Aerosol Science and Technology 35: 637-647 (2001)
© 2001 American Association for Aerosol Research
Published by Taylor and Francis
0278-6826,/01/$12.00 + .00

JE

Hygroscopic Properties of Pasadena, California Aerosol

David R. Cocker, III,! Nathan E. Whitlock,> Richard C. Flagan,>

and John H. Seinfeld?

I Department of Environmental Engineering Science, California Institute of Technology,
P g g 8V,

Pasadena, California

2Department of Chemical Engineering, California Institute of Technology, Pasadena, California

The hygroscopic behavior of Pasadena, CA aerosol was contin-
uously measured from August 15 to September 15, 1999 using a
tandem differential mobility analyzer. Two dry particle sizes were
sampled, 50 nm and 150 nm in diameter; humidification of the
dry aerosol was carried out at 89% relative humidity. Complex
growth patterns were observed for both size modes, with aerosol
distributions splitting from a single mode at times to more than
6 modes. Diurnal profiles for the observed multiple peaks were
noted, with the greatest number of measurable growth modes being
found during the late night and predawn hours for 50 nm particles.
For 150 nm particles, more modes were present during the after-
noon hours, with the humidified aerosol becoming bimodal during
the late night/early morning hours. Growth factors, defined as the
ratio of humidified particle diameter (at 89% ) to dry diameter, were
determined for modes with significant number concentrations. Av-
erage growth factors over the sampling period for the 2 particle
sizes ranged from 1.0 to 1.6. Hygroscopic growth increased in the
latter half of the sampling period when forest fires were present.
In short, treating this complex urban aerosol as a combination of
“less” and ‘““more” hygroscopic fractions is an oversimplification.

INTRODUCTION

The response of atmospheric particles to changes in rela-
tive humidity (RH) is important in determining ambient parti-
cle size since water generally constitutes a substantial fraction
of the atmospheric aerosol. This hygroscopic behavior is gov-
erned by the chemical composition of the aerosol. Since the de-
tailed chemical composition of the atmospheric aerosol is rarely
known, measurement of the hygroscopic behavior of the popu-
lation allows one to infer indirectly important features indicative
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of the composition. Urban aerosols arise from a complex mix of
anthropogenic and natural sources including marine layer salt,
soot from combustion processes, primary and secondary organic
products, and dust. During the late night and early morning, the
existing air mass mixes with air that is marine influenced. Dur-
ing the day, primary aerosol is emitted from vehicles, as well
as commercial and industrial sources. Secondary aerosol is also
created by the oxidation of gas-phase hydrocarbons to produce
semivolatile products.

Key studies of the hygroscopic behavior of atmospheric
aerosols are summarized in Table 1. The most common approach
utilizes the tandem differential mobility analyzer (TDMA), in
which an aerosol, size classified in one differential mobility an-
alyzer, is humidified and the resulting size distribution is mea-
sured in the second analyzer. Hygroscopic growth data have
been traditionally reported in terms of a less hygroscopic and
a more hygroscopic peak growth mode. The shift of one or
more modes upon humidification is usually reported in terms
of a growth factor (GF), which is the ratio of the mean di-
ameter of the humidified particles to that of the dry particles,
GF = (Dp(RH))/(Dp(RHgyy)). Typical RHs used for humid-
ification range from 80 to 90%. Observed GFs in the less hy-
groscopic mode of urban aerosol range from 1.0 (no growth) to
1.4; for the more hygroscopic mode, GF ranges from 1.1 to 1.8
(McMurry and Stolzenburg 1989; Zhang etal. 1996; Busch et al.
1999; Ferron et al. 1999). For marine boundary layer aerosols,
GFs range from 1.5 to 2.1 (Covert and Heintzenberg 1993; Berg
et al. 1998; Massling et al. 1999).

The splitting of a dry aerosol upon humidification into 2
modes reflects the chemical composition of the particles. In a
study of aged continental aerosol, Swietlicki et al. (1999) ob-
served 2 modes, a less hygroscopic mode with a GF of 1.12 and
a more hygroscopic mode with a GF between 1.44 and 1.65.
They postulated that the hygroscopic growth could be attributed
entirely to the inorganic content of the aerosol: sulfate, nitrate,
and ammonium ions.

In laboratory studies of secondary organic aerosol for-
mation by photochemical oxidation of monoterpenes, Virkkula
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HYGROSCOPICITY OF THE PASADENA AEROSOL

etal. (1999) found growth factors of about 1.09. For experiments
in which no seed aerosol was used, terpene oxidation products
constituted the entire aerosol and the hygroscopic growth factor
remained nearly constant throughout the reaction. When ammo-
nium sulfate seed aerosol was used, the growth factor decreased
continually with the time of reaction, starting from about 1.5,
a value typical of ammonium sulfate ((NH4),SO4), and drop-
ping to 1.1 at the end of the experiment. All particle sizes stud-
ied exhibited this trend, although the process took more time
with larger particles. These chamber-generated aerosols did not
exhibit the 2 modes of growth often characteristic of ambient
aerosols because all the particles were generated from the same
source. Several hygroscopic growth studies of mixtures of inor-
ganic and organic aerosols (Hansson et al. 1990, 1998; Xiong
et al. 1998) found that organic layers on inorganic particles de-
creased the hygroscopic growth factor of the aerosol.
Assuming the atmosphere contains only 2 types of aerosol
may, however, be an oversimplification. The age of the aerosol,
the composition and amount of organic coating, and the origin
of the aerosol and its history are all expected to affect the hygro-
scopic nature of the particles. We report here nearly continuous
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measurement of the hygroscopic behavior of the Pasadena, CA
aerosol from August 15 to September 15, 1999. For most of the
study, 2 dry sizes were studied, 50 nm and 150 nm in diameter.
We show the diurnal behavior of the observed growth factors
for each particle size. During several days of the study, forest
fires were burning in the adjacent mountains. Measured growth
factors during that period appear to exhibit influence from the
fire-generated particles. We first describe the experimental pro-
cedure, then present the measured hygroscopic growth data.

EXPERIMENTAL PROCEDURE

The hygroscopic behavior of the atmospheric aerosol was
measured using a TDMA (Rader and McMurry 1986). The ex-
perimental system, illustrated in Figure 1, is similar to that em-
ployed by McMurry and Stolzenburg (1989) in previous stud-
ies of hygroscopic growth. Outdoor air was dried to a RH of
<10%. Using the model developed by Kreidenweis etal. (1987),
the centerline residence time in the drying column was esti-
mated to be at least 10 times greater than the time necessary to
completely dry the particles, barring any hysteresis effects. Once
dried, the aerosol passes through a charger (Aerosol Dynamics,

Outdoor Air

Laminar
. Flow' ) Dilution
ggfﬁfn DMA 1 Humidifier DMA 2 Flow
CPC
1 Monodisperse:
—— Aerosol
S
.
Sl
Monodisperse
7 Aerosol Condenser X Control
Outdoor Air Control Valve
Valve
Excess S
Flow

Computer for flow control,
DMA voltage control, and

data acquisition

v

Saturator

Figure 1. Experimental TDMA system.
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Berkeley, CA) equipped with 2!°Po strips to produce the steady-
state Fuchs charge distribution (Fuchs 1963). The aerosol is then
classified using a TSI Model 3071 differential mobility analyzer
(DMA,; TSI, Inc., St. Paul, MN) operated at constant negative
voltage to produce a monodisperse aerosol.

The excess airflow from DMAL is filtered and then humid-
ified by passing it through a heated flask saturator containing
distilled deionized water and finally through a condenser that is
held at 0.1°C below room temperature. The classified aerosol
and saturated air are introduced coaxially into a humidification
tube 47 mm in diameter and 1003 mm long. A flow straight-
ener is used to ensure laminar flow. The Reynolds number of the
flow in this tube was 90, so the length required to achieve fully
developed flow and a uniform distribution of water vapor is ap-
proximately 150 mm. With particles introduced at the center of
the flow, variations in the residence time caused by the parabolic
velocity profile are minimized. The RH in the tube is set at 89%
by the ratio of dry to humid airflow rates. A water jacket around
the humidification tube maintains its temperature.

The air exiting the humidifier enters a second DMA (DMA2)
that operates as a scanning electrical mobility spectrometer
(SEMS) with voltage scan times of 60 s. The flow from the
outer annulus of the humidification tube is filtered before in-
troduction into DMA?2 as its sheath flow. The classified aerosol
from DMA?2 is mixed with filtered room air to produce the flow
required for the TSI Model 3760 condensation particle counter
(CPC) that is used to count the number of particles transmitted
in 1 s time intervals. The particle size distribution is determined
from particle counts after correction for the effects of multiple
charging, diffusional broadening in the transfer function, and
smearing due to the mixing effects within the CPC using the
data inversion algorithm of Collins et al. (2001).

Precision TDMA measurements of particle growth require
that all 4 flows entering and leaving each of the DMAs be ac-
curately controlled. To achieve this degree of control continu-
ously over weeks, all flow ratios were monitored by measur-
ing pressure drops across calibrated capillaries using Dwyer
(Michigan City, IN) Model 607-4 differential pressure trans-
ducers, interfaced to a personal computer with a National In-
struments (Austin, TX) Model PC-LPM-16PnP data acquisition
board that also records the number of particles from the CPC. A
data acquisition and control program written in National Instru-
ments LabView operates the 5 proportional flow control valves
(Models 0248A-50000S V and 0248A-20000S V, MKS Instru-
ments, Andover, MA) up to 100 times per second through an
analog output card (Model PCI 6713, National Instruments).
This control system maintains all of the flows at the desired
levels without passing any aerosol through flow control valves.

The TDMA system sampled the Pasadena aerosol continu-
ously from August 15 to September 15, 1999, with a gap from
September 3-6. Prior to August 25, DMA1 was set to classify
ambient particles at 50 nm diameter. Thereafter it alternated be-
tween 50 and 150 nm, with 3 consecutive scans at each size.
A delay was added before the first scan at a size to ensure that
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a representative sample was being attained. The entire cycle
(6 scans and 2 delays) required approximately 20 min. Addi-
tionally, an ozone detector (Model 1008-PC, Dasibi Environ-
mental Corp., Glendale, CA) monitored ozone mixing ratios.

ANALYSIS OF 50 nm AND 150 nm PARTICLE DATA

The data obtained were analyzed as 2 distinct sets: “normal”
Pasadena summer aerosol and fire-influenced Pasadena sum-
mer aerosol. No fires were present from August 15 to August
28. Most days, the high temperatures were 35-40°C. All days
were clear by late morning after the marine layer burn-off. On
August 29, a wildfire in the nearby San Gabriel Mountains broke
out and was not contained until September 5. A major forest fire
ignited in the San Bernardino Mountains (50 miles to the east)
on August 29 and burned out of control until September 6, when
it was contained. It was finally extinguished by September 15.
On the days of August 30, August 31, and September 3, mete-
orological conditions were such that visibility decreased at the
sampling site and a pervasive odor of smoke was present. For
the entire period from August 29 to September 15 there were
wildfires in other regions in the South Coast Air Basin, all within
50 miles of the sampling site in Pasadena. No TDMA data are
available from noon September 3 until the morning of Septem-
ber 7 due to an operator error. A recurring computer error caused
a number of small gaps in the data.

From August 15 to August 24, only the 50 nm aerosol (size
exiting the first DMA) were sampled and analyzed. Starting on
August 25, 150 nm and 50 nm sizes were sampled with 3 scans
of each separated by a 3 min delay. The calibrated size of the
50 nm and 150 nm data were 49.7 nm and 148.5 nm, respec-
tively. The accumulation mode aerosols investigated (50 nm or
150 nm) are produced via evaporation of larger particles, by
combustion or by photochemical precursors. The aerosol is so
fine that mechanical processes such as entrainment of mineral
dust, construction artifacts, or tire or brake wear are unlikely to
contribute significantly.

Virkkula et al. (1999) suggested that the hygroscopic growth
of their smog chamber-generated aerosol could be separated into
that attributed to organic and inorganic fractions. A seed aerosol
composed of pure (NH4)>SO4 was coated with the semivolatile
organic products of the «-pinene/ozone reaction. The hygro-
scopic GF of the mixed chamber aerosol could then be esti-
mated from the volume fraction of the organic(e, ) and inorganic
(1 — &,) components:

GF = \J5,GF2 + (1 — £,)GF?, [1]

where GF, and GF; are growth factors of the organic and inor-
ganic fractions, respectively.

Ambient air is more complex than that in a controlled cham-
ber experiment, containing a much larger number of inorganic
and organic compounds. The “history” of the ambient aerosol
is also much more varied. However, particles that contain more
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organic compounds will generally exhibit lower GFs than the
pure inorganic salts. Particles containing substantial amounts
of black carbon should exhibit very little, if any, hygroscopic
uptake of water.

The 50 nm and 150 nm aerosol particles do not necessar-
ily exhibit similar hygroscopic properties since their organic—
inorganic fractions may differ. A small organic layer on a 50 nm
particle amounts to a significant organic volume fraction. Parti-
cles of 150 nm may have a significant inorganic fraction which
corresponds to a more hygroscopic fraction.

Primary aerosol particles with diameters of 40-250 nm from
anthropogenic sources typically contain a large fraction of or-
ganics. For example, Kleeman et al. (2000) found that the or-
ganic content of 40-250 nm diameter primary aerosol particles
emitted by motor vehicles ranges from 85% to 95%. For wood
smoke, aerosol in the 40-250 nm diameter size range, organic
material constitutes between 65% and 95%, depending on the
type of wood (Kleeman et al. 1999); charbroiling meat smoke
and cigarette smoke were found to have an organic content of
about 67% and 98%, respectively. Therefore primary aerosol
released by these anthropogenic sources is expected to exhibit a
relatively low GF.

Particles generated in the marine boundary layer are largely
inorganic, composed primarily of sea-salt. These aerosols have
measured water uptake factors of 1.5 to 2.1 Marine and anthro-
pogenic aerosol should therefore be easily distinguished. How-
ever, atmospheric particles continuously change as semivolatile
secondary organic compounds, derived from oxidation of hy-
drocarbons in the atmosphere, coat the preexisting sea-salt and
anthropogenically derived aerosol. Both the time over which the
particles may have been exposed to condensable vapors and the
initial particle size influence the ultimate hygroscopic behavior
of the aerosol.

For each 50 nm scan taken during the study, the number of
discernible peaks was counted. Only peaks with an integrated
number of >1 count cm™3 were considered relevant. The num-
ber of peaks versus the time of day is displayed in Figure 2.
Figure 2a gives a diurnal profile; 2b a 1 week profile; and 2c
the profile for the duration of the experiment. The solid line
represents a 5-point binomial smoothing algorithm. Each data
point represents a single scan. Variability in the number of peaks
on small time scales (scan to scan) are a result of the inability
to distinguish individual peaks from scan to scan even though
they may be present. The number of peaks produced by the
humidified 50 nm aerosol exhibits a clear pattern with time of
day throughout the experiment, with the smallest number of
peaks present in the early afternoon (between 12 and 2 pm)
and the most peaks present in the early morning (2-4 am). The
pattern was not altered by emissions from the forest fires in the
latter half of the study.

During the period from August 17 to August 23, only 50 nm
aerosol was monitored. Over 3,500 89% =+ 1% humidity scans
were obtained. Each scan was analyzed by first counting the
number of peaks and then fitting the data to a multimodal log-
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First peak
« Second peak
Third peak
Fourth peak
« Fitth

Sixth peak

Growth Factor

Growth Factor

Growth Factor
™

Number

« Filth peak

Sixth paak

Concentration {em ')

Figure 2. Number of discernible peaks versus time of day for
the aerosol classified dry of 49.7 nm classified aerosol. Points in-
dicate individual peak observations. Line shows a 5-point bino-
mial smoothed fit through the data. (a) Diurnal cycle on August
19, 1999; (b) weekly cycle from August 18 to August 26, 1999;
(c) the complete study, spanning August 13 to September 15,
1999. Tickmarks (b, ¢) at midnight.

normal size distribution, i.e.,

dN _Z dN; _Z N;
dinD, 4=dInD,; 4= (Qn)/lno,,

(ln Dp!,' —In ng!,')z
X exp (- 2]1120 ' s
g.i

2]

by a least squares analysis. o, ; is the standard deviation, D ,, ;
is the mean aerosol diameter for the individual peak, D, ; is the
diameter of each size bin, and N; is the number of particles in
the given peak.
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Figure 3a displays the GFs for each of the log-normal dis-
tributions. Peak number 1 corresponds to the smallest diameter.
Figure 3b shows the GF of the dominant peak, i.e., the one that
contains the largest particle number concentration. Figure 3c
shows the particle number concentration of each individually fit
aerosol peak. Several trends are identifiable from careful con-
sideration of these data. First, the locations of the first several
peaks indicate that the hygroscopic GF of the aerosol does not
vary much throughout the week for these modes. The first peak
ranges from 1.0 to 1.1, the second from 1.04 to 1.2, and the
third from 1.12 to 1.3. Only the last 3 peaks range more widely.
Furthermore, most of the aerosol grows only slightly when ex-
posed to high humidity. This suggests that the main fraction
of the aerosol is composed of either organic material or soot,
both of which have low hygroscopic GFs. The hygroscopicity
of the main fraction (based on number concentration) increases
during the afternoon. This is also consistent with a mostly or-
ganic aerosol. This “peak” in the hygroscopic GF in mid-
afternoon corresponds to the peak in photochemical activity
as measured by ozone concentration. This trend is consistent
with chamber data, which shows an increase in the hygroscopic
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Figure 3. Measured GFs for log-normally fit peaks of 49.7 nm
dry particles humidified to 89% RH for August 17 to August 23.
(a) GF for each peak; (b) GF of the peak containing the greatest
number percent of particles in the size distribution from DMA2;
(c) particle number concentration of each individually fit aerosol
peak. Major tickmarks at midnight.
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growth of organically coated aerosol as it becomes increasingly
oxidized. The greater oxidation levels can lead to more acids and
aldehydes, increasing the polar organic content and therefore its
hygroscopicity.

Hygroscopic Behavior of 50 nm Particles

Figures 4a-i contain sample distributions taken from DMA2
for 50 nm diameter classified aerosol on August 26. These sam-
ple distributions are typical for the duration of the study. The
timing of the monomodal distribution peak varies by 1-2 h. The
hygroscopic growth of the 50 nm particles increased slightly dur-
ing the fires, but the size distribution pattern remained constant.
Figure 4a shows the calibrated aerosol distribution that was ob-
tained by maintaining the same RH in the first and second DMA.
Figures 4b-i show a sequence of humidified aerosol size distri-
butions throughout the day and reveal a pattern. Several peaks
merge during the morning, becoming unimodal about 2:30 pm.
The aerosol then separates into multiple modes throughout the
rest of the day, as might be expected if the secondary aerosol were
primarily organics. The hygroscopic particles that form multi-
ple peaks in the early morning may grow out of the 50 nm size
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Figure 4. Typical size distributions from DMAI, classifica-
tion set to 49.6 nm. The solid line shows experimental data;
the dashed line shows a multimodal log-normal fit. (a) Distribu-
tion before humidification; (b-1i) representative distributions on
August 26, 1999.
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range as they are coated by secondary organic products, or the
coating process may reduce the hygroscopicity by producing an
aerosol that is mostly organic. In the late afternoon and evening,
transport of aerosol dominated by inorganic salts increases the
hygroscopicity of the Pasadena aerosol. The appearance of mul-
tiple peaks suggests that a variety of sources contribute to this
aerosol. During the night, marine aerosol can be transported to
the site without undergoing any photochemical processes, as
evidenced by the largest hygroscopic peaks appearing at night.
Because the hygroscopic growth factors rarely reach 1.5, we may
infer that few particles in the Pasadena aerosol are pure marine
aerosols, even at night when the winds originate at the coast.

TDMA experiments performed on chamber aerosol at
Caltech show that the (NH4),SOy4 seed particles decrease in hy-
groscopic growth as they are coated with secondary organics.
However, continued photochemical reactions after the primary
hydrocarbon was reacted led to an increase in the hygroscopic
growth. Similar transformations of aerosol-phase organics may
occur in the ambient aerosol, contributing to the increase in hy-
groscopicity later in the day as seen in the data.
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Figure 5. Typical size distributions from DMAI, classifica-
tion set to 148.5 nm. (a) Distribution before humidification;
(b-1) representative distributions on August 26, 1999.
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Hygroscopic Behavior of 150 nm Particles

Figures 5a-i contain sample distributions taken from DMA?2
for 150 nm classified aerosol on August 26. These sample distri-
butions exhibit a pattern that is typical of that observed through-
out the study. Figure Sa is the calibrated aerosol distributions
obtained by maintaining identical RH on the aerosol entering
the first and second DM As. Figures 5b-i illustrate that the size
distributions differ substantially from those of the 50 nm parti-
cles. Fewer peaks are observed in the middle of the night, while
the greatest number appear during the day. In spite of the obvious
differences, this behavior suggests that the aerosols undergo sim-
ilar atmospheric transformations as the 50 nm particles. The dif-
ferences can be attributed to differences in the relative amounts
of organic and inorganic aerosol in the 2 size fractions. Much
more organic coating is necessary for the 150 nm aerosol to go
from mostly inorganic, if marine in origin, to mostly organic by
volume. At 1 am, the distribution is clearly bimodal; 1 mode has
alarge GF of about 1.6 and the other mode is barely hygroscopic
with a GF of 1.1. This is consistent with aerosol from two dif-
ferent sources, one a primary aerosol, probably anthropogenic
in origin, while the other aerosol mode is most likely marine in
origin and therefore mostly inorganic. During the day the split-
ting becomes more prevalent as the organic coats the aerosol
leading to particles with lower inorganic fractions. However,
because the particles start larger, the organic fraction is unable
to dominate. A range of compositions or perhaps coating thick-
nesses cause the aerosol to separate into several modes.
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Figure 6. Cumulative distributions for the entire 49.7 nm clas-
sified aerosol, humidified to 89% RH. Color represents log
of particle number concentration in each size bin. The period
of fire influence is indicated. (a) Detailed data for the week of
August 17 to August 23, 1999; (b) all data, August 13 to
September 15, 1999. Tickmarks at midnight.
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Figure 7. Cumulative distributions for the entire 148.5 nm
classified aerosol, humidified to 89% RH. Color represents log
of particle number concentration in each size bin. The period
of fire influence is indicated. (a) Detailed data for the week of
August 27 to September 3, 1999; (b) all data, August 26 to
September 15, 1999. Tickmarks at midnight.

SUMMARY AND CONCLUSIONS

Figures 6a and 6b show a compilation of all the 50 nm scans
over the entire period of measurement. Figure 6a shows a 1 week
period to illustrate the diurnal cycle. Figure 6b shows the data for
the entire experiment. The plots were generated by dividing the
size distribution into 71 size bins where log(D;/D;41) (D; and
D; ;1 represent classified aerosol diameters in bin i and i+1)
is constant for all size bins. The total number concentration of
particles in each size bin was computed. The log (% number)
in each bin was then plotted as the color axis, with blue being
the largest and red being <0.1% by number. The ordinate is the
GF for each bin, defined as the log averaged diameter of each
size bin divided by the mean calibrated diameter exiting DMA2.
Figures 7a and 7b show the same type of plot for the 150 nm
size aerosol.

Figures 6 and 7 indicate the duration of the fire periods. The
hygroscopicity of the aerosol increased during the fire periods,
but the general appearance of the diurnal cycle did not change.
The 50 nm classified aerosol reduced to a single peak in the early
afternoon, followed by a shift of the peak toward higher hygro-
scopic growth as the afternoon progressed. The 150 nm classified
aerosol remained bimodal at night and multimodal during the
day, which was also the observable trend without the fire.

The hygroscopic growth behavior of Pasadena, CA aerosol
has been measured at 89% RH and reported. When humidified,
both aerosol sizes, 50 nm and 150 nm in diameter, separated
into multiple distinct modes depending on the time of day and

D.R. COCKER, III, ET AL.

size of the particles. Diurnal patterns were observed for the hy-
groscopic growth, with the largest modes present during the
night and the lowest during the day. Differences in behavior
of 50 nm and 150 nm particles were noted. The presence of
wildfires in the vicinity of the sampling site led to an increase
in aerosol hygroscopicity. In short, treating this complex urban
aerosol as a combination of “less” and “more” hygroscopic frac-
tions is an oversimplification.
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