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ABSTRACT: Aerosol phase state is critical for quantifying aerosol effects
on climate and air quality. However, significant challenges remain in our
ability to predict and quantify phase state during its evolution in the
atmosphere. Herein, we demonstrate that aerosol phase (liquid, semisolid,
solid) exhibits a diel cycle in a mixed forest environment, oscillating
between a viscous, semisolid phase state at night and liquid phase state with
phase separation during the day. The viscous nighttime particles existed
despite higher relative humidity and were independently confirmed by
bounce factor measurements and atomic force microscopy. High-resolution
mass spectrometry shows the more viscous phase state at night is impacted
by the formation of terpene-derived and higher molecular weight secondary
organic aerosol (SOA) and smaller inorganic sulfate mass fractions. Larger
daytime particulate sulfate mass fractions, as well as a predominance of
lower molecular weight isoprene-derived SOA, lead to the liquid state of the daytime particles and phase separation after greater
uptake of liquid water, despite the lower daytime relative humidity. The observed diel cycle of aerosol phase should provoke
rethinking of the SOA atmospheric lifecycle, as it suggests diurnal variability in gas−particle partitioning and mixing time scales,
which influence aerosol multiphase chemistry, lifetime, and climate impacts.

■ INTRODUCTION

Secondary organic aerosol (SOA), formed from both gas-phase
oxidation and condensed-phase reactions involving anthro-
pogenic and biogenic volatile organic compounds (BVOCs),
constitutes a significant fraction of the global aerosol budget
and the most abundant type of organic aerosol in the
atmosphere.1 SOA impacts climate directly by scattering or
absorbing radiation and indirectly by altering the radiative
properties of clouds and serving as ice nuclei.2 However, there
are order-of-magnitude differences in the global SOA burden

according to atmospheric models, leading to significant
uncertainties regarding SOA impacts on the radiative budget.3

The uncertainties associated with SOA impacts on climate
result in part from limited knowledge of the chemical
transformations and physical state of aerosol during its lifetime
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in the atmosphere.4,5 While SOA has traditionally been
assumed to be in a homogeneous liquid state, recent
laboratory, field, and modeling studies have demonstrated
that SOA formed from a variety of BVOC-oxidant systems and
in different environments can exist as amorphous solids,
semisolids, and phase-separated particles.6−16 Shiraiwa et al.13

used a model to predict that the phase state of particles varies
spatially around the globe and with altitude depending on
temperature, relative humidity, and particle composition
(molar mass and characteristics such as the oxygen-to-carbon
ratio of the organic matter, O/C) on an annual average. Such
variations in particle phase state can significantly impact
aerosol reactivity,17−20 the long-range transport of toxic
substances,21,22 and the uptake and partitioning of semivolatile
organic compounds and water vapor.8,23−28 These processes
affect the lifetime of SOA and its optical29 and cloud
condensation/ice nuclei activation properties.30−33

Field studies have aimed to characterize the phase state of
atmospheric SOA particles based on the analysis of particle
bounce factors (BF) in different forested environments,
including the boreal forest region of northern Finland,6 the
Amazon rain forest of Brazil,34 and a mixed deciduous/
coniferous forest in the southeastern US.12 While these studies
together suggest phase state varies by location, with solid-like
particles in the colder, monoterpene-dominated boreal forests,
and liquid-like particles in the humid, isoprene-dominated
forests of the Amazon, it has remained unclear if phase state
changes over the diel cycle, despite the obvious contrasts in
temperature, relative humidity, boundary layer height and
atmospheric transport, light availability, and BVOC emis-
sions.35,36 For example, monoterpenes and the nitrate radical
can become the dominant BVOC-oxidant system in forests at
night, generating SOA with very different molecular properties
and viscosity than that formed from daytime isoprene
photooxidation.13,16,23,28,37−39 Furthermore, the viscosity of
SOA can be very sensitive to modulations in aerosol liquid
water (ALW) content, which depend on the ambient relative
humidity, water-soluble organic carbon content, and inorganic
mass fraction.9,10

Herein, we analyze the ambient particle phase state over
multiple daily cycles in a mixed deciduous/coniferous forest
during the Atmospheric Measurements of Oxidants in Summer
(AMOS) study in 2016 at the University of Michigan
Biological Station (UMBS) PROPHET research site.40 This
work expands on prior BF field measurements by integrating
high-frequency (1 Hz) day and night BF measurements with
an electrical low-pressure impactor (ELPI) and single particle
and bulk chemical composition, phase, and morphology
analyses employing a suite of microscopy and high-resolution
mass spectrometry instrumentation. Together, these measure-
ments provided detailed quantitative information on the daily
cycles of water-soluble ions, total organic mass, and other
composition measures important when assessing composi-
tional drivers of particle phase state, including average molar
mass (M) and O/C ratios and estimates of ALW.

■ MATERIALS AND METHODS
Site Description and Field Study Timeline. The

PROPHET-AMOS study was a large-scale field campaign
conducted at the University of Michigan Biological Station in
northern Michigan from July 1 to July 31, 2016. The
measurements presented herein were made at the PROPHET
tower research site (45°33′N, 84°42′W) underneath the mixed

deciduous/coniferous forest canopy (canopy height ∼22 m)
from July 9 to July 24. The PROPHET research tower is ∼5.5
km east of the town of Pellston, MI (population <800), and
the nearest major metropolitan areas are Chicago, IL (472 km
SW), Milwaukee, WI (375 km SW), and Detroit, MI (350 km
SE). Other details of the site, including forest composition,
BVOC emissions, and the impacts of different aerosol sources
can be found in several previous studies.40−42

Meteorological and SO2 Measurements. Meteorolog-
ical measurements were conducted ∼6 m above the ground
and were collocated with the trace gas sample inlets for the
University of Houston Mobile Air Quality Laboratory
(UHMAQL). Temperature and relative humidity were
measured with a R. M. Young 41382 sensor, and pressure
was measured with a R. M. Young 61302 V pressure sensor.
SO2 was measured using a pulsed fluorescence analyzer
(Thermo Environmental, Inc.; model 43i-TL). Baseline
determinations were made once per hour by flowing ambient
air over a carbonate-treated filter to selectively remove SO2
from the sample. Instrument sensitivity was established by
daily challenges with zero-air dilutions of a NIST-traceable gas
standard (Scott-Marrin, Inc., Riverside, CA).

Electrical Low-Pressure Impactor Sampling. Two
electrical low pressure impactors (ELPIs; Dekati ELPI+ and
High Resolution-ELPI+43) housed in the University of
Michigan Mobile Laboratory were employed to determine
particle bounce factors (BFs).44 One ELPI was operated with
sintered substrates45 and the other with smooth aluminum foil
substrates. The two ELPIs sampled particles simultaneously at
a rate of 10 L min−1 through ∼2 m long 1/2″ ID insulated
copper tubing connected to a 12″ L × 4″ ID cylindrical
sampling manifold, which was adapted to a ∼3 m long 1″ ID
stainless steel tube oriented vertically on top of the trailer roof.
There were no differences in the relative humidity or
temperature measured outside and at the base of the ELPI
in the lab during sampling. The ELPIs sampled particles with
an aerodynamic diameter between 0.006 to 10 μm across 14
electrically detected stages at a rate of 1 Hz. The BF data
presented in this work are 10 min averages of the 1 Hz BF
data. It is important to note that BF is used in this study to
infer changes to particle phase state on relatively shorter time
scales than is allowable by offline analysis, and should be
regarded as a mechanical property, dependent on both the
chemical and physical properties of the particles as well as the
surface characteristics and flow dynamics in the impactor.46

Further details regarding the BF calculation can be found in
the SI.

High-Resolution Time-of-Flight Aerosol Mass Spec-
trometry. A high-resolution time-of-flight aerosol mass
spectrometer (HR-ToF-AMS, Aerodyne Research Inc.) was
used to measure nonrefractory submicron aerosols.47 In brief,
particles were sampled through a 100 μm critical orifice and
were focused into a particle beam using an aerodynamic lens.
After traversing a vacuum chamber, the particles in the beam
were impacted onto a tungsten vaporizer heated to 600 °C.
Vapors were subsequently ionized by electron impact
ionization (70 eV). The HR-ToF-AMS was operated in a
high mass sensitivity mode, referred to as V-mode. The
sampling inlet for the HR-ToF-AMS measurement was
collocated with the UHMAQL meteorological measurements.
The inlet was fitted with a PM2.5 cyclone. Further details of
ionization efficiency calibrations, data analysis, and ALW
determination by ISORROPIA can be accessed in the SI.
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Particle Collection by MOUDI and Analysis by Atomic
Force Microscopy. Particle samples for atomic force
microscopy (AFM) were collected using a micro-orifice
uniform deposition impactor (MOUDI, model 110, MSP
Corp.) and collocated with the ELPI. Particles were sampled
from 5.5 m above ground level through an insulated 1.1 cm
inner diameter copper tubing inlet using a cylindrical sampling
manifold. Particles were impacted on silicon wafers (Ted Pella
Inc.) on stages 5, 7, 9, and the backup filter of the MOUDI,
and samples from July 10, 2016 (day) and July 16, 2016
(night) on stage 9 of the MOUDI were analyzed at the
University of Michigan. AFM analysis at ambient temperature
and pressure was initially performed on a NanoIR2 system
(Anasys Instruments) followed by analysis with a PicoPlus
5500 AFM (Agilent) after rehumidification to 80% RH where
they equilibrated prior to analysis at 50% RH (similar RH
values to ambient collection conditions). SEM-EDX analysis
was used to confirm that the particles analyzed were primarily
organic carbon or organic-sulfate mixtures. Particles <180 nm
(stage 9) were primarily organic and sulfate, with EDX
showing C, O, S, and N as the predominant elements, which
prior work at UMBS has shown is organic material and
sulfate.42,48−50 Less than 3% of daytime particles and 1% of
nighttime particles contained markers for salts (other than
ammonium sulfate) and dust (Na, Mg, K, Ca, P, Al, and Cl),
though these are observed in larger particles at the site.49,51

Further details of the AFM and SEM-EDX analysis can be
found in the SI.
High-Performance Liquid Chromatography Electro-

spray Ionization Time-of-Flight Tandem Mass Spec-
trometry. A custom-built sampler was positioned on the
PROPHET tower 28 m above the ground, facing west.
Samples were collected on PTFE membrane filters (47 mm
diameter, 1.0 μm pores, Tisch Environmental) housed in
passivated stainless-steel filter holders (Pall Corporation). No
upstream inlet tubing was used to minimize potential aerosol
loss to tubing walls. Samples were collected at 1 m3 hr−1 for
maximum collection efficiency. An 84-mesh stainless steel
screen (McMaster Carr) was installed over the inlet that
prevented large particles and insects from contaminating the
filters and limited particle size to approximately PM10 at a flow
rate of 1 m3 hr−1. Samples were collected both during the day
(9:00 am−5:00 pm) and at night (9:30 pm−5:30 am),
avoiding sunrise and sunset, to capture products of daytime
and nighttime oxidation chemistry without the influence of
transitional chemistry during dawn and dusk. Field blanks were
collected alongside all samples in identical holders. Filters were
sonicated and extracted in methanol, and the extracts were
frozen immediately and then thawed prior to analysis. The
extracts were analyzed with an Agilent 1260 Infinity HPLC
with an Agilent 6550 Q-TOF mass spectrometer, using an
electrospray ionization (ESI) interface. We note that some
fraction of the carboxylic acids and carbonyl compounds in the
filter samples may have been converted to esters and
(hemi)acetals, respectively, during extraction in methanol.52

If conversion in the frozen methanol extracts occurred, this
implied that the O/C ratios and viscosity we reported in this
study could be slightly underestimated. Further details can be
found in the SI.

■ RESULTS AND DISCUSSION
Diel Patterns and the Impact of Mixing State, Size,

and Liquid Water on Particle Bounce. Figure 1 shows the

composite median diel trend in BF from the individual daily
BF profiles presented in Figure S1. BF exhibits a maximum in
the early morning (between 03:00 and 06:00 EDT), decreasing
following sunrise to a minimum during the day (between 12:00
and 14:00 EDT) and then increasing into and through the late
evening. For comparison, the median BF values are similar in
range to those measured in a mixed forest in the southeastern
U.S.,12 indicating that the particles are characteristic of
semisolids but transition to lower viscosity particles during
the day.9,12,44

Single particle analysis53 confirmed that BF reflects particle
phase state by contrasting BF with the morphology and phase
of the particles using atomic force microscopy (AFM)54 at
ambient pressure and RH, with corroboration from scanning
electron microscopy (SEM).28 Figure 2 shows representative
AFM height and phase images of particles impacted onto
silicon wafers using a micro-orifice uniform deposit impactor
(MOUDI) (0.10−0.18 μm) during a low BF period (ranging
between ∼0.2 and ∼0.3) during the day and a high BF period
(ranging between ∼0.6 and ∼0.8) at night. Because particle
size is an important parameter impacting phase transitions,55

phase separation,56 and bounce,7,11 though highly uncertain,57

we examined the impact of particle size on the phase state by
determining how the spreading ratios (ratio of radius to height,
where 1 is a hemisphere) of particles with volume equivalent
diameters <100 nm and >100 nm differ between night and day.
This analysis was conducted both as collected and after
rehumidifying the samples to 80% RH followed by analysis at
50% RH, to reproduce ambient RH. The spreading ratios in
Figure 2e indicate less spreading for the higher BF particles
<100 nm at night, which is indicative of more viscous
particles,54 confirming the lower spreading at night was
representative of ambient conditions. In contrast, greater
spreading was observed for the daytime samples <100 nm,
which is in line with low BF observed during the day. AFM
phase images of the daytime samples with more spreading also
showed separate aqueous ammonium sulfate and organic
phases, as has been shown previously with AFM.58 Greater
sulfur in the daytime particles was confirmed using SEM with
energy dispersive X-ray spectroscopy (EDX), which is
primarily sulfate based on prior measurements at UMBS.50

We found that daytime and nighttime particles >100 nm have
similar, high spreading ratios (12−13), indicative of aged,
mixed inorganic, and organic accumulation mode particles with
high water content. Thus, our results indicate that the observed
diel cycle in BF is driven by the properties of relatively newly
formed (<100 nm) particles, which prior measurements at
UMBS suggest are of a local biogenic origin.41,50

HR-ToF-AMS further reveals that the bouncier particles at
night contained a greater fraction of organic matter ( fOrg) and

Figure 1. Diel trend in BF showing median and percentiles for each
hour corresponding to all BF measurement periods in this study.
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smaller fraction of particulate sulfate ( f Sulfate), compared to the
daytime particles as shown in Figure 3a. There is an estimated
minor contribution (<2%) from organosulfates based on the
concentration of CS ion families in the mass spectra for both
day and night aerosol, independently confirming the results
from Figure 2, which is supported by a lack of Raman
organosulfate modes59 from previous measurements at
UMBS.48 According to Figure S2, the consistently higher
f Sulfate during the day is likely driven by a shift in wind direction
to more polluted regions from the south (HYSPLIT back
trajectories60 for each day are shown in Figure S3). VanReken
et al.42 characterized air masses impacting the PROPHET site
from the south as having relatively higher concentrations of
SO2, sulfate, and water-soluble organic carbon (WSOC) with
higher cloud condensation nuclei (CCN) activity than the
mostly organic particles observed when flow is from cleaner
regions to the north or west. In contrast, the shift to lighter and
more westerly flow at night indicates that the nighttime aerosol
was impacted more by local biogenic sources,42 leading to the
relatively higher fOrg at night. In addition, due to the shallower
boundary layer, the more stagnant air at night can trap BVOC
emissions (primarily terpenes due to lower isoprene
emissions), their oxidation products, and aerosol particles
near the surface, promoting condensational growth of organic
matter on the particles and increase in f Org at night.
The increase in sulfate and SO2 during the day is expected to

increase particle hygroscopicity, promoting water uptake and
liquification of the particles.9,10 Figure 3b shows the depend-
ence of BF on f Org and f Sulfate (color scale). In general, BF

decreased with decreasing fOrg and increasing f Sulfate, and
notably, when f Org ∼ 0.4, corresponding to f Sulfate ∼ 0.3, the BF
< 0.2 indicates that the particles were primarily in a liquid-like
state. Similar behavior in particle bounce has been noted for
pure glucose particles exposed to H2SO4 and laboratory-
generated biogenic SOA exposed to SO2, where even minor
enhancements in f Sulfate can lead to a significant loss of particle
bounce.6,9,10 Moreover, according to particle rebound fractions
measured in Beijing, Liu et al.61 showed that submicron
aerosol particles are in a liquid state during urban haze
episodes, which the authors attribute to significant enhance-
ments in the water-soluble inorganic fraction and subsequent
increase in ALW. However, this contrasts a recent study by
Bateman et al.,62 who observed an increase in BF more often at
night associated with anthropogenic activity in the Amazon.
Similarly, Vaden et al.63 and Zelenyuk et al.64 indicate that
polycyclic aromatic hydrocarbon (PAH) emissions from
combustion sources can increase viscosity and decrease SOA
volatility. Figure S4 shows that potential PAH concentrations
in our aerosol filter samples were indistinguishable between
day and night, emphasizing the importance of sulfate and other
biogenic components in controlling aerosol phase over the diel
cycle. A subtle, but important, distinction to be made from
Figure 3b is that although BF generally decreased with
increasing f Sulfate, the particles can remain in a liquid-like state
(BF < 0.2) even at very low f Sulfate < 0.1. This suggests f Sulfate is
not the only driver of BF but it is likely that other factors, e.g.,
the organic molecular composition of the aerosol, play an
important role too.

Figure 2. (a and c) AFM height images of taller (more viscous) nighttime particles (0.6 ≤ BF ≤ 0.8) and flatter daytime particles (0.2 ≤ BF ≤ 0.3).
(b and d) AFM phase images of the same samples, with liquid−liquid phase separations indicated in the daytime sample. (e) Quantified spreading
ratios for nighttime and daytime samples for particles <100 nm and >100 nm, where particles <100 nm at night exhibit less spreading than larger
particles or daytime particles.

Figure 3. (a) Median diel SO2, particulate sulfate mass fraction ( f Sulfate), and particulate organic matter mass fraction ( fOrg). (b) BF as a function of
fOrg and f Sulfate (shown in color scale). The gray shaded region in part b shows approximate cutoffs for the different phase state regimes. Below BF ∼
0.2, particles are likely in a liquid-like state, in a transition or semisolid regime between 0.2 and 0.8, and highly viscous semisolids/solids above BF
∼ 0.8.
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Glass Transition Temperatures and the Role of
Biogenic Emissions and Aerosol Liquid Water. Due to
the large fraction of organic matter in the aerosol (81% by
mass on a campaign average), we examine how the BF changes
in response to the average molar mass (M) and O/C of
particle-phase organic components. M and O/C express the
degree of intermolecular bonding and are used here to
determine particle glass transition temperatures (Tg) of the
organic components, defined as the characteristic temperature
for which a nonequilibrium phase transition occurs from a
glassy solid state to a semisolid state as temperature
increases.8,13,16 This provides a link between BF, a mechanical
property, and molecular composition. Equations for calculating
BF44 and Tg

13 can be found in the SI, eqs S1−S3. We

calculated the M and O/C of aerosol particles collected using a
high-volume PM10 filter sampler based on weighted average
peak spectral intensities and assigned chemical formulas from
HPLC-ESI-ToF-MS spectra in negative ion mode, as done
previously.65,66 Differences between the phase states of night
and day aerosol were determined from the analysis of filter
samples acquired in parallel with BF measurements over three
8 h daytime (7/12, 7/22, and 7/23) and nighttime sampling
periods (7/15−7/16, 7/16−7/17, and 7/22−7/23). Figure 4a
shows the average BF and Figure 4b shows the corresponding
Tg of the dry organic components (Tg,org) as a function of M
for the six independent collection periods. Example daytime
and nighttime BF time series during filter collection are shown

Figure 4. (a) BF (squares) and (b) Tg,org (circles) as a function of M, where nighttime samples are in blue and daytime samples in red. The gray
shaded region in part b shows the calculated range of Tg,org bounded by O/C = 0.25 and O/C = 0.75. The black symbols represent the Tg,org of
common biogenic SOA dimers of pinic acid (PINIC, diamond), pinonaldehyde (PINON, bow tie), and 2-methylglyceric acid (2-MGA, triangle).
The vertical error bars in BF (part a) represent 10% variability in the measured BF over the filter sampling period. M is weighted by LC peak
abundances and shown with an uncertainty of 10% as discussed in detail in the Methods. The vertical error bars (part b) in dry Tg,org account for
the applied 10% uncertainty in M. (c and d) Example day and night BF time series, respectively, colored by AMS-derived organic mass fractions
( f Org).

Figure 5. Relevant nighttime (blue) and daytime (red) BVOC oxidation and multiphase chemistry. Acid-catalyzed aldol condensation of
pinonaldehyde and formation of product C20H32O4 was adapted from Tolocka et al.68 Formation of a secondary ozonide from β-pinene ozonolysis
and formation of product C17H26O4 was adapted from Heaton et al.69 Relevant isoprene daytime chemistry leading to formation of 2-methyl-tetrol
(C5H12O4) was adapted from Surratt et al.67
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in Figure 4c,d, respectively, and indicate little variability.
Corresponding mass spectra are presented in Figure S5.
Figure 4 shows that the increase in the observed BF from

∼0.1 to ∼0.9 corresponds very well with the increase in M
from ∼250 to ∼360 g mol−1, leading to the ∼30 K increase in
Tg,org. This indicates that the molecular composition of the
organic components in the particles potentially contributes to
differences in both phase state and bounce characteristics in
the impactor. However, note the lower M periods also
correspond to lower fOrg. For reference, estimated Tg,org and
corresponding M are in agreement with that of common
biogenic SOA markers (2-MGA, lower M) and monoterpene-
derived SOA (PINON and PINIC, higher M). Notably, Tg,org
was relatively higher at night on average, consistent with the
higher BF measured at night. Detailed molecular composition
analysis in Figure S6 confirmed that larger M oligomers related
to monoterpene oxidation (C17 and C20 compounds)
comprised a greater proportion of the nighttime particle
mass, while smaller M compounds associated with isoprene
SOA, including 2-methyltetrols (C5H12O4) and an oligoester
monomer (C5H8O5),

39,67 constituted a greater fraction of the
daytime particle mass. Figure 5 shows potential oligomer
formation pathways from pinic acid and pinonaldehyde,
formed from the oxidation of α- and β-pinene by O3 and
NO3, and daytime relevant production of 2-methyl-tetrols from
isoprene photooxidation by OH.
Table S1 shows the relative VOC reactivities of isoprene to

monoterpenes for day and night assuming OH and O3 are the
dominant oxidants, and indicates that isoprene dominates
daytime VOC reactivity, whereas monoterpenes dominate the
VOC reactivity at night. This is important for understanding
the contribution of BVOC oxidation chemistry to aerosol
phase state, as several studies indicate that the aerosol
composition and phase can be very different for isoprene
and monoterpene SOA and depend on the specific BVOC-
oxidant system. The NO3 oxidation of terpenes produces
relatively larger M oligomerization products37 and highly
viscous (higher Tg,org) aerosol23 compared to isoprene
photooxidation SOA, wherein monoterpene- and sesquiter-
pene-derived SOA, which are more relevant than isoprene
SOA at night, remain highly viscous even under high,
nighttime relevant, RH.8,13,16,38 In contrast, daytime isoprene
oxidation produces smaller M products, including isoprene
epoxydiols (IEPOX) and 2-methyl-tetrols, which were in
greater abundance in the daytime filter samples and are known
to partition to and suppress the surface tension of aqueous
SOA.70 Such compounds could contribute to the relatively
lower BF and Tg of the daytime particles. Moreover, aerosol
phase OH oxidation12 and photodegradation reactions during
the day can create fragmented and volatile aerosol oxidation
products,71,72 thus reducing M, whereas NO3 heterogeneous
oxidation at night is not expected to increase aerosol
volatility.73 This suggests the oligomers formed at night are
also susceptible to photodegradation during the day, triggering
a positive feedback loop during the day whereby the decrease
in particle viscosity promotes more uptake of pollutants, such
as SO2, which react to form inorganic ions in the particles,
further decreasing particle viscosity.
To estimate the impact of ALW on the aerosol phase diel

cycle, Figure 6 shows the predicted night and day ratios of Tg/
T after correcting the average night and day Tg,org for estimated
ALW content, where Tg/T relates to viscosity (η) following the
parametrization outlined in Shiraiwa et al.13 and DeRieux et

al.16 Here, ALW was estimated from thermodynamic principles
employing the ISORROPIA model for inorganic ions and
Gordon−Taylor approximation for organics ascribing a
hygroscopicity parameter (κ),74,75 as discussed in the
Supporting Information and eq S3. Although κ of the organic
components is uncertain, prior work at UMBS measured
relatively larger κ during periods of anthropogenic influence, as
observed here during the day, and relatively smaller κ during
periods of biogenic influence, as observed here at night.42

Further, laboratory studies have shown that κ of terpene-
derived SOA at equivalent nighttime RH (median diel cycles of
RH and T are provided in Figure S7) is several times lower (κ
∼ 0.02 at 80% RH) compared to isoprene-derived SOA under
relevant daytime RH (κ ∼ 0.15 at 60% RH).38 Because we
observed a distinct presence and greater abundance of
monoterpene-derived SOA at night and isoprene-derived
SOA during the day, we extend our analysis to κorg = 0.15
during the day (09:00−20:00) and κorg = 0.02 at night (21:00−
08:00). These values are within the uncertainty in κ reported
by VanReken et al.42 for aerosol particles at UMBS assuming
the inorganic fraction is primarily ammonium sulfate (κinorg =
0.63),74 as confirmed for these measurements in Figure S8.
Our analysis in Figure 6, while sensitive to the applied κorg (see
Figure S9), shows that η may be several orders of magnitude
larger at night (up to ∼106 Pa·s) compared to that during the
day (∼101 Pa·s), despite the higher RH at night, with the
estimated daytime and nighttime η in the range of that
measured previously for isoprene- and monoterpene-derived
SOA, respectively.16,76 Note that the abrupt night−day
transition in Figure 6 is expected to be more gradual and is
a consequence of fixing κorg over two coarse 12 h daytime and
nighttime sampling regimes, corresponding to the time frame
of aerosol collection onto the filters. Notably, for all reasonable
κorg values applied, our analysis indicates that the daytime
particles at this site are predictably in a liquid state (η < 102 Pa·
s), and nighttime η is in the range of semisolids and highly
viscous liquids (102 < η ≤ 106 Pa·s), consistent with the diel
cycle in BF.
The results presented in this study suggest different

partitioning behavior of particle-phase components24 and
heterogeneous reactivity19 at night and during the day, i.e.
partitioning more readily with the particle bulk during the day
and more with the particle surface at night. To test this, we

Figure 6. Diel trend in the estimated ratio of glass transition
temperature to ambient T (Tg/T) and corresponding viscosity (η)
corrected for inorganic- and organic-derived ALW, where the gray
shaded area represents the upper and lower bounds of η assuming a
fragility parameter of 20 and 5, respectively.13 In this analysis, κorg =
0.15 during the day (09:00−20:00) and κorg = 0.02 at night (21:00−
08:00). The liquid line (η = 102 Pa·s) represents the semisolid−liquid
phase transition.13,16
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calculate the effect estimated nighttime and daytime η has on
the characteristic equilibrium time scale for bulk diffusion (τbd)

in a particle with diameter (dp) according to τ =
π

d

Dbd 4
p
2

2
b
where

Db is the molecular diffusion coefficient in the bulk derived
from the Stokes−Einstein equation assuming a molecular
radius of 1 nm.8,13 Given the uncertainty in κorg and the
existence of multiple aerosol phases as shown in Figure 2, we
show τbd over a range of predicted viscosities in Figure 7. Here,

we assume the particles are either well-mixed or phase-
separated. In the well-mixed case, the ALW effect on Tg
includes combined ALW content from both the inorganic
and organic matter (this yields the lower bound in τbd). In the
phase-separated case, the ALW effect on Tg is considered
isolated to either the organic or inorganic components
(yielding the upper bound of τbd). A sensitivity analysis in
Figure S10 shows how τbd changes with different κorg. Also note
that the Stokes−Einstein relation may underestimate bulk
diffusivity in highly viscous matrices at temperatures near the
glass transition.15 As a result, although nighttime Tg/T was
∼0.85, it is possible our estimated nighttime τbd may be
shorter than shown in Figure 7.
From Figure 7, nighttime aerosol exhibits relatively longer

bulk diffusion time scales, increasing with diameter and degree
of phase separation and decreasing as the inorganic and
organic components become well mixed, i.e., with more ALW
interaction with the organic matter. Estimated bulk diffusion
time scales for particles between 50 and 300 nm (i.e., bulk of
the observed size distribution) are shown to range from up to
half an hour to several hours at night, whereas time scales are
limited to under 20 min during the day. However, as we did
not observe a significant difference in the spreading ratios of
particles >100 nm in diameter in Figure 2e, we expect that the
particles most impacted by day and night differences in bulk
diffusion times are those <100 nm, where the estimated time
scales range from <2 min during the day and up to 2 h at night.
This result implies slower aerosol partitioning of semivolatile
organic compounds, and thus potentially diffusion-limited
particle mass growth at night.23,24 Indeed, recent work shows
that isoprene epoxide (IEPOX) uptake by acidified ammonium
sulfate can be twice as slow when the particle is coated with α-
pinene SOA,28 suggesting that such reactions could affect the

growth and chemical transformations of aerosol particles at
night. Compounds in the particle phase may be relatively
longer-lived overnight due to slower diffusion of reactants into
the particle bulk and from the bulk to the surface,17,19

contributing to the long-range transport of toxic pollutants
embedded in the particles.21,22 In addition, because of much
greater surface uptake resistance for bouncier particles, the
particles themselves are potentially longer lived at night with
respect to dry depositional loss.77 Given the clear differences in
the phase states of monoterpene- and isoprene-derived SOA
observed here and in other studies, our results also suggest that
the current forest succession occurring at UMBS,78 i.e.,
transition from predominately isoprene-emitting (deciduous)
to predominately terpene-emitting forests (coniferous), could
impact the physical nature of atmospheric SOA by altering the
pool of reactive BVOCs and thus BVOC oxidation products, in
general. It is important to note that the mixing state of different
particle populations from differences in day-to-night transport
dynamics can influence the phase state of the particles sampled
in this study.50 Particle mass loading79 and air mass history
may also influence particle phase state, as the time scale for
water diffusion in viscous aerosol and the phase and
morphology of particles depend on its atmospheric condition-
ing history (number of drying and humidification cycles, and
drying rate).80,81 Moreover, it is unclear how the diel behavior
in aerosol phase and viscosity in this study compare to other
forested and urban regions as it depends on the ambient
temperature, relative humidity, composition of the reactive
VOCs, and the extent of anthropogenic influence, e.g., mass of
sulfate in the particles. In the boreal region, where conifers and
monoterpene emissions dominate, or in regions such as the
Amazon, where deciduous forests and isoprene emissions
dominate, the diel cycle in aerosol phase may be unlike our
observations, whereas the phase state of aerosol in mixed forest
regions such as in the southeastern United States may exhibit a
similar diel cycle. Therefore, it is critical that future research
expand on these findings, through devoted field measurements
in different environments and through atmospheric modeling,
to help better constrain the impact of particle phase state diel
variability on climate, air quality, and public health.
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