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[1] During May of 2003, smoke from fires on the Yucatan Peninsula was transported
across the Gulf of Mexico and into Texas where it caused a significant enhancement
in measured aerosol concentrations. The 24-hour average PM2.5 concentration measured
in Austin on 10 May was 50.1 mg/m3, which was more than twice that of the highest daily
average concentration measured during any other month in 2003. During this event,
a differential mobility analyzer/tandem differential mobility analyzer (DMA/TDMA)
system was used to characterize the size distribution and size-resolved hygroscopicity and
volatility of the aerosol. The hygroscopicity data were used to isolate the less hygroscopic
biomass burning particles from other aerosol types. Biomass burning aerosol-only size
distributions were then constructed by coupling the size-resolved fraction of particles
attributed to the fires with the overall size distribution. These distributions, and the
aerosol properties derived from the TDMA data, were used to examine the impact of the
smoke on predicted cloud condensation nuclei (CCN) spectra. The influence of the
smoke on cloud droplet concentrations and the influence of other aerosol types present on
the activation efficiency of the smoke were evaluated using a cloud parcel model. For
a subset of the updraft speeds considered, the model predicted that the cloud droplet
concentration would sometimes be lower when both smoke and pollution aerosols entered
cloud relative to that when only smoke was present. Whereas these cases in which an
increased aerosol concentration resulted in a decreased cloud droplet concentration were
rare, the inclusion of the pollution aerosol in the model always reduced the activation
efficiency of the smoke aerosol, which would influence both its evolution during
transport and its atmospheric removal rate.
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1. Introduction

[2] Biomass burning contributes significantly to aerosol
concentrations in many regions of the world. The global
emissions of organic and black carbon aerosols from
biomass burning have been estimated to range from 45 to
80 and 6 to 9 Tg/yr, respectively [Penner et al., 1993;
Cooke and Wilson, 1996; Liousse et al., 1996; Cooke et al.,
1999]. Much of the recent research on biomass burning
aerosols has been focused on their direct radiative impact
through scattering and absorption of sunlight. Although
uncertainties remain regarding the magnitude of this impact,
it is believed that the single scattering albedo of most
biomass burning aerosols is sufficiently high to lead to a

net cooling [Haywood and Boucher, 2000; Christopher
et al., 2000; Li et al., 2000; Ramanathan et al., 2001].
[3] The integrated radiative impact of any aerosol is

dependent not only on its optical properties, but also on
its lifetime. Because most particles generated during
biomass burning have diameters less than a few tenths of
a micron, they are not efficiently removed through dry
deposition. Therefore their removal rate is strongly influ-
enced by the efficiency with which they activate in cloud.
Additionally, the cloud nucleating properties of biomass
burning particles controls their influence on cloud albedo
[Nenes et al., 2001; Peng et al., 2002; Menon et al., 2002]
and cloud lifetime [Rotstayn, 1999; Haywood and Boucher,
2000; Lohmann and Lesins, 2002]. Despite ongoing efforts
to better characterize the activation properties of carbona-
ceous aerosols, there still remains considerable uncertainty
[Hameri et al., 2001; Roberts et al., 2002; Raymond and
Pandis, 2002]. Although a quantitative understanding of the
activation efficiency of biomass burning particles is still
lacking, there is observational evidence that these aerosols
can alter cloud properties [Rosenfeld, 1999; Roberts et al.,
2003; Andreae et al., 2004].
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[4] Further complicating the assessment of the influence of
smoke on cloud properties is the paucity of data describing
the degree to which it is altered during transport. The
properties of freshly emitted biomass burning particles may
differ substantially from those following exposure to
oxidants and condensable gases over periods ranging from
hours to weeks [Hobbs et al., 2003]. Unfortunately, as the
biomass burning aerosol is transported away from its
source, it becomes increasingly dilute relative to other
natural and anthropogenic particle types, which complicates
isolation of its properties from those of the remainder of the
aerosol population. Simply measuring the CCN concentra-
tion in a region impacted by smoke may provide ambiguous
results when the concentrations of other particle types are
nonnegligible.
[5] Biomass burning on, and adjacent to, the Yucatan

Peninsula each spring frequently contributes to elevated
particulate matter concentrations in the United States. The
magnitude of the impact varies with drought conditions in
the burning region, and with meteorological conditions

during the burning events. A severe episode in the spring
of 1998 has been the focus of a number of studies aimed at
characterizing the composition [Fraser and Lakshmanan,
2000] and optical properties [Kreidenweis et al., 2001] of
the smoke, and at assessing the impact of the smoke on
lightning characteristics [Murray et al., 2000]. This paper
describes data collected during an episode in 2003 that,
despite being shorter in duration than that in 1998, resulted
in a substantial increase in particulate matter concentrations
throughout much of Texas and bordering states.
[6] During May of 2003, smoke from fires in agricultural

regions on and near the Yucatan Peninsula was transported
across the Gulf of Mexico and into Texas, where it caused a
significant enhancement in aerosol loadings. The extent and
trajectory of the smoke plume is evident in the 8 May 2003
GOES satellite image shown in Figure 1. Figure 2 shows an
ensemble of back trajectories terminating on 8 May in
College Station, Texas, which is the location at which the
data described below were collected. Back trajectories are
computed as in the work by Rogers and Bowman [2001].

Figure 1. GOES 12 satellite image taken at 1015 LT on 8 May 2003. The smoke plume originating
from the Yucatan Peninsula is identified by the two arrows.
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The large-scale meteorological data used to compute the
trajectories do not resolve the winds in the boundary layer.
In reality, considerable vertical mixing occurs within the
boundary layer along the transport pathways. The spread in
the trajectories as they cross the Yucatan Peninsula is
indicative of the geographic range of origin for the air
sampled in Texas. Transport between the region in which
the fires were most concentrated and the site in Texas at
which measurements were made took approximately
36 hours, most of which was spent over the Gulf of Mexico,
and within the boundary layer. The impact of the smoke
plume on aerosol loadings throughout Texas is evident in
Figure 3, which shows the spatial distribution of peak
PM2.5 concentrations on 8 May. The center of the smoke
plume passed through central Texas, resulting in the
observed maxima in PM2.5 concentration. The sites at
which particulate matter measurements were made during
the smoke episode are identified in Figure 3. The data used
to generate this graph were recorded by the Texas
Commission on Environmental Quality (TCEQ), which
employs tapered element oscillating microbalances
(TEOMs) to measure PM2.5 throughout its monitoring
network.
[7] Figure 4 shows a timeline of PM2.5 concentration

measured at several TCEQ sites from 1 to 15 May. The
maximum hourly averaged PM2.5 concentration measured
in several cities in Texas between 6 and 11 May was about
70 � 80 mg/m3. Elevated concentrations were observed
throughout Texas from the southernmost tip in Brownsville,
north through Corpus Christi, Galveston, and Austin. The
episode terminated rapidly with the passage of a cold front
on 11 May. Throughout much of the period during which
particulate matter concentration was elevated, our group
measured the properties and size distribution of this aged
aerosol in College Station, Texas. The specific time interval

over which these measurements were made is identified in
Figure 4. Although PM2.5 is not measured in, or nearby,
College Station, the influence of the smoke is reflected in
the reduced visibility recorded at Easterwood Airport in
College Station as shown in Figure 5. The relationship
between visibility and PM2.5 during the smoke event is
evident in Figure 6, which shows timelines of both quan-
tities measured in Austin. The absence of an anticorrelation
between visibility and relative humidity (RH) in Figure 5
supports the hypothesis that less hygroscopic smoke was the
dominant aerosol type present. The abrupt improvement in
visibility on 11 May corresponds to the frontal passage.
Although measurements of PM2.5 concentration do not
offer insight into the fractional contribution of the biomass
burning aerosol, the enhancement in PM2.5 in May of 2003
relative to that recorded during the month of May from
2000 through 2002 provides a first-order assessment of the
impact of the smoke. The abnormality of the aerosol
loadings throughout Texas in 2003 is evident in Figure 7,
which presents a comparison of the mean and variability of
PM2.5 concentration in four cities.

2. Methodology

2.1. Instrumentation

[8] A differential mobility analyzer/tandem differential
mobility analyzer (DMA/TDMA) system was used to
characterize aerosol size distributions and size-resolved
hygroscopicity and volatility throughout much of the smoke
episode. The DMA/TDMAwas located on the tenth floor of
the Eller O&M building on the campus of Texas A&M
University in College Station. The sample was drawn
through a stainless steel inlet that is mounted through a
southeast facing window of the building. Because the winds
were southeasterly throughout the smoke episode, interac-
tion between the aerosol and the building prior to entering
the inlet was assumed to be negligible. The height of the
sampling location minimized the influence of local aerosol
sources.
[9] Although not a direct measure of cloud nucleating

ability, aerosol hygroscopicity can be used to infer in-cloud

Figure 2. Back trajectories terminating at the sampling
site in College Station, Texas, between 0300 and 1000 LT
on 8 May 2003.

Figure 3. Contours representing maximum PM 2.5
concentrations on 8 May 2003. Measurement locations are
also identified (circle indicates Texas A&M University, and
triangles indicate TCEQ sites).
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behavior. Measured hygroscopicity is typically quantified
by the growth factor, G(RH), which is simply the ratio of
the diameter of a particle following exposure to high RH,
Dp, to its initial, or dry, diameter at low RH, D*p. Measured
hygroscopic growth is often used to roughly separate the
more hygroscopic inorganic particle population from the less
hygroscopic organic particle population. Swietlicki et al.
[1999, 2000] categorized hygroscopicity into commonly
observed G(RH) ranges of about 1.0 for nonhygroscopic
particles, 1.11 � 1.15 for less hygroscopic particles,
1.38 � 1.69 for more hygroscopic particles, and 2.08� 2.21
for sea salt particles. Dick et al. [2000] examined the
influence of organic carbon on particle hygroscopic growth
during the Southeastern Aerosol and Visibility Study. They
reported that the water content associated with organics is
considerably less than that associated with sulfate
compounds for high-RH conditions.
[10] The DMA/TDMA system used in this study is

described by Gasparini et al. [2006a]. The enhanced count
rate that is achieved through the use of high flow DMAs
[Stolzenburg et al., 1998] minimizes sample integration

times and facilitates measurements of particle sizes on the
tails of a size distribution. Throughout the smoke episode, the
DMA was used to characterize the size distribution of
particles having diameters between 0.01 and 0.75 mm, while
the TDMAwas primarily used to measure the size-resolved
hygroscopicity of particles with dry diameters of 0.025, 0.05,
0.1, 0.2, 0.3, 0.45, and 0.6 mm. For these fixed RH TDMA
measurements, the RH between the two DMAs was con-
trolled to 85% using a multitube Nafion bundle. A calibration
routine in which the aerosol separated by the first DMAwas
not perturbed prior to classification by the second DMAwas
automatically completed every night shortly after midnight.
Any shift in G(�0%) from the expected peak at 1.0 was used
to correct data collected the following day. The magnitude of
such corrections during this sampling period was very small.
All distributions measured with the DMA and TDMA were
inverted using a Twomey-based algorithm [Twomey, 1975].
2.1.1. Relative Humidity Scans
[11] To complement the measurements of hygroscopic

growth at fixed RH, the instrument was intermittently
operated in an alternate mode in which the relative humidity

Figure 4. Hourly PM 2.5 concentrations at five TCEQ sampling sites during the measurement period.

Figure 5. Time series of visibility, temperature, and relative humidity recorded at Eastwood airport in
College Station, Texas.
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was continuously scanned between about 85% and 30%, and
then back up to 85%, while the growth factor distributions
were continuously measured. During the increasing RH
portion of the measurement, the aerosol was prehumidified
to greater than 85% RH to ensure that all hygroscopic
components were hydrated prior to exposure to the final,
variable, RH. The increasing and decreasing RH measure-
ments describe the growth behavior of the aerosol on the
upper and lower legs of any hygroscopic growth hysteresis
loop, respectively. This type of measurement is typically
made in order to constrain the composition of the aerosol
through comparison of the measured deliquescence RH and
crystallization RH with those reported for laboratory-
generated single-component aerosols. For the aerosol
measured during this study, inference of particle composi-
tion was complicated by the absence of hysteresis. Instead,
these measurements were used primarily to identify distinct
particle types and to refine the approach used to relate

G(RH) to critical supersaturation, Sc. Because each
measurement of this type requires between 45 min and an
hour, they were limited to a subset of the particle sizes for
which fixed RH hygroscopicity was measured. Specifically,
RH scan measurements were made for particles having dry
diameters of 0.05, 0.1, and 0.2 mm.
2.1.2. Temperature Scans
[12] The volatility behavior of 0.05, 0.1, and 0.2 mm

particles was examined by varying the temperature to which
particles were exposed between the two DMAs. The
temperature at which particles partially or completely
volatilize provides insight into their composition [Sakurai
et al., 2003; Johnson et al., 2004]. During these temperature
scans, the size-resolved particles exiting the upstream DMA
were introduced into a heated tube in which the temperature
was varied from 300�C to �40�C. The aerosol heater was
designed to provide sufficient residence time at high
temperature to ensure complete volatilization of larger

Figure 6. Time series of visibility and PM2.5 measured in Austin, Texas.

Figure 7. Statistics of PM2.5 concentrations in several Texas cities for the years between 2000 and
2003. The horizontal lines in each of the boxes represent the means, the edges of the boxes represent the
25th and 75th percentiles, the whiskers represent the 10th and 90th percentiles, and the dots represent the
95th percentile.
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particles. The particles that did not fully volatilize were then
exposed to a controlled relative humidity of 85%, and the
resulting distribution was measured by the downstream
DMA. The volatility properties of the hygroscopic and
nonhygroscopic particle populations determined in this way
were used to infer their composition. As with the RH scans,
each temperature scan required between 45 min and an hour
to complete.

2.2. Time Resolution of Measurements Relative to
Temporal Variability of the Aerosol

[13] Throughout the 4-day sampling period, the DMA/
TDMAwas used to repeatedly cycle through a sequence that
included a size distribution measurement, fixed RH hygro-
scopic growth measurements at each of the 7 sizes identified
above, and both RH and temperature scans for particles
having dry diameters of 0.05, 0.1, and 0.2 mm. Each of the
11 measurement sequences completed during the study
required approximately 7–8 hours to complete. Whereas this
time resolution would be inadequate to characterize rapidly
evolving aerosols in an urban area, the properties of the
smoke aerosol varied slowly over the 4-day sampling period.
This limited variability is reflected in the consistency
throughout the smoke episode of the size distributions

and the fixed RH hygroscopic growth factor distributions
for the particle size range over which the smoke was most
concentrated, as shown in Figures 8 and 9, respectively.

2.3. Analysis Procedure

[14] To describe the procedure used to relate the mea-
sured size, hygroscopicity, and volatility distributions to
CCN spectra, data collected during 1 of the 11 completed
measurement sequences will be used as an example. The
measurement sequence used as an example began at 0930
local time (LT), which is roughly the same time as the
satellite image shown in Figure 1 was taken (1030 LT), and
the back trajectories shown in Figure 2 were initialized
(0300–1000 LT). The set of hygroscopic growth factor
distributions measured during this sequence are shown in
Figure 10. The distinct modes present in each of the
distributions reflect distinct particle types. The less hygro-
scopic biomass burning particles represent the most
concentrated particle type for diameters of 0.1 mm and
greater. Because the hygroscopicity modes overlap, and
possibly obscure lower concentration modes, each of the
measured distributions was fitted with between one and four
lognormal distributions. Figure 11 shows fits of the example
distributions for the subset of particle sizes for which RH

Figure 8. All aerosol size distributions measured during the smoke episode. Particles were dried prior to
size classification.

Figure 9. All fixed RH hygroscopic growth factor distributions for the particle size range over which
the smoke was most concentrated. The controlled RH for all measurements was 85%.
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and temperature scan measurements were also made. Each
of these hygroscopic growth modes contains a population of
particles having similar characteristics, and presumably
similar composition. Whereas no distributions were found
to possess more than four distinct hygroscopicity modes, a
total of five particle types were identified among the
complete set of measurements made. Although the exact
composition of the population of particles in each of these
categories undoubtedly varied with time and with particle
size, this variability is believed to be small relative to the
differences between the various particle types.
[15] Additional insight into the behavior of the particles

in each of the identified modes is gained through inspection
of the RH and temperature scan data collected during the
same measurement sequence. Figure 12 shows data collected
during the RH scan measurements for dry aerosol diameters
of 0.05, 0.1, and 0.2 mm. The position of each of the
markers reflects the median hygroscopic growth measured,
while the marker size reflects the relative concentration
when multiple lognormals were used to fit the distribution.
Displacement of any of the curves connecting the hollow
markers for a given mode from that connecting the solid
markers would indicate that deliquescent particles were
present. The absence of any clear separation suggests that
most sulfate in the aerosol was present as some combination
of ammonium bisulfate and sulfuric acid. In each of these
graphs, the series of markers that terminate at a G(RH) of
about 1.1–1.2 at the maximum RH represent the biomass
burning aerosol. Distinct from the less hygroscopic smoke
particles, a population of nonhygroscopic particles was
observed in the measurement of 0.05 mm particles for this
case, and for most of the other 10 cases as well. These
hydrophobic particles, which are believed to be composed
of primary organic carbon and soot, were also present in the
fixed RH growth factor distributions of 0.025 and 0.05 mm
diameter particles. The increased number of modes present
at high RH reflects the increased ease with which adjacent

modes can be discerned and not an increase in the number
of particle types.
[16] Measurements of the volatility behavior of 0.05, 0.1,

and 0.2 mm particles are shown in Figure 13. As with the
RH scan graphs, marker size reflects the relative concen-
tration when more than one mode was fitted. The shaded
curves are added to aid in visually distinguishing the
volatility behavior of the distinct particle types. In contrast
to inorganic particles that may contain one or two distinct
compounds, smoke particles are expected to contain a wide
range of species, each of which volatilizes at a slightly
different temperature. Such a multicomponent organic par-
ticle would exhibit a gradual decrease in size with increasing
temperature, consistent with the behavior observed in the
dominant mode in each of the temperature scan graphs in
Figure 13. In contrast, particles composed primarily of a
single inorganic compound would undergo an abrupt
change in size over a narrow temperature range, consistent
with the behavior observed in the more hygroscopic mode
in the temperature scan graphs. The temperature at which

Figure 10. Fixed RH hygroscopic growth factor distribu-
tions measured during the sequence that began at 0930 LT
on 8 May 2003. The controlled RH for all measurements
was 85%.

Figure 11. Example lognormal fits to a subset of the
growth factor distributions measured during the sequence
that began at 0930 LT on 8 May 2003. The dotted lines
represent the lognormal fits, while the solid lines represent
the measured distributions.
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the more hygroscopic particles volatilized is similar to the
observed volatilization temperatures of 202�C and 205�C
for pure ammonium bisulfate and pure ammonium sulfate
particles, respectively [Johnson et al., 2004].
[17] On the basis of consideration of the observed size,

hygroscopicity, and volatility of the particles, as well as on
expectations of the dominant aerosol constituents for the
study region, the five particle classes identified will be
referred to as sulfate, mixed, biomass burning, local organic,
and hydrophobic. The local organic particles were considered
separately from the biomass burning particles even though
the two populations had similar hygroscopic properties. The
groups were separated primarily to produce more physically
plausible size distributions than would be possible were they
combined. This decision to consider the two classes
separately has little impact on the predicted influence of the
smoke on cloud microphysics since these small and less
hygroscopic particles have Sc that generally exceed the peak
supersaturations expected in clouds in the study region.
Although it was usually partially obscured by adjacent
modes, a mode that was centered at a G(RH) intermediate

of the smoke and sulfate modes was present in almost all
distributions. This ‘‘mixed’’ mode is shown in the lognormal
fits of the 0.1 and 0.2 mmdiameter growth factor distributions
in Figure 11. It is conceivable that the ‘‘mixed’’ population
resulted from cloud processing of biomass burning particles,
although the inverse relationship between particle size and
hygroscopicity that would result as a roughly equivalent
amount of sulfate is added to particles of varying size was
not observed. The possibility that coagulation was responsi-
ble for the observed ‘‘mixed’’ particle class was explored by
initializing a simple coagulation box model with the mea-
sured size and growth factor distributions of the sulfate and
biomass burning populations. The size and growth factor
distributions predicted by this model differed from those
measured. However, the necessary, but erroneous, assump-
tion that during the �1.5 day transit the coagulating
populations were identical to those characterized in Texas
limits confidence in any conclusions reached using this
model.

Figure 12. RH scan data collected during the sequence
that began at 0930 LT on 8 May 2003. The position of each
of the markers reflects the median hygroscopic growth
measured, while the marker size reflects the relative
concentration when multiple lognormals were used to fit
the distribution. In each of the graphs, the series of markers
that terminate at a G(RH) of about 1.1–1.2 at the maximum
RH represent the biomass burning aerosol.

Figure 13. Temperature scan data collected during the
sequence that began at 0930 LT on 8 May 2003. The
position of each of the markers reflects the median
fractional change in particle size in response to the
heating/humidification, while the marker size reflects the
relative concentration when multiple lognormals were used
to fit the distribution. The shaded curves are added to aid in
visually distinguishing the volatility behavior of the distinct
particle types.
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[18] The size-resolved fractional categorization described
above was combined with the aerosol size distribution
measured during the same sequence to create independent
size distributions for each of the particle types considered.
Since hygroscopic growth factor distributions were mea-
sured only for a limited number of particle sizes, the size-
resolved fractional categorization was linearly interpolated
or extrapolated to each of the bins within the measured size
distributions. The product of these size-resolved fractions
and the size-resolved concentration from the DMA mea-
surement describes the size distributions for each of the five
different particle types. The distributions calculated for the
measurement sequence used here as an example are shown
in Figure 14. The amplitude and position of the isolated
biomass burning distribution shown in Figure 14 is similar to
that determined for each of the other 10 measurement sets. To
simplify introduction into the cloud model described below,
each of the single particle-type size distributions was fitted
using between one and three lognormals. The parameters
prescribing these lognormals for each of the particle classes
and for each of the 11 completed measurement sequences are
provided in Table 1.

2.4. Extrapolation of Growth Factor to Sc
[19] Inference of Sc from size-resolved hygroscopicity

measurements requires assumptions and approximations
that are unnecessary for interpretation of direct CCN meas-
urements [Brechtel and Kreidenweis, 2000]. However, a
direct measurement of CCN concentration provides no
detail of the contribution of different particle types. The
technique used here to isolate the properties and size
distribution of the biomass burning aerosol permits exam-
ination of these aged particles even in the presence of a
number of other particle types. For each of the 11 completed

measurement sequences, average G(RH) for the 5 identified
particle types were computed by averaging the median
G(RH) of the lognormals used to fit the corresponding
modes in the set of 7 growth factor distributions. These
averaged G(RH) were then used to translate the partitioned
size distributions described above into CCN spectra for each
of the five particle classes. The use of size-resolved hygro-
scopicity measurements to infer critical supersaturation has
been described by Covert et al. [1998] for a background
marine aerosol, by Dusek et al. [2003] for an aged pollution
aerosol, and by Gasparini et al. [2006b] for a rural
continental aerosol. The technique used in this analysis is
identical to that described by Gasparini et al. [2006b] and
will only be summarized here.
[20] A slightly modified form of the Köhler equation

relates measured G(RH) to the mass fraction of solute in
the aerosol aqueous solution, xs,

RH ¼ aw xsð Þ exp 4Mwsas xsð Þ
RTrwDp*G RHð Þ

� �
ð1Þ

where aw(xs) is the activity of the water in solution, sas(xs)
is the surface tension of the solution, Mw is the molecular
weight of water, and rw is the density of liquid water. The
xs iteratively determined for a measured G(RH) is then used
to compute the solute mass in a single particle, ms, through
the following relationship, which is derived through
consideration of the change in volume accompanying
uptake of water,

ms

xsras xsð Þ �
ms

rs
¼ p

6
Dp*

3 G RHð Þ3�1
� �

ð2Þ

Figure 14. Single particle-type size distributions created using the measurements made during the
sequence that began at 0930 LT on 8 May 2003. Each of the distributions is created by coupling the
measured total size distribution with the fractional categorization based on the set of G(RH) distributions.
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where ras(xs) and rs are the solution and solute densities,
respectively. Following calculation of ms, equations (1) and
(2) are used to determine the RH at which particles will be
at equilibrium for a range in G(RH). The maximum RH in
this computed Köhler curve represents the critical super-
saturation of the particles. Without knowledge of the
composition and behavior of the biomass burning particles,
the relationships between ras and xs and between aw and xs
are prescribed by assuming that the aqueous solution either
behaves ideally or behaves like that containing a well-
characterized solute. The latter approach was employed
here with the solute assumed to be composed of ammonium
bisulfate. The soluble ammonium bisulfate is assumed to
surround an insoluble core having a volume that results in
the measured G(RH). Ammonium bisulfate was selected
since the RH and temperature scan data suggest it was the
most likely inorganic compound present in the aerosol.
Empirical relationships describing the solute mass fraction-
dependent density and water activity of an ammonium
bisulfate solution provided in the work of Tang and
Munkelwitz [1994] were used for this analysis. An identical
approach and assumed composition were also used for each
of the other particle types. This simplistic two-component
model is undoubtedly incorrect for the biomass burning
aerosol, as well as for the other particle types considered.
However, extrapolation of the measured G(RH) under
subsaturated conditions to Sc should be sensitive to
composition primarily through variations in the dependence
of the water activity coefficient, gw, on solute concentra-
tion, and, possibly, through variations in solubility. The
observation that organic aerosols are generally less

hygroscopic than inorganic aerosols may be attributable to
lower solubility, higher molecular weight, or reduced
dissociation of the organic compounds. A slightly soluble
organic compound may contribute little to observed
hygroscopic growth, but may dissolve as the droplet
becomes increasingly dilute. Although such slightly soluble
compounds may fully dissolve only as the solution droplet
approaches its critical diameter, even partial dissolution
under subsaturated conditions should result in an increasing
solute content with increasing RH. This would be
manifested in a more rapid increase in hygroscopic growth
with increasing RH than expected for the simplified mixture
of ammonium bisulfate and an insoluble core assumed here.
The solute concentration dependence of aw will also impact
the relationship between hygroscopic growth and RH.
Hence the suitability of the simplistic two-component
aerosol model to accurately describe the response of the
smoke and other aerosol types when exposed to a
supersaturation can be partially tested by examining the
variability in Sc inferred from G(RH) measured over a wide
RH range. Each of the measured G(RH) shown in the RH
scan data for 0.1 and 0.2 mm particles in Figure 12 was
related to Sc through the procedure described above. The
0.05 mm diameter data were not considered because of the
difficulty in accurately fitting the two overlapping low
hygroscopicity modes evident in the RH scan data shown in
Figure 12. The RH dependence of the calculated critical
supersaturations is shown in Figure 15. The presence of
slightly soluble organics that contribute more to the
hygroscopicity at high RH than at low RH would result

Table 1. Parameters for Lognormal Fits of the Single Particle-Type Size Distributions

Date and Time, LT Mode

Hydrophobic Local Organic Biomass Burning Mixed Sulfate

N Dpg sg N Dpg sg N Dpg sg N Dpg sg N Dpg sg
7 May 1610 1 59.3 0.14 1.56 124.6 0.01 1.34 652.7 0.14 1.64 39.1 0.03 1.49 701.5 0.10 2.07
7 May 1610 2 68.4 0.03 1.38 167.0 0.21 1.29 102.9 0.06 1.33 29.6 0.29 1.16
8 May 0200 1 4.4 0.06 1.29 30.6 0.02 1.36 154.6 0.07 1.38 232.6 0.11 1.34 235.1 0.04 1.92
8 May 0200 2 0.6 0.53 1.11 1.5 0.04 1.15 745.9 0.14 1.64 220.8 0.19 1.40 157.2 0.07 1.35
8 May 0200 3 87.67 0.17 1.36
8 May 0930 1 37.6 0.01 1.30 291.9 0.03 1.40 887.7 0.16 1.53 196.7 0.15 1.46 319.2 0.03 2.01
8 May 0930 2 194.4 0.05 1.33 123.6 0.24 1.29 393.0 0.20 1.67
8 May 1710 1 116.6 0.06 1.31 82.5 0.01 1.24 1327 0.11 1.55 50.8 0.03 1.32 90.0 0.03 1.48
8 May 1710 2 128.5 0.02 1.51 74.1 0.28 1.19 772.0 0.14 1.46 113.0 0.07 1.28
8 May 1710 3 273.4 0.18 1.42
9 May 0225 1 173.1 0.03 1.75 79.4 0.06 1.31 71.7 0.10 1.34 121.8 0.02 1.55
9 May 0225 2 586.7 0.13 1.68 320.8 0.20 1.43 248.1 0.06 1.39
9 May 0225 3 190.2 0.19 1.50
9 May 0955 1 407.3 0.02 1.55 462.2 0.09 1.58 240.3 0.23 1.38 162.4 0.03 1.38
9 May 0955 2 527.2 0.17 1.40 256.2 0.06 1.35
9 May 0955 3 416.3 0.13 1.68
9 May 1730 1 64.4 0.06 1.28 174.7 0.01 1.36 2133 0.13 1.57 96.1 0.03 1.35 75.1 0.03 1.34
9 May 1730 2 19.8 0.03 1.20 569.6 0.17 1.45 252.0 0.07 1.40
9 May 1730 3 462.3 0.17 1.53
10 May 0220 1 83.5 0.02 1.42 828.2 0.12 1.73 269.3 0.05 1.67 409.3 0.06 1.51
10 May 0220 2 183.5 0.04 1.20 439.4 0.25 1.39 140.7 0.20 1.49 252.8 0.19 1.35
10 May 0940 1 69.5 0.06 1.33 206.8 0.02 1.50 1054 0.16 1.65 71.8 0.03 1.39 69.0 0.02 1.48
10 May 0940 2 462.3 0.27 1.36 196.3 0.20 1.40 211.9 0.06 1.37
10 May 0940 3 406.5 0.19 1.57
10 May 1700 1 81.9 0.07 1.38 115.5 0.02 1.46 1869 0.15 1.68 398.6 0.18 1.43 52.8 0.02 1.38
10 May 1700 2 12.2 0.14 1.17 7.8 0.04 1.14 307.5 0.10 1.77
10 May 1700 3 101.1 0.28 1.18
11 May 0200 1 84.1 0.03 1.34 1639 0.14 1.66 587.4 0.11 1.71 51.0 0.02 1.34
11 May 0200 2 212.8 0.26 1.24 347.8 0.13 1.63
11 May 0200 3 12.1 0.42 1.19
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in a negative slope in the Sc versus RH relationships.
Despite the scatter in the data, which results largely from
difficulties in fitting and not variability in the aerosol over
time, the inferred Sc of the three particle types appear to lie
in horizontal bands for both the 0.1 and 0.2 mm diameter
data. This insensitivity of the inferred Sc to the RH at which
G(RH) is measured provides some degree of confidence in
the subsequent extrapolation to supersaturations.
[21] Through the approach described above, each of the

single particle-type size distributions (dN/dlogDp versus Dp)
were translated into differential CCN spectra (dN/dlogSc
versus Sc). These differential spectra were then integrated to
create cumulative spectra, from which the fractional con-
tributions of each of the identified particle types to the CCN
concentration were calculated. Whereas the differential
spectra more closely reflect the aerosol size distribution
and provide greater insight into size-dependent aerosol
composition, cumulative spectra are also included since
they provide a convenient means for relating peak super-
saturation in cloud, Sp, to the corresponding cloud droplet
concentration, Nd. The CCN spectrum calculated for the
measurement sequence used as an example is shown in
Figure 16. Although peak supersaturations in cloud typically
range from about 0.1 to 1.0%, the range presented in
Figure 16 was extended in order to include the contributions
of each of the particle types. Consistent with this example
spectrum, the biomass burning aerosol dominated the CCN
concentration at high Sc throughout the entire smoke
episode, while the sulfate and mixed particle types
dominated at low Sc. It is the displacement in Sc between
the sulfate and biomass burning modes that causes the
reduction in activation efficiency of the biomass burning

aerosol, and, in some cases, results in a net reduction in
cloud droplet concentration that will be discussed below.

3. Results

3.1. Isolated Size Distributions

[22] Size distributions for each of the five particle types
identified in the hygroscopic growth measurements were
determined for each of the measurement sequences com-
pleted during the sampling period. Contour plots showing
the evolution of these distributions during the smoke
episode are shown in Figure 17. Throughout the sampling
period, the concentration of the biomass burning aerosol
was significantly higher than that of any of the other particle
types identified. The number concentration of the biomass
burning aerosol ranged from 660 to 2130 cm�3, with an
average of 1300 cm�3. In contrast, the shape of the biomass
burning aerosol size distribution varied little throughout the
period, consistently having a modal diameter of slightly
above 0.1 mm. The slight shift to larger diameter observed
during the latter part of the episode resulted in an increased
mass concentration and an increased scattering coefficient,
despite the accompanying reduction in number concentra-
tion. The lack of a strong correlation between the concen-
tration of the local organic and biomass burning particle
types supports the conclusion that the two populations had
different sources. As discussed above, the concentration of
the ‘‘mixed’’ particle class seems to be correlated with that
of the biomass burning aerosol, although the link between
the two particle classes is unknown. As with the example
case shown in Figure 14, the sulfate size distribution was
typically broad relative to that of the other aerosol types,

Figure 15. Critical supersaturation inferred from RH-dependent hygroscopicity of 0.1 and 0.2 mm
particles measured during the sequence that began at 0930 LT on 8 May 2003. Enhanced dissolution of
slightly soluble organics at high RH would result in a negative slope in the Sc versus RH relationships.
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and often possessed the bimodality expected for a cloud
processed aerosol.

3.2. Impact of the Smoke on Derived CCN
Concentrations

[23] From the 11 CCN spectra created using the data
collected during the same number of measurement sequen-
ces, the contributions of each of the particle types to the
cumulative CCN concentration at 0.15%, 0.5%, and 1.0% Sc
were determined. Figure 18 shows these data for the entire
sampling period, along with the fractional contribution of the
biomass burning aerosol to the total concentration. As was
true for the example spectrum shown in Figure 16, the
hygroscopic and soluble sulfate particles dominated the
concentration at low Sc, while the biomass burning aerosol
typically dominated at high Sc. The minimum fractional

contribution of the biomass burning aerosol at low Sc
occurred during a period when its size distribution shifted
slightly toward smaller diameter. The fractional contribution
at high Sc is simply a reflection of the total number concen-
trations of each of the particle types since even the less
hygroscopic biomass burning particles are expected to acti-
vate. Cumulative CCN concentrations averaged over the
smoke episode were 869, 1918, and 2206 cm�3 at 0.15,
0.5, and 1.0% Sc, respectively, of which the biomass burning
aerosol contributed 43%, 56%, and 57%, respectively. These
concentrations are similar to those measured by Roberts et al.
[2003] during the dry season in the Amazon Basin when
smoke resulted in a dramatic enhancement in CCN.
[24] Most regional and global models are designed to

predict compositionally resolved aerosol mass concentra-
tions. Relating these mass concentrations to CCN

Figure 16. Particle-type resolved CCN spectra created using the size and G(RH) distributions measured
during the sequence that began at 0930 LT on 8 May 2003. (top) Differential spectrum which was
integrated to create the (middle) cumulative representation, from which the (bottom) fractional
contribution of each of the particle types to the total concentration was derived.
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concentrations for evaluation of the influence of different
emissions sources on cloud properties is challenging. To
assist modeling efforts aimed at relating emissions from
biomass burning to resulting CCN concentrations, the data
described above were averaged to produce simple parame-
terizations relating CCN concentration to quantities more
easily measured or modeled. Specifically, the Sc-dependent
cumulative CCN spectra computed for the biomass burning
aerosol were normalized by the total number concentration,
the total mass concentration, and the total scattering coef-
ficient at a wavelength of 0.55 mm. For these calculations,
the biomass burning aerosol was assumed to have a density
of 1.5 g/cm3, which is approximately halfway between that
reported by Reid and Hobbs [1998] and that by Ross et al.
[1998] of 1.35 and 1.8 g/cm3, respectively. The refractive
index of the aged biomass burning aerosol was assumed to be
1.54–0.018 i [Haywood et al., 2003]. Figure 19 shows the
number concentration, mass concentration, and scattering

coefficient normalized CCN spectra for the biomass burning
aerosol. The solid line represents the mean, while the shaded
area represents ± one standard deviation. Coefficients for fits
of the three curves representing the mean normalized spectra

of the form
NSc

x
¼ a

1þ 0:25%
Sc %ð Þ

� �2 are provided in Table 2. The fits

calculated using this expression are shown as dashed red lines
in Figure 19.

3.3. Impact of the Smoke on Modeled Cloud Droplet
Concentrations

[25] The relationship between aerosol concentration and
resulting cloud droplet concentration depends on
the dynamic interplay between water vapor supply due to
ascent and the rate of condensation, which together deter-
mine the in-cloud peak supersaturation. In some scenarios,
it is possible to reduce cloud droplet concentration by

Figure 17. Time dependence of the single particle-type size distributions derived using data collected
during the 11 measurement sequences completed during the smoke episode.
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introducing particles with very low Sc that can efficiently
scavenge water vapor, reduce the peak supersaturation and
prevent the activation of smaller CCN [Ghan et al., 1998;
O’Dowd et al., 1999; Feingold et al., 2001]. The analysis
here is aimed at gaining a better understanding of the
interaction between the smoke aerosol that originated from
the Yucatan and pollution aerosols emitted and generated
primarily in Texas. Any reduction of in-cloud peak super-
saturation caused by pollution will decrease the efficiency
with which the smoke is removed through wet deposition,
which will enhance its integrated direct radiative impact.
Although not explicitly considered here, the elevated aerosol
concentrations resulting from addition of the multiple
particle types present also increases the susceptibility of
those particles with Sc � Sp to kinetic limitations of
activation [Nenes et al., 2001].
[26] The single particle-type lognormal distributions

prescribed in Table 1 were used to describe the aerosol

introduced into a 1-D cloud parcel model [Feingold and
Heymsfield, 1992] both to evaluate the overall activation
efficiency of the biomass burning aerosol in different cloud
types, and to determine whether the addition of hygroscopic
sulfate particles might suppress activation of a significant
fraction of the biomass burning aerosol. The model is an
adiabatic parcel model with prescribed updraft. It simulates
the growth of a population of particles resolved in 50 size
classes as they compete for the supersaturation generated by
parcel ascent. The soluble fraction of the particles within
each class was determined for each measurement sequence
using equations (1) and (2) with the corresponding averaged
G(RH). Within the model, Nd was defined as the concen-
tration of droplets having a diameter of 2 mm or larger to
avoid ambiguity associated with whether particles are
activated and growing, activated and evaporating, or simply
very low Sc particles that may have insufficient growth time
to reach their critical diameter. The model results for all

Figure 18. Calculated cumulative CCN concentrations throughout the smoke episode. The overall
contribution of the biomass burning aerosol to the predicted total CCN concentration is represented by
the dark shaded areas in the three top graphs, while the fractional contribution is shown in the bottom
graph.

D22204 LEE ET AL.: EXPECTED IMPACT OF AGED SMOKE ON CLOUDS

14 of 18

D22204



11 measurement sets are summarized in Figure 20. As
expected, increasing updraft velocity results in increasing
cloud droplet concentrations. For the majority of cases
considered, the addition of the sulfate aerosol population
resulted in an increased Nd. However, for both 0.1 and
0.2 m s�1 updraft speeds, there were cases for which
introduction of the sulfate aerosol caused a reduction in Nd.
These cases are reflected in Figure 21, which shows the
range observed in the ratio of the predicted Nd when both
the biomass burning aerosol and the sulfate aerosol are
included in the model to that when only the biomass burning
aerosol is included. Values less than 1.0 represent somewhat
counterintuitive scenarios for which an increased aerosol
concentration results in a decreased cloud droplet concentra-
tion. Similar results were obtained by Feingold et al. [2001]

Table 2. Coefficients for Fits of Each of the Three Curves

Representing the Mean Normalized CCN Spectra Using the Form,
NSc

x
¼ a

1þ 0:25%
Sc %ð Þ

� �2
a

Coefficient
Number

Concentration
Mass

Concentration
Scattering
Coefficient

x Ntotal (cm
�3) Mtotal (mg m�3) ssp (Mm�1)

a 1 180 cm�3/mg m�3 44 cm�3/Mm�1

aThe values for the dashed red lines in Figure 19 were calculated using
these coefficients.

Figure 19. Episode-averaged biomass burning-only cumulative CCN spectra normalized by (top) total
aerosol number concentration, (middle) aerosol mass concentration, and (bottom) light scattering
coefficient. The solid line represents the mean value, and the shaded area bounds ± one standard
deviation.
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in their modeling study of smoke aerosol effects on clouds
in Brazil.

4. Summary and Conclusions

[27] Aerosol size distributions and size-resolved hygro-
scopicity and volatility were measured over a 4-day period in
College Station, Texas, during an episode when smoke
from fires on the Yucatan Peninsula was transported across
the Gulf of Mexico and into Texas. Compositional cate-
gorization of the aerosol based on the hygroscopicity

measurements was coupled with measured size distribu-
tions to create independent size distributions for the
biomass burning aerosol and each of the other four
identified particle types. The size distributions and repre-
sentative hygroscopic properties of each of the particle
types were then used to infer CCN spectra. This approach
permits examination of the activation properties of the
biomass burning aerosol even when other aerosol types
are present at high concentrations. In general, more
hygroscopic sulfate particles dominated the CCN concen-
tration at low Sc, while the more concentrated, but less

Figure 20. Episode-averaged cloud droplet concentrations determined using the 1-D cloud parcel
model. The lines represent the mean values, while the vertical bars represent the range at each of the
updraft speeds considered.

Figure 21. Episode-averaged ratio of predicted cloud drop number concentration when both the
biomass burning and sulfate aerosol were introduced into the model relative to that when only the
biomass burning aerosol was introduced. The solid line represents the mean value, while the vertical lines
represent the range for each of the updraft speeds considered. Values less than 1.0 represent scenarios for
which addition of the sulfate aerosol will result in a net decrease in cloud droplet concentration.
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hygroscopic, smoke dominated at high Sc. The impact of
the biomass burning aerosol on resulting cloud droplet
concentrations was evaluated through a cloud parcel
model. For certain aerosol measurement sequences and
cloud updraft velocities, predicted cloud droplet concen-
trations were lower when the observed sulfate aerosol was
introduced together with the biomass burning aerosol
relative to that when only the biomass burning aerosol
was introduced. This represents a scenario in which pollu-
tion aerosol may cause a slight reduction in cloud albedo.
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