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3Department of Applied Physics, University of Eastern Finland, Kuopio, Finland

A tandem differential mobility analyzer (TDMA) was applied
to determine the mixing state of size-resolved submicrometer par-
ticles, in an urban area of Gwangju in Korea, when enhanced
concentrations of particles were observed (e.g., photochemical and
combustion events). The existence of a nonvolatile core was iden-
tified after removing volatile species with increasing temperature
up to ∼250◦C. Data showed that in the combustion event, the accu-
mulation mode particles (137–139 nm) increased significantly and
they had a nonvolatile core coated with volatile species, while in
the photochemical event, the nucleation mode (15–30 nm) particles
enhanced and there was no such nonvolatile core (i.e., they were
completely evaporated below 250◦C). When hygroscopic growth
factor (HGF) of the core particles was measured in the combustion
event, their values were close to one, suggesting that they con-
sist of nonvolatile and nonhygroscopic species like black carbon.
In the photochemical event, the nucleation mode particles were
completely evaporated at 250◦C and had some volatile fractions at
100◦C, unlike pure ammonium sulfate, and had C and S elements in
their TEM/EDS data, suggesting that they have an internal mixture
of sulfate and organics. Also, the HGF of the remaining particles
after removing volatile species at 150◦C increased, but not as much
as expected for the case of complete evaporation of volatile species
at this temperature. Data for evaporative behaviors of laboratory-
generated aerosols (i.e., ammonium sulfate and succinic acid) sug-
gest that evaporation of volatile species in a well-mixed mixture
was delayed compared to those existing as single species.
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1. INTRODUCTION
Atmospheric aerosols affect earth’s radiation budget directly

by absorbing and scattering incoming sunlight and indirectly
by acting as cloud condensation nuclei (CCN) to form clouds
(Charlson et al. 1992; Lightstone et al. 2000; Kanakidou et al.
2005; IPCC 2007). Aerosols also influence visibility degrada-
tion (Seinfeld and Pandis 1998) and human health (Zimmer-
mann 2011; Bakand et al. 2012) and are involved in various
heterogeneous chemical reactions in the ambient atmosphere
(Seinfeld and Pandis 1998). Typically, atmospheric particles are
directly emitted from anthropogenic and natural sources such
as vehicles, industrial factories, biomass burning, oceans, and
deserts. Also, atmospheric particles are produced indirectly by
gas-to-particle conversion processes (Andreae 2007, 2009). Due
to multiple sources and various aging processes (e.g., conden-
sation, coagulation, oxidation, and cloud processing) for at-
mospheric particles, they exist in various mixing states having
multiple chemical constituents. For instance, particles can be
externally mixed (each particle consists of a single chemical
species) or internally mixed (particles consist of a mixture of var-
ious chemical species) (Zhang et al. 1993; Bond and Bergstrom
2006; Péré et al. 2009). The internal mixture can further be clas-
sified into “well-mixed” and “core-shell” mixtures (Jacobson
2001; Bond and Bergstrom 2006). “Well-mixed” is a mixture
where multiple components exist in a well-mixed state, while
“core-shell” is a mixture where a solid core is coated by different
chemical species.

Recently, the mixing state of atmospheric aerosols has been
considered an important input parameter into climate mod-
els to better predict the impact of aerosols on climate change
(Koloutsou-Vakakis et al. 1998; Satheesh et al. 2006; Satheesh
et al. 2008; Riemer et al. 2009; Park et al. 2011). It was reported
that black carbon (BC) particles coated by liquid species (i.e.,
core-shell mixture) led to enhanced absorption of incoming so-
lar light compared to pure BC particles (Jacobson 2000, 2001;
Chandra et al. 2004; Mikhailov et al. 2006; Moffet and Prather
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MIXING STATE OF SIZE-SELECTED PARTICLES 747

2009). Xue et al. (2009) showed that coating soot particles with
dicarboxylic acids (i.e., core-shell mixture) led to enhanced light
scattering efficiency. Freney et al. (2010) reported that light
scattering efficiency of internal mixtures having nonspherical
particles in aqueous droplets was higher than that of core-shell
particles. In addition to the optical property changes of particles
depending on the mixing state, the hygroscopic property of par-
ticles, which is an effective indicator for CCN, was also affected
by their mixing state. The hygroscopicity of a well-mixed mix-
ture of dicarboxylic acids and ammonium sulfate was reported
to be lower than pure ammonium sulfate particles and higher
than pure dicarboxylic acid particles having the same volume
(Hämeri et al. 2002; Prenni et al. 2003; Wise et al. 2003). When
the nonhygroscopic BC particles were coated by hygroscopic
species, the BC particles became hygroscopic, leading to a life-
time reduction of the BC particles due to wet scavenging in
the ambient atmosphere (Xue et al. 2009). The change in hy-
groscopicity of the coated BC particles can also affect cloud
formation and the deposition pattern in the human respiratory
system.

Several previous studies have reported on the mixing state
of atmospheric particles (Adachi and Buseck 2008; Péré et al.
2009; Adachi et al. 2011). It was reported that sulfate and
organic particles in Los Angeles were externally mixed for
the given size of 50–300 nm, whereas particles sampled in
Mexico City were reported to be internal mixtures of sulfate and
weakly hygroscopic organic species (Adachi et al. 2011). Based
on microscopic analysis of particles sampled in the plume in
Mexico City, Adachi and Buseck (2008) found that more than
50% of the collected particles had a core-shell mixture (i.e.,
soot particles were coated with organic matter and sulfate).
Péré et al. (2009) reported that the core-shell mixture (e.g.,
soot or dust particles were coated by secondary organic species)
was the most probable mixing state of atmospheric aerosols
emitted from biomass burning and anthropogenic sources over
Europe during summer of 2003. In the Indo-Gangetic Plain
of India, it was observed that the mixing state of atmospheric
aerosols varied with the season (Dey et al. 2008; Srivastava and
Ramachandran 2013). However, few studies have reported on
the mixing state of size-resolved particles during specific ultra-
fine particle formation events.

In this study, the mixing state of size-selected submi-
crometer particles was determined by using a hygroscopicity
tandem differential mobility analyzer (HTDMA) system
with a thermodenuder or volatility hygroscopicity TDMA
(VH-TDMA) (Rader and McMurry 1986; Johnson et al.
2004; Park et al. 2008; Villani et al. 2008; Park et al. 2009b)
during particle formation events (photochemical event or
combustion event) in an urban area of Gwangju in Korea. This
online measurement technique will overcome the limitation of
microscopic techniques such as low particle counting statistics
and evaporative artifacts (e.g., evaporation of volatile species
during microscopic analysis). In this technique, the existence

of nonvolatile cores was identified after removing volatile
species using the thermodenuder by increasing the temperature
to ∼250◦C. Also, hygroscopicity of the core particles (i.e., the
remaining particles after evaporation of any volatile species at
∼250◦C) was measured to estimate the chemical constituents
of the core particles. In the absence of a nonvolatile core, the
change of hygroscopicity of particles at varying temperatures
(25–250◦C) was determined. The HTDMA system without the
thermodenuder was used for determination of the external mix-
ing state of size-selected particles with different hygroscopic
species.

2. EXPERIMENTAL METHODS
Measurements were conducted in an urban area of Gwangju

(35◦ 13’N 126◦ 50’E) in Korea from 18 July to 14 September
2011. The sampling site was located around a residential area
(∼0.6 km away), an agricultural area (∼0.8 km away), a high-
way (∼1.5 km away), and a small industrial complex (∼4 km
away) (Park et al. 2008). The atmospheric particles first passed
through a PM10 inlet, which was placed on the rooftop of a
four-story building (approximately 15 m above ground level).
The particles were dried out using a series of diffusion dryers
(TSI 3062; TSI Inc., Shoreview, MN, USA) before entering an
aerosol measurement system. A scanning mobility particle sizer
(SMPS; TSI 3081 DMA and TSI 3022A CPC) was used to con-
tinuously measure the size distribution of particles from 15 nm
to 600 nm. Hourly O3, NO2, CO, and SO2 concentration data
were obtained at a nearby sampling site.

Particle formation events when a significant increase in num-
ber concentration of submicrometer particles (10–100 nm or
10–200 nm) occurred were classified into “photochemical” and
“combustion” events. When the increase of concentration of
submicrometer particles was consistent with O3 and solar ra-
diation, this event was classified as a photochemical event.
When the increase of particle concentration coincided with
elevated NO2 and CO concentrations, this event was classi-
fied as a combustion event. When these particle formation
events occurred (i.e., photochemical and combustion events),
the thermodenuder-HTDMA system was triggered to determine
the mixing state of size-selected particles (i.e., the nucleation
or accumulation mode particles). The thermodenuder-HTDMA
system mainly consists of three differential mobility analyz-
ers (DMAs) (Knutson and Whitby 1975; Chen et al. 1998), a
condensation particle counter (CPC, TSI 3010), a humidifica-
tion system, and a thermodenuder (heated tube and charcoal
absorber), as shown in Figure 1. Three DMAs were used to
cover a wide dynamic size change under an elevated tempera-
ture. The temperature varied from 25–250◦C. For hygroscopic
growth measurement, the RH was fixed at 85%. The tandem
measurement technique is described well in previous studies
(Rader and McMurry 1986; McMurry and Stolzenburg 1989;
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748 J. KIM ET AL.

FIG. 1. A schematic of the experimental setup.

Sakurai et al. 2003; Rose et al. 2006; Park et al. 2009a). The
experimental procedure is given ahead.

To measure shrinkage factor (SF; the ratio of particle mode
diameter at increased temperature to that at room temperature)
of particles and to identify the existence of nonvolatile core in
them, ambient particles were first dried using a series of dif-
fusion driers and passed through a 241Am “neutralizer” before
being selected by the first DMA (the mode particles identified
by the SMPS was selected). The selected particles were directly
introduced to the humidifier at room temperature (25◦C) and
dry condition (<10% RH) without passing through the ther-
modenuder. The resulting size distribution was measured with
the second DMA and CPC, which provides particle mode diam-
eter at room temperature and dry condition. While the particle
size distribution was being measured at the dry condition, the
heater temperature in the thermodenuder system increased to
100◦C to minimize a waiting time to increase the temperature.
Then, the selected particles by the first DMA were introduced
to the thermodenuder. The residence time for particles through
the heated tube is 270 ms. The size distribution of the remaining
particles after removing volatile species at 100◦C was measured
with the second DMA and CPC. The heat temperature further
increased to 150◦C, 200◦C, and 250◦C, and at each temperature,
the resulting size distribution was measured in a similar manner
to above, providing the SF as a function of the heater temper-

ature. If the particles are completely evaporated at 200–250◦C,
no particles will be detected, which is the case for ammonium
sulfate, ammonium bisulfate, ammonium nitrate, sulfuric acid,
C24-C32, and dicarboxylic acids based on our laboratory mea-
surements. If particles exist after removing volatile species at
250◦C, they should have a nonvolatile core. In this way, the ex-
istence of nonvolatile core in the size-selected particles can be
verified. The volume fraction of core particles is calculated from
the SF assuming spherical particles. Laboratory tests excluded
the possibility of recondensation of evaporated species in the
thermodenuder-HTDMA system.

To measure hygroscopic growth factor (HGF) of the particles
after being heated up to 150–250◦C, particles after shrinkage
were exposed to the elevated RH (85%). In the SF measure-
ments in the previous section, the RH was kept at low humidity
(<10%) by supplying dry sheath air passing through diffusion
dryers and a filter to the humidifier and the sheath air of sec-
ond DMA. A mixture of wet and dry air was supplied by mass
flow controllers to the humidifier and the sheath air of the sec-
ond DMA to obtain 85% RH. The RH and temperature were
measured at downstream of the humidifier and the excess air
of the second DMA. The room temperature was controlled to
maintain 25◦C; a small fan was used to remove any hot spot of
the tube after the humidifier. The time for obtaining stable RH
(i.e., 85%) with this method was less than 5 min (only one RH
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MIXING STATE OF SIZE-SELECTED PARTICLES 749

condition was used in this study). The HGF of 20 nm ammo-
nium sulfate at 85% RH was ∼1.40, which is close to reported
(1.44) value with the Kelvin correction (Biskos et al. 2006).
In the combustion event, the HGF of the particles after being
heated to 250◦C (i.e., nonvolatile core) was measured, while in
the photochemical event, the HGF of the particles after being
heated to 150◦C was measured. The HGF of the particles was
derived as the ratio of particle mode diameter at the given tem-
perature of the thermodenuder and RH (85%) to particle mode
diameter at the same thermodenuder temperature as above and
RH (<10%). At each condition, 4–5 data points were obtained
and the whole measurements were completed within 1–2 h after
particle formation events appeared. If the size-selected particles
exist in an external mixing state, two or more groups of particles
having different HGFs after humidification or SFs after heating
will appear.

Various laboratory-generated aerosols are produced using an
atomizer and furnace reactor system; their HGF and SF were
determined by the thermodenuder-HTDMA system. For pro-
duction of an internal mixture of particles in well-mixed state,
an aqueous solution was prepared by homogeneously mixing
known amounts of target species in deionized water and then
aerosolized via an atomizer (TSI 3076, USA). To examine the
morphology of atmospheric particles, they were collected on a
transmission electron microscopy (TEM) grid using a nanome-
ter aerosol sampler (TSI 3089; Dixkens and Fissan 1999).
These samples were analyzed using TEM (JEOL JEM-2100F;
JEOL Ltd., Akishima, Tokyo, Japan) and EDS (OXFORD
INCA x-sight; Oxford Instruments plc; Abingdon, Oxfordshire,
UK).

3. RESULTS AND DISCUSSION
Hourly variation of particle size distribution in the combus-

tion event occurring on 31 August 2011 is shown in Figure 2a.
The number of particles increased at 8:00 PM with a mode diam-
eter of ∼137 nm; the elevated concentration lasted until 11:00
PM. As shown in Figure 2b, the increase of N (10–200 nm)

FIG. 3. SFs of the accumulation mode particles (137 nm on 31 August
2011 and 139 nm on 2 September 2011) in combustion events and laboratory-
generated particles (succinic acid, oxalic acid, sulfuric acid, ammonium sulfate,
and BC) as a function of temperature.

coincided with NO2, suggesting that those particles were pro-
duced from combustion sources. When the hygroscopicity and
volatility of the mode particles were measured during this event,
the particles had an average HGF of 1.16 ± 0.03 at 85% RH and
an SF of 0.92 ± 0.01 at 100◦C, suggesting that they had both
hygroscopic species (but not highly hygroscopic) and volatile
species (∼22% volume fraction). TDMA data for the mode
particles suggested that they were not significantly externally
mixed with different hygroscopic or volatile species (i.e., only
one peak in the size distribution at 85% RH or 100◦C). In order
to examine the mixing state of the mode particles (130–140 nm)
in the combustion events, they were introduced to the thermode-
nuder and exposed to varying temperatures; the SF of the mode
particles as a function of temperature is shown in Figure 3. As
shown, volatile species evaporated from 50◦C up to 200◦C, and
after that, no significant size change was observed by further
increasing the temperature. This suggests that those particles
contain a nonvolatile core and exist in a core-shell mixing state.
The volume fraction of the core was calculated as 36–41%,

FIG. 2. (a) Variation of hourly average particle size distribution and (b) diurnal variations of N (10–200 nm) and NO2 (ppb) in the combustion event on 8/31/2011.
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750 J. KIM ET AL.

FIG. 4. HGFs of particles before and after heating of the accumulation mode
particles (137 nm on 31 August 2011 and 139 nm on 2 September 2011) at
250◦C in combustion events.

assuming they are spherical particles. For comparison, data for
BC, succinic acid, oxalic acid, sulfuric acid, and ammonium
sulfate particles were included. The sulfuric acid may be neu-
tralized to ammonium sulfate or ammonium bisulfate (Johnson
et al. 2005; Grose et al. 2006; Biskos et al. 2009). No size change
was observed for pure BC particles up to 250◦C, while oxalic
acid, succinic acid, sulfuric acid, and ammonium sulfate parti-
cles were completely evaporated by increasing the temperature
to 200◦C.

When the hygroscopic property of the core particles after
removing volatile species at 250◦C was measured, the HGF
decreased compared to the mode particles before removing

volatile species as shown in Figure 4. For particles observed
in the combustion event, the Kelvin effect (the HGF decreased
with decreasing size) was not significant due to their large size
(>90 nm) (Park et al. 2009a). The HGFs of the core particles
were close to 1.0, suggesting that the core mostly consists of
nonhygroscopic species like BC or soot particles. TEM images
of particles observed in the combustion event are shown in Fig-
ure 5. Submicrometer particles having a core-shell mixing state
were also identified in the TEM images. When a single particle
was magnified via an intensified electron beam, it was observed
that the coated species were evaporated (Tumolva et al. 2010).
As can be seen, the core particles are not spherical and some-
times they are agglomerated. It is possible that a morphological
change of the particles (i.e., from spherical to nonspherical)
during heating can lead to different values of the core volume
fraction from those calculated by mobility size change, assum-
ing that particles are spherical before and after heating (Zhang
et al. 2008). By assuming that particles became a compact clus-
ter (dynamic shape factor = 1.17) from a spherical shape after
evaporation of volatile species, the core volume fraction de-
creased by 23% compared to value calculated by assuming that
particles were sphere.

Hourly size distribution of particles in the photochemical
event (14 September 2012) as a function of time is shown in
Figure 6a. Nucleation mode particles started to form at around
12:00–1:00 PM with a mode diameter of ∼15 nm and gradually
grew with a growth rate of 4.8 nm h-1 until the nucleation
mode particles disappeared. As shown in Figure 6b, the time
for increased concentration of N (10–100 nm) coincided well
with O3 and solar radiation, suggesting that these ultrafine

FIG. 5. TEM images of submicrometer particles observed in the combustion event.
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MIXING STATE OF SIZE-SELECTED PARTICLES 751

FIG. 6. (a) Variation of hourly average particle size distribution and (b) diurnal variations of N (10–100 nm) and O3 (ppb) in the photochemical event on 14
September 2011.

particles were produced by photochemical activity. During the
period of particle formation and growth from 15 nm to 30 nm,
the 20 nm particles were selected to measure the HGF (85%
RH) and SF (100◦C). They had a constant HGF of 1.24 ±
0.02 and SF of 0.95 ± 0.002 without significant external
mixing of different hygroscopic or volatile species. The volume
fraction of volatile species in the particle was ∼14% at a heater
temperature of 100◦C. The constant HGF and SF during that
time period indicate that similar chemical species (possibly
sulfate and organics) were continuously involved in the particle
growth.

The SF of the mode particles (20 nm on 13 September 2012
and 30 nm on 14 September 2011) as a function of tempera-
ture in photochemical events is shown in Figure 7. When the
temperature increased to 200◦C, the particles were completely
evaporated, suggesting that they contained no nonvolatile core
such as those found in the combustion event as discussed previ-

FIG. 7. SFs of the nucleation mode particles (20 nm on 13 September 2011 and
30 nm 14 September 2011) in photochemical events and laboratory-generated
particles (succinic acid, oxalic acid, sulfuric acid, ammonium sulfate, and BC)
as a function of temperature.

ously. Their evaporative behavior is similar to that of ammonium
sulfate. However, the ambient particles had some volatile frac-
tion (13∼24% volume fraction) at 100◦C contrary to those of
pure ammonium sulfate or sulfuric acid, suggesting that they
are internal mixtures of sulfate and organics. TEM images of
submicrometer particles observed in the photochemical event
are shown in Figure 8. They had C and S elements, also sug-
gesting that they are internal mixtures of sulfate and organics.
When a single particle was magnified using an intensified elec-
tron beam, it was observed that most species were evaporated
(i.e., no nonvolatile core).

Before and after heating (150◦C) of the mode particles (20 nm
on 13 September 2012 and 30 nm on 14 September 2011) in
photochemical events, the HGFs were compared as shown in
Figure 9. The HGFs of particles after removing some volatile
species increased compared to those before removing volatile
species, which is contrary to those in combustion events. It is
possible that the size difference before and after heating for
particles observed in the photochemical event can cause the dif-
ference in the HGF due to their small size (<30 nm; i.e., Kelvin
effect). However, the HGF increased after heating, and thus
this cannot be due to the change of size (Michaud et al. 2009).
Data suggest that volatile species that were less hygroscopic
were evaporated at 150◦C, leading to the higher HGF. Note that
our laboratory measurements showed that pure organic species
(e.g., n-alkanes [C24–C32] and dicarboxylic acids) were com-
pletely evaporated at 100◦C. Thus, the HGF of particles at a
heater temperature of 150◦C should be much higher than the
current value, if such less hygroscopic organic species were
completely evaporated from the internal mixture of sulfate and
organics. Volatile species existing in an internal mixing state
in the photochemical event were not evaporated like they exist
as pure species possibly due to their lowering vapor pressure
(i.e., solute effect on vapor pressure). A similar result was ob-
served for a mixture of ammonium sulfate and MSA (Johnson
et al. 2004). To test the above hypothesis, pure ammonium
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752 J. KIM ET AL.

FIG. 8. TEM and EDS data for submicrometer particles observed in the photochemical event.

sulfate, pure succinic acid, and an internal mixture of ammonium
sulfate and succinic acid (50%/50%) (in a “well-mixed” state)
were produced and evaporative behaviors of the size-selected
particles (∼30 nm) were examined as shown in Figure 10. As
shown, the succinic acid as an internal mixture was not com-
pletely evaporated before 100◦C unlike pure succinic acid, sug-

FIG. 9. HGFs of the nucleation mode particles (20 nm on 13 September
2011 and 30 nm 14 September 2011) before and after heating at 150◦C in
photochemical events.

gesting that the evaporation of the succinic acid as an internal
mixture was delayed due to the mixing effect (e.g., lower-
ing vapor pressure), which is a similar behavior to atmo-
spheric ultrafine particles that have an internally mixed sulfate
and organics in the photochemical event or nucleation event
(Ristovski et al. 2010). When the volume fraction of volatile

FIG. 10. SFs of size-selected (∼30 nm) succinic acid, ammonium sulfate, and
an internal mixture of succinic acid and ammonium sulfate (50%/50%) particles
as a function of temperature.
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MIXING STATE OF SIZE-SELECTED PARTICLES 753

species (i.e., succinic acid) was calculated at 150◦C, it was
∼53%, which is close to the expected value from the 50%/50%
solution mixture.

4. CONCLUSIONS
In this study, an HTDMA system with a thermodenuder was

applied to determine the mixing state of size-selected particles
in combustion and photochemical events in an urban area of
Gwangju, Korea. It was found that in the combustion event, the
accumulation mode particles (137–139 nm) increased and had
a nonvolatile core, which is consistent with TEM images of the
submicrometer particles. When the hygroscopicity of the core
particles was measured at a heater temperature of 250◦C, the
HGF of the particles decreased after removing volatile species,
suggesting that the core particles mainly consist of nonvolatile
and nonhygroscopic carbonaceous species (e.g., BC) and that
the volatile species included some hygroscopic species. In the
photochemical event, the nucleation mode particles (15–30 nm)
increased and had no nonvolatile core (i.e., they were completely
evaporated below 250◦C). The nucleation mode particles had
some volatile fraction at 100◦C unlike pure ammonium sulfate
and had C and S elements in their TEM/EDS data, suggesting
that they have an internal mixture of sulfate and organics. It was
also found that HGFs of the remaining particles after remov-
ing volatile species at 150◦C increased compared to those of
particles before heating, but not as high as expected, due to the
existence of less hygroscopic and volatile species at this tem-
perature. Data for laboratory-generated aerosols suggest that the
evaporation of volatile species existing in an internal mixture
(i.e., “well-mixed” mixture of sulfate and succinic acid) was
delayed compared to that of pure species.

REFERENCES
Adachi, K., and Buseck, P. R. (2008). Internally Mixed Soot, Sulfates, and

Organic Matter in Aerosol Particles from Mexico City. Atmos. Chem. Phys.,
8:6469–6481.

Adachi, K., Freney, E. J., and Buseck, P. R. (2011). Shapes of Internally
Mixed Hygroscopic Aerosol Particles after Deliquescence, and Their
Effect on Light Scattering. Geophys. Res. Lett., 38:L13804–L13808,
Doi:10.1029/2011GL047540.

Andreae, M. O. (2007). Aerosols Before Pollution. Science, 315:50–51.
Andreae, M. O. (2009). A New Look at Aging Aerosols. Science, 326:

1493–1494.
Bakand, S., Hayes, A., and Dechsakulthorn, F. (2012). Nanoparticles: A Re-

view of Particle Toxicology Following Inhalation Exposure. Inhal. Toxicol.,
24:125–135.

Biskos, G., Russell, L. M., Buseck, P. R., and Martin, S. T. (2006). Nanosize
Effect on the Hygroscopic Growth Factor of Aerosol Particles. Geophys.
Res. Lett., 33:L07801–L07804. Doi:10.1029/2005GL025199.

Biskos, G., Buseck, P. R., and Martin, S. T., (2009). Hygroscopic Growth of
Nucleation-Mode Acidic Sulfate Particles. J. Aerosol Sci., 40(4), 338–347.

Bond, T. C., and Bergstrom, R. W. (2006). Light Absorption by Carbonaceous
Particles: An Investigative Review. Aerosol Sci. Technol., 40:27–67.

Chandra, S., Satheesh, S. K., and Srinivasan, J. (2004). Can the State
of Mixing of Black Carbon Aerosols Explain the Mystery of ‘Ex-

cess’ Atmospheric Absorption? Geophys. Res. Lett., 31:L19109–L19112.
Doi:10.1029/2004GL020662.

Charlson, R. J., Schwartz, S. E., Hales, J. M., Cess, R. D., Coakley, J. A. Jr.,
Hansen, J. E., and Hofmann, D. J. (1992). Climate Forcing by Anthropogenic
Aerosols. Science, 255:423–430.

Chen, D. R., Pui, D. Y. H., Hummes, D., Fissan, H., Quant, F. R., and Sem,
G. J. (1998). Design and Evaluation of a Nanometer Aerosol Differential
Mobility Analyzer (Nano-DMA). J. Aerosol Sci., 29:497–509.

Dey, S., Tripathi, S. N., and Mishra, S. K. (2008). Probable Mixing State of
Aerosols in the Indo-Gangetic Basin, Northern India. Geophys. Res. Lett.,
35:L03808–L03812. Doi:10.1029/2007GL03 2622.

Dixkens, J., and Fissan, H. (1999). Development of an Electrostatic Precipitator
for Off-Line Particle Analysis. Aerosol Sci. Technol., 30:438–453.

Freney, E. J., Adachi, K., and Buseck, P. R. (2010). Internally Mixed Atmo-
spheric Aerosol Particles: Hygroscopic Growth and Light Scattering. J.
Geophy. Res., 115:D19210–D19218. Doi:10.1029/2009JD01 3558

Grose, M., Sakurai, H., Savstrom, J., Stolzenburg, M., Watts, W., Morgan, C.,
Murray, I., Twigg, M., Kittelson, D., and McMurry, P. H. (2006). Chem-
ical and Physical Properties of Ultrafine Diesel Exhaust Particles Sam-
pled Downstream of a Catalytic Trap. Environ. Sci. Technol., 40(17):5502–
5507.
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