscopic Tandem Differential Mobility Analyzer (HTDMA)
designed to measure the response of an aerosol size distribu-
tion to changing relative humidity conditions also was used
(Carrico et al., 2008; Liu et al., 1978; Rader and McMurry,
1986). During a few select burns, a nucleopore filter sampled
particulate matter that was imaged using a scanning electron
microscope (SEM) (Hitachi, Inc.). SEM images were ob-
tained for ambient and humidified chamise smoke particles
during the FLAME-1 campaign. Further analysis of parti-
cles deposited on a grid-supported thin film substrate was
conducted using scanning electron microscopy with energy
dispersed analysis of X-rays (SEM/EDX) (FEG XL30, FEI,
Inc), as described by Laskin et al. (2006).

To further assess the hygroscopic properties of smoke
from each fuel, one photoacoustic instrument and one inte-
grating nephelometer were set up in series on each of two
channels: an ambient, unmodified smoke sample directly
from the burn chamber (the “dry” channel), and a humidified
(“wet”) channel. Variable RH on the wet channel was con-
trolled by a Perma Pure moisture exchange membrane. Dur-
ing the course of two-hour sampling from a chamber burn,
RH was increased from the ambient level of the chamber
(around 20%) up to near 80%, and then brought back down
to the original “dry” conditions.

2.2 Fuels

The fuels chosen for the FLAME-1 campaign commonly
burn in western and southeastern United States’ wildland
fires. The three fuels examined in detail here represent dis-
tinct species and plant types from different parts of the coun-
try. The shrub chamise (Adenostoma fasciculatum) is a dom-
inant species from the southern California chaparral ecosys-
tem. Samples of chamise were collected from the San Jac-
into Mountains in southern California. Needles, branches,
and litter (dead material from the forest floor) of the conif-
erous species ponderosa pine (Pinus ponderosa) also were
burned. Ponderosa pine fuel samples were collected from

rural locations near Missoula, Montana. The third fuel ex-
amined was palmetto (Serenoa repens), an understory shrub
familiar to the coastal plain region of the southeastern United
States. Palmetto samples were collected from Florida and
Mississippi. The fuel moisture content for each of these three
fuels was near 10% (dry weight percentage). This moisture
content does not necessarily represent the fuel moisture con-
tent in the field due to losses during shipping and storage
(McMeeking, 2008).

3 Measurements

3.1 Photoacoustic and nephelometer measurements:
absorption, scattering, andfRH

Time resolved measurements of light scattering and absorp-
tion coefficients with an integrating nephelometer and pho-
toacoustic instruments are shown in Figs. 1 and 3, respec-
tively, for particles emitted from the combustion of three fu-
els. Scattering and absorption coefficients measured at 530
and 870 nm by nephelometer and photoacoustic instruments
on the dry and humidified channels are presented in units of
Mm−1 as a function of sample time and correspond to the
left vertical axis on the figures. The right vertical axis refers
to changing RH conditions of the humidified sample with
time, as measured by a humidity sensor installed inside of
the photoacoustic instrument. The RH record of the ambient
channel is not included in the figures as it remained steady
throughout the course of each 2 h experiment. For the pon-
derosa pine and chamise burns presented in Fig. 1a and b,
the “dry” RH remained relatively constant around 19% and
never surpassed 23%. The average RH of the palmetto burn
was lower at just under 16%.

Light scattering coefficients are presented for ponderosa
pine, chamise, and palmetto in Fig. 1a, b, and c, respectively.
Measurements at 530 nm were made by integrating neph-
elometers and those at 870 nm were made by photoacoustic
instruments employing reciprocal nephelometry. Large scat-
tering background found on the dry channel of the 870 nm in-
strument renders a large standard deviation in those measure-
ments, which are scattered around the baseline of low RH
(below 40%) measurements on the 870 nm humidified chan-
nel. The 870 nm ambient time series data shown in Fig. 1a,
b and c is a linear fit using the humidified channel baseline.
The fit data is added to provide a visual reference for the
constant scattering expected for slowly decreasing aerosol
levels over the course of a two-hour sample under ambient
RH conditions. Measured light scattering coefficients at both
530 nm and 870 nm for particles from the combustion of two
of the three fuels exhibit strong dependence on humidity. A
minor increase in scattering occurs for RH above 74% by
ponderosa pine smoke, while much more dramatic increases
in scattering coefficients are observed for smoke aerosols
from burns of chamise and palmetto. For chamise smoke,
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Figure 1. Coefficients of scattering βsca in Mm-1 measured by an integrating nephelometer (530 918 
nm) and reciprocal nephelometer (870 nm) for a burn of (a) ponderosa pine, (b) chamise, and (c) 919 
palmetto fuel on two channels, including percent RH of the humidified channel.  Measurements 920 
on the humidified channel are depicted in blue, while those on the ambient (dry) channel are in 921 
red. 922 

923 

Fig. 1. Coefficients of scattering in Mm−1 βsca measured by
an integrating nephelometer (530 nm) and reciprocal nephelometer
(870 nm) for a burn of(a) ponderosa pine,(b) chamise, and(c) pal-
metto fuel on two channels, including percent RH of the humidified
channel. Measurements on the humidified channel are depicted in
blue, while those on the ambient (dry) channel are in red.

light scattering coefficients begin to increase as increasing
RH reaches about 55%, while for palmetto this threshold is
even lower at around 48%.

Changes in aerosol sample optical properties with increas-
ing RH are presented in terms of the hygroscopic scatter-
ing growth factor,fRH,sca, and the hygroscopic absorption
growth factor,fRH,abs, in Figs. 2 and 4, respectively. The
hygroscopic growth factor for light absorption/scattering is
defined as the light absorption/scattering coefficient mea-
sured by the humidified (wet) channel divided by the ab-
sorption/scattering coefficient measured by the ambient (dry)
channel (Day et al., 2006):

fRH(abs,sca)=
βabs,sca(RH)

βabs,sca(dry)
. (2)

Panels a and b of Fig. 2 show hygroscopic scattering growth
factor,fRH,sca, as a function of RH for 530 nm and 870 nm
scattering coefficient measurements, respectively. At both
wavelengths the minor increase in aerosol light scattering for
ponderosa pine smoke can be contrasted with the far more
dramatic increase for chamise and palmetto smoke aerosols.
The effect occurs at lower RH levels for smoke from these
two fuels. The palmetto light-scattering growth factor ex-
ceeds 1.8, and for chamise it reaches 2.2.

Measurements of light absorption coefficients under ris-
ing RH conditions show the opposite effect: a decrease in
measured values is found, but only for certain fuels. Light
absorption properties of the ponderosa pine smoke show no
dependence on the RH of the surrounding air, as exhibited in
Fig. 3a. This is in sharp contrast to smoke from chamise and
palmetto burns, in Fig. 3b and c, respectively, for which mea-
sured light absorption coefficients decrease when the relative
humidity reaches some critical level.

In Fig. 4,fRH,abs is given as a function of the humidified
sample RH. Figure 4 reveals the different levels of reduction
in light absorption observed for smoke from each fuel type.
For ponderosa pine,fRH,abs is noisy but remains constant
around unity, whilefRH,abs for chamise drops below unity
for RH conditions greater than 60%. For palmetto,fRH,abs
is increasingly negative for RH values above 50%. The re-
mainder of this paper interprets these results.

3.2 Composition and morphology

Hygroscopic properties of smoke particles are related to
aerosol composition. Information regarding the organic mass
(OM) versus non-refractory inorganic fractions of the smoke
from each fuel was compiled using AMS composition mea-
surements, shown in Fig. 5a, b, and c. The AMS measures
non-refractory aerosol components (operationally defined as
particle mass that does not flash vaporize at 600◦C) at aero-
dynamic diameters of less than∼1µm (NR-PM1) (Cana-
garatna et al., 2007). These measurements represent lower
limits on mass loadings due to uncertainty in collection effi-
ciencies for biomass burning particles. Also included in these
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figures is the black carbon (BC) concentration, derived by di-
viding the 870 nm photoacoustic light absorption coefficient
measurements at ambient RH by a specific mass absorp-
tion efficiency consistent with the range of values reported
by Bond and Bergstrom (2006) of 8.8 m2/g for 532 nm, ad-
justed for inverse wavelength dependence of light absorption
by BC.

Ponderosa pine smoke particle composition is overwhelm-
ingly dominated by organic components, which make up
97.8% of the total mass. In contrast, the organic fraction
of the chamise smoke particles makes up just under 50% of
the total mass, and for palmetto smoke the aerosol mass frac-
tion of organic material is lower still at 42.8%. The largest
BC fraction is found for chamise smoke particles, where BC
comprises 27% of the total mass.

Increased hygroscopicity of biomass smoke aerosol parti-
cles scales with the percentage composition of alkali species
in the fuel (Rissler et al., 2005). In the combustion aerosol,
the alkali species are in the form of inorganic materials, such
as sodium or potassium salts. Emissions from the palmetto
burn were unique in that they were dominated by inorganic
compounds, with chlorine and ammonium comprising the
highest percentage by mass. The hygroscopicity of chamise
also is explainable by the particle composition, with nearly a
quarter of the particle mass comprised of inorganic compo-
nents. The inorganic compounds of ponderosa pine smoke
particles, in contrast, make up less than 1% of the total parti-
cle mass.

Variations in chemical composition for ponderosa pine,
chamise, and palmetto wood smokes, as determined by AMS
measurements, are consistent with a classification proposed
by Hopkins et al. (2007a) based on X-ray and electron mi-
croscopy measurements. That work reported three major
particle-type categories based on chemical and optical prop-
erties: (1) materials composed of liquid/oily organic car-
bon (OC) and BC with no inorganic inclusions (e.g., pon-
derosa pine combustion particles), (2) non-homogenous mix-
ture of carbonaceous and inorganic materials (e.g., palmetto
combustion particles), and (3) BC material with fractal mor-
phology typical of soot containing inorganic inclusions (e.g.,
chamise combustion particles). These three categories also
were characterized by sp2 hybridization, which was calcu-
lated from near-edge X-ray absorption fine structure (NEX-
AFS) spectra (Hopkins et al., 2007b). The fraction of sp2

hybridization reveals the graphitic nature of the material:
100% sp2 hybridization is consistent with strongly aligned
pyrolytic graphite. The three groups of combustion products
were increasingly graphitic in nature, such that the mean sp2

hybridization of the category 1, 2, and 3 fuels was 34%, 53%,
and 83%, respectively (Hopkins et al., 2007a).

To explore the unexpected decrease in aerosol light ab-
sorption by smoke from certain fuel types, SEM images
were acquired for ambient and humidified chamise smoke
particles deposited on filter substrates. Ambient RH, or
“dry”, chamise smoke particles are comprised of fractal-like

chain aggregates of spherical particles (i.e., monomers), typ-
ical of BC aerosol, as can be seen in Fig. 6 (Chakrabarty
et al., 2007). After exposure to high RH conditions (i.e.,
RH>80%), chamise particles are observed to have collapsed
into a more compact, near-spherical structure. The SEM im-
ages of humidified smoke from a burn of chamise fuel pre-
sented in Fig. 7 reveal collapse of the formerly fractal-like
aerosol particles after exposure to increased humidity. Fig-
ure 7b is a close-up view of a single particle of chamise
smoke after exposure to high RH conditions. The surface
area of a collapsed particle is reduced to the order of the sur-
face area of a single sphere with the diameter of the parti-
cle, as opposed to the combined surface area of the many
spherules comprising a dry particle of fractal nature. Addi-
tionally, particle “diameter”, or a measure of the length of
the particle spanning its largest dimension, decreases with
particle collapse.

Additional SEM images of dry biomass burning particles
collected during a chamise burn are shown in Fig. 8, along
with characteristic X-ray spectra for the chamise smoke par-
ticles. The figure includes images of the same sample area
obtained using secondary electron (SE) and backscattered
electron (BSE) detectors, in Fig. 8a and b, respectively. Car-
bonaceous soot has very low backscattered electron yield
compared to that of higher Z materials, so the soot particles
are largely invisible in the BSE image, while their detailed
structure is revealed from the SE image (Laskin et al., 2006).
Comparing the SE and BSE images in Fig. 8 reveals the
fractal-like structure of the carbonaceous material compos-
ing the chamise combustion particles along with inorganic
inclusions of higher density materials seen as bright spots in
the BSE image. Figure 8c shows results of the SEM/EDX
analysis of the numbered bright areas marked in Fig. 8b. In
principle, intensities of peaks in the X-ray spectra are quan-
titatively related to the elemental composition of particles.
The relative ratios of K, Na, Cl, and S can be well quan-
tified, whereas accuracy of the detection of C, N, and O is
constrained by the substrate background signal and other fac-
tors (Laskin and Cowin, 2001; Laskin et al., 2006). The X-
ray spectra of the bright spots in the BSE image of Fig. 8
indicate that these are inorganic inclusions of mixed KCl
and K2SO4 composition. The Cu signal is from the sub-
strate background. This composition analysis is in qualitative
agreement with the AMS measurements presented in Fig. 5b.

An SEM image of ponderosa pine combustion particles
is shown in Fig. 9, revealing soot inclusions inside of liq-
uid/oily organic substances. The particles appear as fractal-
like aggregates, with ponderosa pine needle combustion par-
ticles being more compact (higher fractal dimension) than
observed for chamise. EDX analysis of the dark, oily ar-
eas as well as of the bright solid particle cores show almost
no elements other than carbon and oxygen, again consistent
with the AMS/photoacoustic analysis. The limited scope of
a few SEM images of single particles makes it difficult to
characterize the aerosol in its entirety. The images suggest
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Figure 2. Hygroscopic scattering growth factor as a function of RH. Growth factors are measured 924 
at (a) 530 nm and (b) 870 nm.  Scattering remains constant for ponderosa pine smoke, but grows 925 
considerably with RH during chamise and palmetto burns.  Uncertainty in fRH, sca measurements 926 
(and fRH, abs measurements in Fig. 4) are determined assuming 5% relative uncertainty in 927 
photoacoustic measurements. 928 

929 

Fig. 2. Hygroscopic scattering growth factor as a function of RH. Growth factors were measured at(a) 530 nm and(b) 870 nm. Scattering
remains constant for ponderosa pine smoke but grows considerably with RH during chamise and palmetto burns.

some similarities between chamise and ponderosa pine com-
bustion products. However, the inorganic inclusions present
in chamise smoke make the two aerosols behave very differ-
ently under conditions of increasing humidity.

Images of combustion particles collected during palmetto
burns are shown in Fig. 10, which includes the same sam-
ple area imaged with SE (panel a) and BSE (panel b) sig-
nals, along with characteristic X-ray spectra for the palmetto
smoke particles in panel c. These particles are more compact
and different in composition than other samples studied in
this work. The sample is dominated by inorganic material,
which is both internally and externally mixed with organic
materials and soot particles. (Further evidence of some de-
gree of external mixing within the aerosol is provided by the
palmetto combustion particle HTDMA measurements, dis-
cussed near the end of the next section.) The apparent visi-
bility of particles in the BSE image indicates their substan-
tially non-carbonaceous content. EDX analysis of the four
particles identified by number in the BSE image of Fig. 10b
indicates that this sample is dominated by KCl and NaCl
particles. The corresponding X-ray spectra are presented in
Fig. 10c, and the results therein are in qualitative agreement
with AMS measurements presented in Fig. 5c.

3.3 HTDMA measurements

Aerosol size change upon humidification also was measured
by the HTDMA. The HTDMA system includes two DMAs
in series. The polydisperse aerosol sample enters the system
through a diffusion drier, reducing RH from ambient con-
ditions to approximately 11%, after which the first DMA se-
lects a monodisperse particle size fraction by neutralizing the
particles and separating them according to electrical mobil-
ity. The aerosol exiting the first DMA is humidified before

it enters the second DMA. Coupled with a particle counter,
this DMA is used to measure the size distribution of the hu-
midified aerosol to obtain hygroscopic growth factors for the
sample.

Apparent reductions in electrical mobility diameter were
observed for chamise smoke particles with dry diameters
greater than or equal to 200 nm. The growth factor as a
function of RH for dry particles with a mobility diameter of
100 nm is presented in Fig. 11a, while that for larger 200 and
300 nm diameter particles is depicted in Fig. 11b. Ponderosa
pine smoke aerosol shows very little hygroscopic growth for
either 100 nm or 200 nm diameter dry particles. The 100 nm
diameter chamise smoke particles show modest increase in
electrical mobility diameter with increasing RH. In contrast,
the 200 and 300 nm diameter chamise particles first start to
decrease in size at RH around 70 to 80%, with larger reduc-
tions observed for larger dry particles. The electrical mobil-
ity diameter for an irregularly-shaped particle is larger than
for a more compact particle composed of the same material
(DeCarlo et al., 2004). Reduction in electrical mobility di-
ameter measured by the HTDMA under high humidity con-
ditions for larger chamise smoke aerosol particles is consis-
tent with particle collapse observed in SEM images (Figs. 6
and 7). Particle collapse is predicted by fractal-like soot ag-
gregate theory and has been widely described for humidified
soot and other fractal-like particles, as discussed further in
Sect. 4.2.

In reference to HTDMA measurements presented in
Fig. 11a and b, growth factors are associated with particle
electrical mobility diameter,d, and are calculated at a spe-
cific RH: d(RH)/do, wheredo is the “dry” diameter. Pal-
metto smoke particle electrical mobility diameter, depicted
in Fig. 11a and b in shades of violet, increased rapidly for
RH levels above 60%. Unlike changing size distributions

Atmos. Chem. Phys., 9, 8949–8966, 2009 www.atmos-chem-phys.net/9/8949/2009/
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Figure 3. Coefficients of absorption βabs in Mm-1 measured by a photoacoustic instrument at 870 930 
nm for a burn of (a) ponderosa pine, (b) chamise, and (c) palmetto fuel on two channels, 931 
including percent RH on the humidified channel. 932 
 933 

934 

Fig. 3. Coefficients of absorption in Mm−1 βabsmeasured by a pho-
toacoustic instrument at 870 nm for a burn of(a)ponderosa pine,(b)
chamise, and(c) palmetto fuel on two channels, including percent
RH on the humidified channel.

for the pine and chamise smoke particles which remained
monomodal, at 70% RH and above the distribution for pal-
metto combustion products becomes bimodal. The sepa-
rate growth of particles with increasing RH into “more” and
“less” hygroscopic modes indicates some degree of exter-
nal mixing and/or uneven internal mixing within the pal-
metto smoke aerosol (Carrico et al., 2005; Zhang et al.,
1993). The center “volume weighted” ensemble growth fac-
tor, (d/do)ensemble, (plotted for palmetto in open circles) is

 42 

 934 
Figure 4.  Hygroscopic absorption growth factor as a function of RH.  Growth factors are 935 
measured at 870 nm for the three fuels.  Absorption by chamise and palmetto smoke decreases at 936 
high RH.  Error bars are as in Fig. 2.   937 
 938 

939 

Fig. 4. Hygroscopic absorption growth factor as a function of RH.
Growth factors are measured at 870 nm for the three fuels. Absorp-
tion by chamise and palmetto smoke decreases at high RH.

calculated from the individual growth factors for modes 1
and 2 and the number fraction,x, in each mode:

(d/do)
3
ensemble=x1(d/do)

3
1+(1−x1)(d/do)

3
2 (3)

The subscripts denote the mode. This volume-weighted
growth factor provides indication of whether the bimodal dis-
tribution is dominated by the “more” or “less” hygroscopic
mode and provides a basis of comparison of the ensemble
hygroscopicity to the monomodal cases described previously
(Carrico et al., 2005).

4 Discussion

The morphology of the hydrophilic combustion particles of
chamise and palmetto fuels can be modeled based on SEM
images and composition measurements. The individual par-
ticles are composed of non-homogeneously mixed carbona-
ceous and inorganic materials. Chamise smoke particles are
more fractal-like in nature, resembling the morphology typ-
ical for BC, diesel, or methane soot, while palmetto smoke
particles are dominated by OC and inorganic species (Hop-
kins et al., 2007a). The particles are aggregates of the mixed
materials, so that the exposed surface is composed of inor-
ganic inclusions alongside carbonaceous species, as evident
from the microscopy images of chamise combustion parti-
cles in Fig. 8 (Chakrabarty et al., 2006). These soluble in-
organic salts on the particle surface will individually deli-
quesce, or absorb water from the surrounding air to form an
aqueous solution, when RH surpasses a characteristic value.
Water on the surface of the aerosol particles first pools in in-
dividual droplets until sufficient moisture has been taken up
to allow cohesion of the drops to form an aqueous coating
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 939 
Figure 5. Smoke particle mass composition for burns of (a) ponderosa pine, (b) chamise, and (c) 940 
palmetto. 941 
 942 

943 

Fig. 5. Smoke particle mass composition for burns of(a) ponderosa
pine,(b) chamise, and(c) palmetto.

surrounding the carbonaceous “core” particle (Ebert et al.,
2002; Hand et al., 2005). In fractal-like aggregate particles,
collapse may result and optical properties for humidified and
collapsed particles are different from those of dry particles
that have never been humidified. To provide a visual refer-
ence, a qualitative model of deliquescence, absorption, and
collapse of a carbonaceous wood smoke particle containing
salt inclusions is depicted in Fig. 12. For purpose of visual-
ization, the collapsed particle depicted in panel d of Fig. 12
reveals a collapsed particle from which all moisture has been
evaporated and both inorganic and organic matter have been
thermally removed so that only BC material remains.

It is expected that the addition of a coating or shell on a
soot core will enhance light scattering by the encapsulated
particle (Fuller, 1993; Schnaiter et al., 2003). Particle size
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 943 
Figure 6. Scanning electron microscope (SEM) images of (a) 500 nm and (b) 800 nm fractal-like 944 
soot chamise smoke particles sampled under ambient (dry) conditions without previous exposure 945 
to high RH.  Individual monomers composing the fractal-like smoke particles are approximately 946 
30 nm in diameter.  947 

948 

Fig. 6. Scanning electron microscope (SEM) images of(a) 500 nm
and (b) 800 nm fractal-like soot chamise smoke particles sampled
under ambient (dry) conditions without previous exposure to high
RH. Individual monomers composing the fractal-like smoke parti-
cles are approximately 30 nm in diameter.
 45 

 948 
Figure 7.  Scanning electron microscope (SEM) images of collapsed (fractal dimension near 3) 949 
chamise smoke particles (a) sampled after humidification in excess of 80% RH.  The diameter of 950 
each particle is approximately 300 nm.  The close up image of a single humidified chamise 951 
smoke particle (b) has been magnified four times.952 

Fig. 7. Scanning electron microscope (SEM) images of collapsed
(fractal dimension near 3) chamise smoke particles(a) sampled af-
ter humidification in excess of 80% RH. The diameter of each par-
ticle is approximately 300 nm. The close up image of a single hu-
midified chamise smoke particle(b) has been magnified four times.

increase due to the addition of a water shell with increas-
ing RH causes the scattering enhancement, with the magni-
tude of enhancement dependent upon the size of the parti-
cle. The decrease in measured light absorption coefficients
found here in conjunction with combustion particle coating
by aqueous solution is, in contrast, unexpected. In general,
enhancement of absorption cross sections with the presence
of a non-absorbing coating around a carbonaceous core has
been found in both experiment and theoretical calculations
(Bond and Bergstrom, 2006; Bond et al., 2006; Fuller et al.,
1999; Schnaiter et al., 2003). The coating has the effect of
delivering more electromagnetic energy to the core for ab-
sorption than does a bare core. It is possible that the solution
coating on hygroscopic combustion products of chamise and
palmetto combustion particles is causing enhancement at the
same time that competing effects produce an overall decrease
in absorption coefficient. We propose two hypotheses to ex-
plain the measured reduction in light absorption.

4.1 Hypotheses on reduction of absorption

To explain the unexpected decrease in light absorption co-
efficients measured for combustion products with significant
inorganic and OM components, two hypotheses are devel-
oped below. First, we propose that the collapse of fractal-like

Atmos. Chem. Phys., 9, 8949–8966, 2009 www.atmos-chem-phys.net/9/8949/2009/



K. A. Lewis et al.: Reduction in biomass burning aerosol light absorption upon humidification 8957

 46 

 953 
Figure 8. 954 
 955 Fig. 8. Chamise SEM/EDX analysis.(a) SE and(b) BSE images of

the same sample area of chamise combustion particles. The results
of EDX analysis of the numbered bright areas in the BSE image are
shown in(c). The aerosol is composed of typical soot chain par-
ticles along with inorganic inclusions that are both internally and
externally mixed with the carbonaceous material. Highly carbona-
ceous materials are nearly invisible in BSE, whereas the inorganic
inclusions show up as bright spots in the BSE image. (c) Char-
acteristic X-ray spectra from manual EDX analysis of the inorganic
inclusions present in chamise combustion particles. X-ray peaks are
labeled by element. Intensity is in arbitrary units. The inorganic in-
clusions are mixed KCl and K2SO4. Cu is a substrate background,
and the C and O intensities are mixed background and sample sig-
nals.
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 966 
Figure 9. SEM image of ponderosa pine combustion particles.  Particles are composed of organic 967 
materials with soot inclusions. Soot is always inside of liquid/oily organic substances.  Almost 968 
no elements other than C and O are present, with the exception of occasional trace amounts of S 969 
and Cl. 970 

971 

Fig. 9. SEM image of ponderosa pine combustion particles. Parti-
cles are composed of organic materials with soot inclusions. Soot is
always inside of liquid/oily organic substances. Almost no elements
other than C and O are present, with the exception of occasional
trace amounts of S and Cl.

aggregate particles, those of high BC content with morphol-
ogy similar to diesel soot, causes a reduction in light absorp-
tion by the more compact, collapsed particles. For a highly-
branched, fractal-like aggregate particle of low fractal di-
mension, the many small monomers (i.e., with circumference
less than the wavelength of incident light) that compose the
light absorbing carbon particle collectively contribute their
individual mass to the light absorption of the entire particle.
Therefore, absorption by the fractal particle is a volume ef-
fect with the entire particle volume contributing. However,
when larger fractal particles collapse to form a more com-
pact spherical structure, absorption becomes more of a sur-
face area effect. Light absorption coefficients decrease with
increasing (collapsed) particle diameter as only the surface
(skin-depth) of the particle contributes to light absorption
(Bond et al., 2006). This hypothesis is most relevant for
larger particles, and those whose dry morphology demon-
strates fractal-like geometry, such as chamise combustion
particles.

A second explanation of decrease in measured light ab-
sorption with increasing RH comes from the photoacoustic
measurements themselves and particle mass transfer in addi-
tion to heat transfer. In general, the photoacoustic signal is
produced from heat generated by light absorption. The heat
is transferred from the absorbing particle to the surround-
ing air, where it induces a pressure change which, once am-
plified by constructive interference within the photoacoustic
resonator, is measured as an acoustic signal (Arnott et al.,
1999). If, however, the aerosol is semivolatile, then changes
in the photoacoustic signal resulting from mass transfer and
latent heat must be considered, as discussed in Sect. 4.3.

4.2 Particle collapse

The collapse of fractal soot particles in conjunction with
water condensation-evaporation is not a new phenomenon.
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 971 
Figure 10. 972 

Fig. 10. Palmetto SEM/EDX analysis.(a) SE and(b) BSE im-
ages of the same sample area of palmetto combustion products.
The results of EDX analysis of the numbered bright areas in the
BSE image are shown in(c). The sample is dominated by inorganic
salts, which are mixed with organic materials and BC. The BSE
signal is largely blind for OC and BC. Similarities in the two im-
ages, namely the presence of most particles visible in the SE image
as bright spots in the BSE image, indicate the substantially non-
carbonaceous content of the palmetto smoke. (c) Characteristic X-
ray spectra from manual EDX analysis of palmetto combustion par-
ticles. X-ray peaks are labeled by element. Intensity is in arbitrary
units. The sample is dominated by KCl and NaCl. Cu is a substrate
background.

Reports and images of particle collapse are commonly found
in the literature (Chamberlain et al., 1975; Colbeck et al.,
1997; Hallett et al., 1989; Huang et al., 1994; Jimenez et al.,
2003; Mikhailov et al., 2006; Nelson, 1989; Weingartner et
al., 1995; Weingartner et al., 1997; Zuberi et al., 2005) dating
as far back as 1975. In a study of uptake of lead by inhalation
of motor exhaust, Chamberlain et al. (1975) observed a more
“homogenous” structure of previously chain aggregate car-
bonaceous material after it was exhaled from a humid human
lung. It was reported that this was similar to the effect on
chain aggregate-type aerosol that was drawn through a hu-
midifier. Chamberlain et al. (1975) postulated that the chain
aggregate particle collapses in wet air due to the discharge
of electrostatic forces. A later explanation cited by Hallett
et al. (1989) and Weingartner et al. (1995, 1997) is that con-
densation of water in small angle cavities of the branched
structure leads to capillary forces that collapse the asymmet-
ric particle.

4.2.1 Experimental support for absorption reduction

Recently, collapse of fractal soot particles under high RH
was observed by Mikhailov et al. (2006) in their experimen-
tal study of soot-water drop optical properties. Hydrophilic
soot (HLS) and highly hydrophilic soot (HHLS) particles
were generated by condensing glutaric acid vapor in differ-
ent quantities on fresh (hydrophobic) acetylene soot, and the
structural and optical properties of the particles were ob-
served at 10% RH and 100% RH. Glutaric acid is an or-
ganic compound. One atmospheric source of the acid is di-
rect emission as a product of biomass burning. Mikhailov et
al. (2006) found that the HLS and HHLS particles collapsed
into globules after wetting due to growth of water droplets on
the soot surface and subsequent evaporation resulting in sur-
face tension forces which cause the branched soot structures
to collapse into a dense, spherical structure. Soot collapse
was characterized by a shift of the particle to larger fractal
dimensions and smaller size spectrum.

Also reported by Mikhailov et al. (2006) was an increase in
light scattering by the soot-water-drop agglomerates. Higher
scattering cross sections and single scattering albedo values
were measured for hydrophilic soot particles at RH of 100%
compared to 10%. The researchers reported a scattering en-
hancement factor (of 34±5) associated with the scattering
cross section of highly hydrophilic soot compared to that
of hydrophobic soot (HBS) particles (at RH=100%). Con-
currently, experimental measurements of volumetric absorp-
tion coefficients are systematically lower for HLS particles
at 100% RH compared to 10% RH measurements for soot
mass concentrations greater than 0.010 g m3. When compar-
ing HHLS particles to HBS particles, Mikhailov et al. (2006)
conclude that a nonabsorbing shell around the soot core, such
as glutaric acid used in their experiment, leads to an increase
in absorption, as evidenced by the reported absorption en-
hancement factor of 3.5±1. However, there appears to be
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 982 
Figure 11.  Growth factor fraction: d/do. Hygroscopic growth of particle size (electrical mobility 983 
diameter) for (a) smaller and (b) larger smoke particles as a function of increasing relative 984 
humidity.  Growth factor is the ratio of particle electrical mobility diameter, d, to dry diameter, 985 
do.   986 

987 

Fig. 11. Growth factor fraction:d/do Hygroscopic growth of particle size (electrical mobility diameter) for(a) smaller and(b) larger smoke
particles as a function of increasing relative humidity. Growth factor is the ratio of particle electrical mobility diameter,d, to dry diameter,
do.
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 987 
Figure 12. Model of combustion product morphology for a carbonaceous particle with inorganic 988 
inclusions under increasing relative humidity conditions. 989 
Fig. 12. Model of combustion product morphology for a carbona-
ceous particle with inorganic inclusions under increasing RH con-
ditions.

experimental evidence of some degree of reduction in light
absorption by Mikhailov et al. (2006) at high RH, in addition
to particle collapse, in reported results comparing a single
aerosol type, HLS, at two different RH conditions. Exper-
imental measurements of volumetric absorption coefficients
are systematically lower for HLS particles at 100% RH com-
pared to 10% RH measurements for soot mass concentrations
greater than 0.010 g m3, as evidenced by comparison of the
blue triangles in reprinted Fig. 13 (Mikhailov et al., 2006).

Environmental scanning electron microscopy (ESEM)
also has been employed to provide real time visual obser-
vation of the hygroscopic transformations of individual soot
particles. Morphological and structural changes are reported
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 990 
Figure 13.  By Mikhailov et al. (2006).  Volumetric absorption coefficients of hydrophobic 991 
(HBS: red) and hydrophilic (HLS: blue) soot as a function of volume mass concentration.  A 992 
comparison of like-colored open versus solid symbols reveals differences between the aerosols at 993 
RH = 10% and RH = 100%, respectively.  While no difference can be detected in levels 994 
measured for the two HBS samples, light absorption coefficients for HLS at 100% RH are 995 
systematically lower than those measured under dry conditions. 996 
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Fig. 13. By Mikhailov et al. (2006). Volumetric absorption coeffi-
cients of hydrophobic (HBS: red) and hydrophilic (HLS: blue) soot
as a function of volume mass concentration. A comparison of like-
colored open versus solid symbols reveals differences between the
aerosols at RH=10% and RH=100%, respectively. While no differ-
ence can be detected in levels measured for the two HBS samples,
light absorption coefficients for HLS at 100% RH are systematically
lower than those measured under dry conditions.

for soot particles that have undergone activation (uncon-
strained water uptake) at critical supersaturation followed by
dehydration or evaporation (Ebert et al., 2002; Zuberi et al.,
2005). The dried particle appears more compact and has a
less porous structure after hydration. Additionally, particle
shrinkage results from collapse of the internal microstructure
(Zuberi et al., 2005).
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 1012 
Figure 14.  By Liu et al. (2008).  Absorption optical cross sections as a function of the fractal 1013 
dimension, D (presented here as Df), normalized by the corresponding value for D = 1.25.  The 1014 
results are calculated at different values of refractive index, (presented here as m), and monomer 1015 
radius, a, and each curve depicts the results computed for fractals composed of a particular 1016 
number of monomers, Ns. Although many of the curves have minimum points, only for particles 1017 
of sufficient size and refractive index do absorption cross sections decrease significantly as the 1018 
particle becomes more compact (D increases).   1019 
 1020 

1021 

Fig. 14.By Liu et al. (2008). Absorption optical cross sections as a function of the fractal dimension,D (presented here asDf ), normalized
by the corresponding value forD=1.25. The results are calculated at different values of refractive index, (presented here asm), and monomer
radius,a, and each curve depicts the results computed for fractals composed of a particular number of monomers,Ns . Although many of the
curves have minimum points, only for particles of sufficient size and refractive index do absorption cross sections decrease significantly as
the particle becomes more compact (D increases).

4.2.2 Theoretical support

In addition to experimental observations, there exist theo-
retical predictions relating to changes in scattering and ab-
sorption with soot particle collapse. Using the superposi-
tion T -matrix method to compute optical cross sections for
fractal-like soot aggregates of varying morphology (Liu and
Mishchenko, 2005), it was found that mass-specific scatter-
ing and extinction increased with increasing fractal dimen-
sion D and fractal prefactorko. In contrast, that work re-
ported a slight decrease in mass-specific absorption for soot
clusters with the larger of the investigated refractive index
values (2+i) as a function ofD andko. Recall thatD is re-
lated to particle compactness, with larger values associated
with denser more spherical particle morphology, and to a
lesser extent the same holds true forko. Further theoreti-
cal study of the radiative properties of fractal soot aggregates
using this method revealed a systematic reduction in light
absorption with increasingD for particles of sufficient size
(large number of monomers and monomer radius) and refrac-
tive index. Reprinted Fig. 14 presents these results (Liu et
al., 2008) of decreased absorption cross sections for compact
fractal soot aggregates (D=3) with increasing particle size.
Particle size is indicated by number of monomers compos-
ing the fractal aggregate. The normalized absorption cross
section is calculated for different combinations of two parti-
cle properties: refractive index and monomer radius.

It is apparent in the theoretical calculations presented in
Fig. 14 that for sufficiently large particles (monomer number
greater than 400 and monomer radius of 25 nm) with high
refractive index (2+i), a 10 to 20% reduction in light absorp-
tion is expected. However, the size and optical properties
of the combustion particles are more likely to correspond to

the lower refractive index value and smaller monomer size
shown in the first box of Fig. 14. Reduction in light absorp-
tion cross section due to particle collapse is additionally more
probable for combustion particles with high BC content and
a fractal-aggregate morphology, such as chamise combustion
particles. It is not known whether palmetto combustion prod-
ucts, which are high in OC and inorganic content, collapse
under high RH conditions.

4.3 Mass transfer

When operating the photoacoustic instrument under condi-
tions of high relative humidity (e.g., RH>60%) or for mea-
suring the light absorption of volatile aerosols, the mass
transfer effects of evaporation and condensation must be
taken into account. The photoacoustic signal is produced by
heat transfer from particles that have absorbed radiation, but
mass transfer also can generate a signal though with a dif-
ferent efficiency than heat transfer due to the expenditure of
energy in latent heat that does not contribute to the acoustic
excitation, and/or energy can be channeled into latent heat
without signal production. For example, consider light ab-
sorption by a water droplet or the present case of light ab-
sorption by a soot particle that has experienced water uptake
under high RH conditions. If the droplet or particle is illu-
minated by radiation at a wavelength of strong absorption by
the core, the laser light will be absorbed. Not only will this
absorbed radiation heat the particle, but some power will be
transferred into latent heat causing evaporation to occur and
add additional water vapor to the surrounding air. These ad-
ditional water vapor molecules will contribute to the acoustic
signal. An illustrative analogy is the reduction of photoa-
coustic signal observed when gaseous NO2 is illuminated by
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radiation of low enough wavelength to photodissociate the
molecules. In this case, some energy will be absorbed by
the NO2 and transferred to the surrounding air, but some en-
ergy will go into NO2 photodissociation (Arnott et al., 2003;
Raspet et al., 2003).

A model has been developed for this application that
builds on previous work by Arnott et al. (2003) and Raspet
et al. (2003) in examining the effects of relative humidity on
photoacoustic measurements of aerosol light absorption. The
expression used to calculate absorption coefficientβabsis the
photoacoustic equation:

βabs=
Pm

PL

π2foAres

QS
, (4)

where βabs is proportional to the measured microphone
power at resonance frequency,Pm(f =fo), divided by laser
power at resonance,PL(f =fo). Fourier transformations
of both microphone response and laser power measurement
transform the time domain signals into complex functions in
the frequency domain for determination of microphone and
laser power values at the resonance frequency,fo. Light ab-
sorption is also a function of resonator cross sectional area,
Ares; resonator quality factor,Q; and resonance frequency.
Evaporation and condensation are accounted for in the di-
mensionless photoacoustic source,S, which includes terms
for both mass transfer,m, and heat transfer,h:

S=mc2
+(γ−1)h, (5)

where

m=
E

1−iT +LE
, (6)

and

h=
1

1−iT +LE
. (7)

L is the latent heat of vaporization for liquid water in Joules
per kilogram (J/kg). Additionally,γ is the ratio of isobaric
and isochoric specific heats for air. For dry air,γ =1.4; in
general,γ is dependent upon RH.E is associated with evap-
oration and condensation:

E=
ρwρo

ρd

Dm

κTo

(
Lmw

RTo

−1

)
, (8)

whereρw, ρd , andρo are the density of water vapor, density
of dry air, and total density of air with water vapor, respec-
tively. The thermal conductivity of the sample is given byκ;
Dm is the mass diffusion coefficient; andmw is the molec-
ular weight of water vapor.R is the universal gas constant,
andTo is the ambient temperature.T is a dimensionless term
associated with the thermal relaxation time,τ , it takes for an
illuminated particle to transfer absorbed heat to the surround-
ing air. T can be expressed as

T =ω
cpρr2

3κ
≡ωτ, (9)

whereω=2πfo is the radian frequency in radians per second,
cp is the specific heat capacity of the particle,ρ is the particle
density, andr is particle radius.S is generally evaluated with
T =0. AssumingT →0 implies that the heat transfer time of
the particle is much less than the acoustic period of resonant
operation. A non-zero value ofT would be apparent in op-
eration as a phase shift between the oscillating power of the
laser beam and the microphone signal. No phase difference
was detectable in the reported photoacoustic measurements.

Therefore, the photoacoustic source term for absorption by
a volatile particle can be expressed as

S=
Ec2

+(γ−1)

1−iT +LE
. (10)

When mass transfer can be neglected, that is no evaporation
or condensation occurs,E goes to zero and the source term
reduces toSdry:

Sdry=
(γ−1)

1−iT
. (11)

The source term used under dry conditions in calculatingβabs
is S=Sdry, with T =0 (Arnott et al., 2003).

The theory developed to model the photoacoustic signal
under the influence of evaporation and condensation assumes
a particle partially covered with a liquid with the vapor pres-
sure of water. Changes in absorption coefficient due to coat-
ing enhancement or particle morphology (such as particle
collapse) under changing RH conditions are not considered
by the theory, which simply provides insight into the effects
of heat and mass transfer on photoacoustic signal genera-
tion. Calculation of useful parameters to determineE and
photoacoustic source termS was carried out using the code
developed by Raspet et al. (1999). The code calculates the
transport and thermodynamic properties of dry and moist air
given inputs including molecular properties of dry air and
water vapor (i.e., molecular weight and degrees freedom), air
temperature, and latent heat. We present a model initialized
with this code for the measured photoacoustic light absorp-
tion coefficient values, taking into account evaporation and
condensation effects.

The temperature value used was the average experimen-
tal temperature and was specific to each burn. Another im-
portant parameter is the latent heat of vaporization of water,
a temperature-dependent value. The formula used includes
temperature in units K and the latent heat of vaporization is
given in J/kg:

L(To)=Lo−3041(To−273.1), (12)

whereLo=2 500 000 J kg. The value ofL is only expected
to be a significant function of salt solution concentration at
the point of saturation; when the solution is unsaturated it re-
mains nearly constant (Lunnon, 1913). Presumably, the salt
solution is at saturation at the point of deliquescence. The
latent heat is likely slightly lower at this point, which would
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cause a slight increase inβabs. The measured absorption co-
efficient would decrease with increasing water content. A
slight deviation inβabs of this kind is not observed experi-
mentally. For our calculations,L is not treated as a function
of solution concentration.

The theory assumes water vapor is saturated for the par-
ticle salt solution at given RH. To account for the fact that
humidity conditions during each burn were changing, the se-
ries of measured RH values were included in the code in the
determination of sample vapor pressure. Vapor pressure, in
turn, was used to calculate additional thermodynamic param-
eters leading to evaluation ofE andS.

It is likely, as depicted in Fig. 12, that the entire surface of
the carbonaceous particle is not covered with a water (or so-
lution) shell, but rather initially only a fraction of the surface
participates in deliquescence. This liquid surface coverage
fraction, defined here asα, is related to the fraction of ex-
posed inorganic material on the surface of the particle and
is expected to rise with increasing humidity. (Assuming a
homogenous mixture of carbonaceous and inorganic mate-
rials, α could be roughly estimated as the mass fraction of
inorganic material to total mass.) In the proposed model, the
interaction of the instrument with the particle is such that a
fraction of the light-absorbing mass is subject to mass trans-
fer considerations, and thereforeS(RH) must be used in the
determination ofβabs, while S will reduce toSdry in calcu-
lating βabs for the remaining fraction. When, as usual,Sdry
is used, the photoacoustically measured light absorption co-
efficient under high RH conditions,βmeasured

abs (RH), is less
than the true value which takes into account evaporation and
condensation,β true

abs (RH). We define, and soon derive, a cor-
rection source function,F . The measured value divided by
the correction source term gives the true value:

β true
abs(RH)=βmeasured

abs (RH)/F. (13)

The model forF is as follows:

F=
αS+(1−α)Sdry

Sdry
. (14)

In general, the true light absorption coefficient is equal to that
measured by the dry/ambient channel less any reduction due
to the effects of collapse, plus enhancement due to particle
coating:

β true
abs(RH)=βmeasured

abs (dry)×acollapse×Acoating. (15)

Enhancement and reduction effects due to coating and col-
lapse are represented byAcoating andacollapse, respectively,
such thatAcoatingis expected to be greater than 1 andacollapse
is expected to be less than 1. Because we do not know the
magnitudes of the light absorption enhancement and reduc-
tion factors, the product ofacollapseandAcoating is taken to
be 1 in this model. Then,

F=
βmeasured

abs (RH)

βmeasured
abs (dry)

=fRH, (16)

asfRH is defined in Eq. (2). Therefore, the surface fraction
covered by liquid can be determined by

α=
fRH(

S/Sdry−1
) , (17)

usingS as calculated by the mass transfer theory, andfRH
calculated using measuredβabs values from the humidified
and ambient (dry) channels.

Surface coverage by liquid,α, is presented in Fig. 15 as a
function of measured RH for each of the three burns. This
estimation of deliquescence and fraction of particle coat-
ing by solution was found using the theoretical model for
photoacoustic measurements involving evaporation and con-
densation along with actual photoacoustic measurements of
aerosol absorption on the “dry” and “wet” channels. The
model predicts a reduction in measured light absorption cross
section, and Fig. 15 is the liquid surface coverage implied
by the reduction. The horizontal lines relating to each com-
bustion product depict the mass fraction of inorganic mate-
rial to total mass, or surface coverage implied by a homo-
geneous mixture of particle components (BC, OC, and inor-
ganic salts). The theoretically calculated values are shown in
Fig. 15 as points, and the thick lines are polynomial fits in-
cluded for visualization. The polynomial fit is included sim-
ply as a guide to the eye and is not meant to convey functional
dependence. A hand-drawn curve representing the data also
would suffice for our purpose. The spread in the points is
attributable to inaccuracies in the RH measurement on the
photoacoustic instrument. A particle filter on the sample
line prior to the RH sensor is unable to equilibrate instanta-
neously, so that a lag exists between actual humidity condi-
tions and RH measurements. The surface coverage for pon-
derosa pine combustion products remains scattered around
zero with increasing humidity, whereas that for chamise and
palmetto begins to increase with increasing RH at what is
presumably the deliquescence point for the inorganic salts
on each aerosol. As different salts will have different del-
iquescence points, the shape of the “aqueous solution frac-
tion” curves may be influenced by multiple salts responding
at different RH levels.

5 Conclusions

Under increasing RH conditions, biomass combustion
aerosols from three different sources sampled during the
2006 FLAME-1 campaign experienced slight or strong water
uptake, which in turn affected aerosol optical properties. The
amount of moisture absorbed by particles from the combus-
tion of a particular fuel type corresponds to the morphology
and chemical composition of the fuel and smoke. Ponderosa
pine smoke particles, for example, which are dominated by
OC, experienced very little liquid uptake and therefore very
little change in light scattering and absorption coefficients,
even at RH levels above 85%. In contrast, particles from the
combustion of chamise and palmetto, which in addition to
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Fig. 15. Evaporation/condensation-implied surface coverage fraction. Surface coverage of liquid solution for each combustion product
calculated using a model for photoacoustic absorption coefficient signals which includes evaporation and condensation and implied by
measured values ofβabsunder both ambient and high RH conditions.

OC and BC include hygroscopic inorganic materials, expe-
rience notable changes in their optical properties. The in-
organic salts deliquesce at characteristic RH values. It is
expected that liquid coverage begins with a fraction of the
surface and increases with water uptake and humidity.

The increase in measured light scattering coefficients for
combustion particles with some degree of hygroscopicity,
such as chamise and palmetto combustion particles, is pre-
dicted by particle shell models and experiments. However,
the decrease in measured light absorption cross sections with
increasing RH values is an unexpected result. It is possible
that competing effects exist, and salt on the particle surface
and then salt solution following deliquescence is providing
light absorption enhancement at the same time that parti-
cle collapse and the effects of evaporation and condensation
are reducing the photoacoustic signal. Measurable decrease
in light absorption cross section due to particle collapse is
most relevant for combustion particles with high BC con-
tent, fractal-like aggregate morphology, and with inorganic
constituents present for hygroscopicity. For the combustion
products discussed here, evidence of particle collapse was
only seen for chamise smoke. Palmetto smoke particles are
possibly already collapsed without the addition of high hu-
midity due to the high content of OC and inorganic mate-
rial seen in these particles. The more important effects of
evaporation and condensation on the measured photoacoustic
signals likely provide the bulk of light absorption coefficient
reduction. The observed 10 to 20 percent reduction in the

measured photoacoustic value compared with the true light
absorption cross section is well within the expected mass
transfer effect predicted for a substantial liquid coating on
a light absorbing particle.

Three mechanisms altering light absorption measurements
were discussed. Particle collapse within typical particle size
range gives a decrease in absorption by as much as 6%, but
also shows an increase as fractal dimension approaches three.
Modeling efforts from the literature indicate absorption en-
hancements of around 50% for BC cores with weakly ab-
sorbing coatings. Particle morphological differences limit
the conclusions that can be made from coated sphere the-
ory. Mass transfer without correction leads to as much as
20% reduction of absorption from the real value for aerosol
with large inorganic content. Our tentative conclusion is that
mass transfer associated with photoacoustic measurement of
aerosol light absorption is the mechanism that best explains
the observed reduction of aerosol light absorption with RH.

We recommend future studies to separate the effects of
collapse and inorganic coating from the mass transfer effects
on the photoacoustic signal. Light absorption coefficients
of chamise combustion products should first be measured in
ambient/dry condition. The sample could then be subject to
high humidity to collapse the particles followed by aerosol
drying of the same sample before light absorption values
are measured once more. Additionally, a volatility measure-
ment is recommended, in which light absorption is measured
for combustion particle samples after heating and subsequent
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evaporation of any organic matter or inorganic materials, as
described by Huffman et al. (2009). Then the optical prop-
erties of solely the soot core could be photoacoustically ana-
lyzed. It may be possible to use these sorts of experiments for
photoacoustically evaluating the mass accommodation coef-
ficient of an aerosol as discussed in Murphy (2009) if size-
selective methods, as in Slowik et al. (2007), are used. Parti-
cle size effects on the photoaoustic signal due to evaporation
appear to be dramatic (Murphy, 2009). In a humid environ-
ment, coating and collapse effects (which would affect any
absorption measurement), as well as possible instrumental
artifacts (specific to photoacoustics) affect the measured op-
tical properties of biomass smoke aerosols at varying levels
due to particle composition and morphology. Photoacoustic
measurements of dry and moist aerosol can be used to esti-
mate the fraction of surface covered by salt solution.
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Köylü, Ü. Ö., Faeth, G. M., Farias, T. L., and Carvalho, M. G.: Frac-
tal and projected structure properties of soot aggregates, Com-
bust. Flame, 100, 621–623, 1995.

Laskin, A. and Cowin, J. P.: Automated single-particle SEM/EDX
analysis of submicrometer particles down to 0.1µm, Anal.
Chem., 73, 1023–1029, 2001.

Laskin, A., Cowin, J. P., and Iedema, M. J.: Analysis of individual
environmental particles using modern methods of electron mi-
croscopy and X-ray microanalysis, J. Electron Spectrosc., 150,
260–274, 2006.

Lewis, K., Arnott, W. P., Moosm̈uller, H., and Wold, C.:
Strong spectral variation of biomass smoke light absorption

and single scattering albedo observed with a novel dual wave-
length photoacoustic instrument, J. Geophys. Res., 113, D16203,
doi:10.1029/2007JD009699, 2008.

Liu, B. Y. H., Pui, D. Y. H., Whitby, K. T., and Kittelson, D. B.: The
aerosol mobility chromograph: A new detector for sulfuric acid
aerosols, Atmos. Environ., 12, 99–104, 1978.

Liu, L. and Mishchenko, M. I.: Effects of aggregation on scattering
and radiative properties of soot aerosols, J. Geophys. Res., 110,
D11211, doi:10.1029/2004JD005649, 2005.

Liu, L., Mishchenko, M. I., and Arnott, W. P.: A Study of radiative
properties of fractal soot aggregates using the superpositionT -
matrix method, J. Quant. Spectrosc. Ra., 109, 2656–2663, 2008.

Lunnon, R. G.: The latent heat of evaporation of aqueous salt solu-
tions, P. Phys. Soc. Lond., 25, 180–191, 1913.

McMeeking, G., Kreidenweis, S. M., Baker, S., Carrico, C. M.,
Chow, J. C., Collett Jr., J. L., Hao, W. M., Holden, A. S., Kirch-
stetter, T. W., Malm, W. C., Moosm̈uller, H., Sullivan, A. P., and
Wold, C.: Emissions of trace gases and aerosols during the open
combustion of biomass in the laboratory, J. Geophys. Res., 114,
D19210, doi:10.1029/2009JD011836, 2009.

McMeeking, G. R.: The optical, chemical and physical properties
of aerosols and gases emitted by the laboratory combustion of
wildland fuels, Doctor Philosophy, Department of Atmospheric
Science, Colorado State University, Fort Collins, 298 pp., 2008.

Mikhailov, E. F., Vlasenko, S. S., Podgorny, I. A., Ramanathan,
V., and Corrigan, C. E.: Optical properties of soot-water drop
agglomerates: An experimental study, J. Geophys. Res., 111,
D07209, doi:10.1029/2005JD006389, 2006.

Moosm̈uller, H., Kreidenweis, S. M., Collett Jr., J. L., Hao, W. M.,
and Malm, W. C.: Characterization of particle emissions from
laboratory combustion of wildland fuels, iLEAPS Newsletter,
22–23, 2007.

Murphy, D. M.: The effect of water evaporation on photoacoustic
signals in transition and molecular flow, Aerosol Sci. Tech., 43,
356–363, 2009.

Nelson, J.: Fractality of sooty smoke: implications for the severity
of nuclear winter, Nature, 339, 611–613, 1989.

Rader, K. J. and McMurry, P. H.: Application of the tandem differ-
ential mobility analyzer to studies of droplet growth and evapo-
ration, J. Aerosol Sci., 17, 771–787, 1986.

Ramanathan, V., Crutzen, P. J., Kiehl, J. T., and Rosenfeld, D.:
Aerosols, climate, and the hydrological cycle, Science, 294,
2119–2124, 2001.

Raspet, R., Hickey, C. J., and Sabatier, J. M.: The effect of
evaporation-condensation on sound propagation in cylindrical
tubes using the low reduced frequency approximation, J. Acoust.
Soc. Am., 105, 65–73, 1999.

Raspet, R., Slaton, W. V., Arnott, W. P., and Moosmüller, H.:
Evaporation-condensation effects on resonant photoacoustics of
volatile aerosols, J. Atmos. Ocean. Tech., 20, 685–695, 2003.

Rissler, J., Pagels, J., Swietlicki, E., Wierzbicka, A., Strand, M.,
Lillieblad, L., Sanati, M., and Bohgard, M.: Hygroscopic behav-
ior of aerosol particles emitted from biomass fired grate boilers,
Aerosol Sci. Tech., 39, 919–930, 2005.

Schnaiter, M., Horvath, H., M̈ohler, O., Naumann, K. H., Saathoff,
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