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Cloud Forming Potential of Aerosol from Light-duty
Gasoline Direct Injection Vehicles

EXECUTIVE SUMMARY

In this study, we evaluate the hygroscopicity and droplet kinetics of fresh and aged emissions
from new generation gasoline direct injector engines retrofitted with a gasoline particulate
filter (GPF). Furthermore, ageing and subsequent secondary aerosol formation is explored in
(NH4)2SOas-seeded and non-seeded experiments. We explore the impacts on measured and
predicted hygroscopicity, CCN-activity, and droplet kinetics of secondary aerosol mixed with
initially insoluble carbonaceous materials versus very soluble (NH4),SO4 seed. The chemical
composition and density of the secondary aerosol (SA) formed from aging is measured with an
HR-TOF-AMS and a custom-built APM-SMPS system. The supersaturated and subsaturated
hygroscopicity of the fresh and aged emission is measured with a DMT Streamwise Thermal
Gradient CCN counter and a hygroscopicity tandem differential mobility analyzer (HTDMA),
respectively.

The measurements show that the fresh gasoline emissions are only slightly hygroscopic in both
supersaturated and subsaturated environments. Photochemical aging and subsequent
condensation of the secondary aerosol formed from the co-emitted gas phase precursors
increases the hygroscopicity of gasoline emissions. Without the GPF, both subsaturated and
supersaturated hygroscopicity. When the engine was retrofitted with the GPF, the secondary
aerosol (SA) experiments were seeded with (NH4),S0a4. In these experiments the presence of
the condensing SA depresses the hygroscopicity of the salt-secondary aerosol mixture. The
hygroscopicity was also depressed in the subsaturated regime with time. These changes in the
hygroscopicity with aging were additionally sensitive to aerosol dry size distribution. We also
used threshold droplet growth analysis (TDGA) to evaluate the effects of the condensing SA on
droplet kinetics.

These results have important implications for the assessment of cloud-aerosol indirect effects
of salt-seeded and black carbonaceous aerosol cores. We concluded that in the new generation
GDI vehicles the point of aerosol emissions will have significant influence on the impacts of the
secondary and primary aerosols on climate.
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Introduction

Soot, formed from the incomplete combustion of fossil fuels, biofuel and biomass, forms a
significant portion of the global aerosol budget; with an estimated 7600 Gg yr* emitted in 2000
alone (Lamarque et al., 2010; Sasser et al., 2012). Soot is mainly composed of spherules of black
carbon mixed with nitrates, sulfates and other organic and inorganic salts (Adachi & Buseck,
2008; Adachi et al., 2010). Soot particles have a net warming effect and when assumed to be
internally mixed have warming effect second only to CO, (Ramanathan & Carmichael, 2008;
Bond et al., 2013). Globally, about 20% of all black carbon emissions are from combustion
related fossil fuel burning. The US Environmental Protection Agency (EPA) estimates more than
50% of black carbon emissions are from transportation sources (Sasser et al., 2012).
Combustion soot, which vehicular soot makes up significant fraction of, may contribute up to
64% of the global CCN budget (Spracklen et al., 2011). It is therefore imperative to constrain the
evolution and CCN potential of vehicular soot to improve our current estimation of
anthropogenic direct and indirect forcing.

Fresh vehicular soot (combusted from various fuel sources) has exhibited no significant
hygroscopic growth and CCN activity (Vu et al., 2017). The CCN concentration of combustion
aerosol is mainly determined by the size distribution (Dusek et al., 2006), chemical composition
(Jimenez et al., 2009) and morphology (Giordano et al., 2015). Tailpipe emissions are often
assumed to be largely nucleation mode particles, mostly externally mixed, fractal composites
with a significant insoluble volume fraction (Andreae & Rosenfeld, 2008). Little data exists on
the aged CCN activity of complex vehicular emissions. Tristcher et al (2011) photochemically
aged diesel soot and showed that secondary aerosol (mainly secondary organic aerosol and
nitrates) formed form volatile organic carbon co-emitted with soot. Furthermore, the formation
of secondary aerosol (SA) lead to changes in aerosol density, and increased both the sub-
saturated (0.06 — 0.12) and supersaturated (0.09 — 0.14) hygroscopicity of the aerosol mixture.
The hygroscopicity of aged diesel emissions was comparable to the hygroscopicity of chamber
generated and ambient organic aerosol data sets (Chirico et al., 2010; Duplissy et al., 2011;
Lance et al., 2013)

The secondary aerosol (SA) formed from both diesel and gasoline emission sources has been
shown to be chemically similar (Presto et al., 2014). Thus the sub-saturated and supersaturated
hygroscopicity and CCN activity of aged gasoline-generated soot are assumed to be similar to
that of aged diesel, with kappa < 0.1 (Zaveri et al., 2010). To our knowledge, the subsaturated
and supersaturated hygroscopicity of aged gasoline emissions has yet to be fully explored.
Particularly, those from advanced gasoline engine technologies, (i.e., gasoline direct engines)
that now dominate the gasoline vehicle market share.

During photochemical aging of vehicular emissions, the aerosol size distribution and
morphology of the aerosol is significantly modified by the condensing SA. The condensation of
the denser SA material increases the effective density of the aerosol and the volume equivalent
diameter (Khalizov et al., 2013; Rissler et al., 2013; Giordano et al., 2016). Depending on the
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miscibility, condensability, polarity and entropy, black carbon may form core shells, internal or
external mixtures with the condensing SA and other atmospheric salts (nitrates, sulfates) (Asa-
Awuku, Engelhart, et al., 2009; Vaden et al., 2010; Robinson et al., 2016). External mixtures are
assumed to be weak non-homogenous conglomerates formed between the aerosol
components. In internal mixtures, the aerosol components form a single-phase homogenous
aerosol species. Black carbon is however solid and assumed immiscible and form multiphase
core shell structures. External mixtures of BC and SA and salts are therefore more probable,
especially after atmospheric transportation and aging (Jacobson, 2001; Moffet & Prather, 2009;
Cappa et al., 2012).

Transportation emissions are a significant fraction of the total global PM emissions. One of the
largest sources of vehicular emissions in the US is from light duty vehicles (LDV); passenger and
trucks (Lamarque et al., 2010; Xing et al., 2013). With increasing LDV usage, the US
Environmental Protection Agency (EPA) and the National Highway Transportation Safety
Administration has promulgated legislation to increase the corporate average fuel
economy(CAFE) and concurrently decrease the greenhouse gas emissions from LDV (Hula et al.,
2015). The automobile industry responded to these new regulatory standards by developing
and manufacturing more fuel efficient light duty vehicles. Improvements in fuel economy
however modify emissions. For example, fuel efficient diesel vehicles incorporate diesel
particulate filters to effectively remove enhanced soot emissions (EPA, 2012; Maricq et al.,
2012).

Currently, gasoline direct injection (GDI) engines provide the best approach to meet both the
new CAFE and GHG emissions standards (Yi et al., 2009; Hula et al., 2015; Ellies et al., 2016) . In
GDI engines, the fuel and air is injected into the combustion chamber separately (Iwamoto et
al., 1997; Zhang et al., 2012). This engine design provides higher power output, better fuel
economy and fewer greenhouse gases. GDI engines however generate more particulate matter
and number (PM/PN) as compared to equivalent port fuel injection engines. The reported
higher PM and PN from GDI engines has been attributed to reduced time for inhomogeneous
fuel air mixing, liquid gasoline impingement on the cylinder walls and piston resulting in
regional fuel-rich combustion in the cylinder (Karavalakis et al., 2014; Wang et al., 2014). Efforts
are therefore being made to integrate technologies and calibrate GDI engines to meet new,
more stringent emissions standards. Proposals include modifications to the engine injector
geometry and position to reduce fuel impingement, increasing fuel pressure and minimizing
fuel droplet size, improve injection timing, engine downsizing and turbocharging and
integrating gasoline particulate filters (GPF) (Yi et al., 2009; Piock et al., 2011; Whitaker et al.,
2011).

Gasoline particulate filters (GPF) can remove up to 85% in applications with different gasoline
blends over US EPA certified drive cycles (Chan et al., 2012; Chan et al., 2014). Roth et al (2017,
in preparation) showed that the filtration of particulate black carbon by the GPF results in
changes in the composition, morphology, density and size distribution of secondary aerosol
mixtures formed from photochemical aging of the filtrate. With these changes in both physical
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and chemical properties, it is important to constrain the corresponding subsaturated and
supersaturated hygroscopicity, CCN activity and droplet kinetics of emissions from GDI vehicles
with and without a GPF. This work complements the work of Roth et al (2017, in preparation)
who during the same campaign characterized the secondary aerosol formation.

Research Goals and Objectives
In this study, the first of its kind, we investigate:

1. The cloud condensation nuclei activity of freshly emitted and photochemically aged
gasoline emissions from two light duty vehicles fitted with a GPF.

The CCN Potential from Low and High Mileage GDI vehicles

The impacts of organics, sulfates and nitrates fractional compositions on the CCN
activity and hygroscopicity is also explored.

Theory and Closure Analysis

Supersaturated Hygroscopicity

Aerosol activate into cloud droplets and act as cloud condensation nuclei when exposed to a
critical water vapor supersaturation, s.. The critical supersaturation depends, mainly, on the
aerosol dry size and chemical composition. Kéhler theory incorporates the solute and curvature
effects on equilibrium water vapor pressure. Kéhler theory relates the thermodynamic and
physical properties of aerosol to predict the critical supersaturation, s at which an aerosol of
dry size D4, will activate into CCN (Kohler, 1936; Seinfeld & Pandis, 2006). Kohler theory can be
defined as:

where, [1]

Where S, is the critical water-vapor saturation ratio for a dry-particle critical diameter dg. The
particle has a density pg, a molecular weight M, and the Kelvin effect is represented by A.

M,, and p,, are the molecular weight and density of water respectively and v is the number of
ions resulting from the dissociation of one solute molecule, gy, is the surface tension, R is the
universal gas constant and T is the sample temperature. S, the critical saturation is greater than
1, the critical supersaturation s, is defined as s, = S, — 1.

In the absence of available solute and aerosol composition data, especially for ambient aerosol,
Kohler theory is parameterized by a single hygroscopicity parameter, k. The single parameter,
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integrates aerosol compositional, size distribution and ambient water vapor concentration
data. This enables an easy, robust representation of CCN activity in CCN models. Inorganic salts,
such as ammonium sulfate and sodium chloride, which are generally highly hygroscopic, have a
k between 0.5 and 1.2 whereas slightly hygroscopic to hygroscopic organic salts and secondary
organic aerosol have a k between 0.01 and 0.5. Non-hygroscopic but wettable aerosol such as
black carbon has a near zero k (Petters & Kreidenweis, 2007). The single parameter
supersaturated CCN hygroscopicity, k-cy can be defined by:

A
Keen = 57d31mzs, [2]

Sub-saturated Hygroscopicity

The subsaturated water uptake by dry aerosol can be studied with the humidified tandem
differential mobility analyzer (HTDMA) technique. An initial differential mobility analyzer (DMA)
scans mono-dispersed, diffusion-dried aerosol, the aerosol distribution is then exposed to an
elevated relative humidity (RH) in a conditioner where the particle takes up water. A second
DMA is used to obtain a the humidified aerosol distribution and the ration between the peak
dry distribution mobility diameter, D;,, and peak humidified aerosol distribution mobility
diameter, Dy is the diameter growth factor (Schwarz et al.) which indicates the increase in the
radial thickness of the aerosol (Rader & McMurry, 1986; Gysel et al., 2009).

HTDMA data can be fitted to obtain a single parameter hygroscopic factor similar to the fit for
CCN data by fitting the GF as a function of RH (Petters & Kreidenweis, 2007; Kreidenweis & Asa-
Awuku, 2014). Parameterization of HTDMA growth factor data with the single parameter
allows for the integration of HTDMA data into climate models. The single hygroscopic factor, k
can be defined as:

100

405, M,
Kprpma = [GF® —1] [ﬁ exp (RTS;ga DW) - 1] [3]
wHin

If the Kelvin effects, the change in the water vapor pressure due to the curvature of the
growing droplet, and k is assumed constant over a given RH range (valid for RH > 85%)
(Khvorostyanov & Curry, 2007; Petters & Kreidenweis, 2007), then kyrpya Can be estimated as
follows:

Kyrpma = 0.111[(GF)? — 1] (4]

k-hygroscopicity Closure

The assumptions used to estimate the simplified Kéhler theory-based relationships for CCN
activity information from sub-saturated and supersaturated instruments are extensive. CCN
closure studies allows for the evaluation of these assumptions for suitability and robustness.
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Several studies have sought closure between the K¢y and Kyrpya in ambient and laboratory-
generated aerosol with varying degrees of discrepancy observed (Prenni et al., 2007; Alfarra et
al., 2013; Whitehead et al., 2014; Zhao et al., 2016). The estimated subsaturated, Kyrpuy 4 iS
almost always lower than the supersaturated, k.cy . This may be attributed to surface tension,
volatilization of organics, non-spherical dry aerosol and short residence times in the HTDMA
(Massoli et al., 2010; Dusek et al., 2011; Frosch et al., 2011). Organic species may volatize
between the first and second DMA and this may affect the initial dry aerosol size, D;,, (Prenni et
al., 2001). Non-spherical aerosol, prevalent in combustion, from the first DMA may collapse
and restructure resulting in un-conserved aerosol dry volume and inaccurate growth factor
prediction and k estimation (Mikhailov et al., 2009). The short residence time in subsaturated
HTDMA may also limit aerosol dissolution, especially in coated aerosol and delay the
equilibrium, thereby limiting the mass transfer of water vapor to the surface of the aerosol
(Chan & Chan, 2007; Modini et al., 2010). Closure studies allow for the quantification of these
factors on the hygroscopicity and CCN activity of the aerosol.

The focus of many supersaturated CCN closure studies compares ambient CCN activity with
predictions by coupling compositional, size and CCN data from available fast resolution
instrumentation. These studies are done to constrain the effects of aerosol mixing states, size
dependent composition and droplet kinetics. The mixing state of aerosols has significant
influences on the CCN activity and droplet concentrations (Cubison et al., 2008; Asa-Awuku et
al., 2011). Assuming internal mixtures enables the use of bulk chemical composition properties
but may result in an over-prediction of CCN concentrations and hygroscopicity (Lance et al.,
2009; Wang et al., 2010). Incorporating hygroscopic and organic composition data can improve
the agreement between the predicted CCN number and the hygroscopicity (Gunthe et al., 2009;
Chang et al., 2010). CCN activity constrained with composition data (such as from an aerosol
mass spectrometer) enables the evaluation of the influence of mixing states and bulk chemical
composition assumptions on the estimated hygroscopicity and CCN activity.

Experimental and Analytical Methods

Setup and Instrumentation

The experiments were done at University of California, Riverside’s Center for Environmental
Research and Technology as part of a multi-agency funded study. The study evaluated tailpipe
particulate matter emissions, secondary organic aerosol (SOA) formation and CCN activity of
aged emissions from gasoline direct injection (GDI) light duty vehicles (LDV) prevalent in the
California fleet. The secondary aerosol generation and characterization experiments from these
specific vehicles are more elaborately described in Roth et al (2017, in preparation). Here, we
only dwell on the aspects of the data and experimental setup that are pertinent to explaining
CCN formation and hygroscopicity. The experimental setup of pertinent instruments and
facilities is shown in Figure 1.

Two LDV wall-guided GDI vehicles, 2016 Ford Fusion and 2016 Mazda 3, were run on a Burke E.
Porter light duty chassis dynamometer on the California Unified Cycle. The tailpipe emissions
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were sampled via constant volume sampler and diluted. An AVL Micro soot sensor and a suite
of other particle and gas measurement instrumentation was used to characterize the primary
soot emissions. The soot was sampled directly from the dilution system into a portable mobile
atmospheric reactor. In another setup, the vehicle’s exhaust system was modified to include a
gasoline particulate filter (GPF). The GPF can remove about 90% of the PM (Chan et al., 2012;

Chan et al., 2014) In the GPF-fitted experiments, atomized aerosol (NH4),SO4 was injected into
the reactor to serve as seeds (additional surface area) for secondary aerosol formation.

The primary emissions were aged in a 30 m? fluorinated ethylene propylene mobile film
reactor. The primary tailpipe emissions; soot only or GPF-filtered soot + (NH4)2S04, is photo-
oxidized for an average of 8 hours under ultra-violet lights and with hydrogen peroxide oxidant
(70— 140 pL) (Roth et al 2017, in preparation). The particulate mass, mainly SOA and nitrates,
generated during photochemical oxidation are herein collectively referred to as secondary
aerosol (SA). The SA formed during photooxidation experiments from the default engine after-
treatment configuration without GPF, Mazda 3 and Ford Fusion experiments, are hereafter
referred to as BCSA | and BCSA I, respectively. The secondary aerosol formed from the
(NH4)2SOas-seeded experiments are SSA | and SSA I, respectively. Each experimental iteration
was done in triplicates; 12 unique experiments were performed. Results presented here are
averages of at least two runs of one vehicle setup. The particle composition of the aerosol
mixture was characterized by a high-resolution time-of-flight mass spectrometer (HR-TOF-AMS;
Aerodyne Research Inc.) (Canagaratna et al., 2007). The aerosol effective density, p,rs, was
measured with a customize-built aerosol particle mass analyzer (APM) —Scanning mobility
particle sizer (SMPS) system. It has a 75s resolution. A custom LabVIEW® program actively
optimized the instrument response by determining the peak diameter form two parallel SMPS
to correct the mass of the particle estimated by the APM (Malloy et al., 2009).

The subsaturated hygroscopic growth of the BCSA and SSA is continuously measured with a
custom-built HTDMA. Based on the Radar and McCurry design, the initial dry aerosol size
distribution is measured by the first SMPS and then humidified (RH 85% - 95%) for about 1 min.
A second SMPS measures the post-humidification size distribution. The ratio of the peaks of the
lognormal size distributions is the GF (Rader & McMurry, 1986; Cocker et al., 2001; Qi et al.,
2010). The CCN activity was measured with a DMT Inc. CCN counter (CCNc) coupled with a TSI
Inc. SMPS system. The size distribution from the SMPS (10 — 500 nm) operating in scanning
mode, is exposed to scanning superstation (0.8 - 1.8%) in the CCN counter (CCNc) at a sample
flowrate of 0.5 lpm. The CCN counter provides CCN concentration and droplet size information
at 1Hz resolution. This is inverted with the SMPS dry size data to infer the CCN activity and
hygroscopicity. The CCNc flowrates and supersaturation was calibrated within 10% of the
flowrate and supersaturation set points before the experiments with laboratory-generated
(NH4)2S04 (Lance et al., 2006; Rose et al., 2008).
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Figure 1. Experimental setup for Tailpipe emissions measurement, SA generation and
hygroscopicity measurement

Determining k-hygroscopicity

An apparent CCN hygroscopicity parameter, K.y was measured from the CCN counter and
SMPS data with scanning mobility CCN analysis, SMCA (Moore et al., 2010). The dry aerosol
number, CN is derived from inverting the aerosol time series data from the SMPS. Multiple
charge-corrected dry size distribution and CCN time series are synchronized to estimate an
activation ratio (CCN/CN). The critical diameter, dps,, is the diameter at which more than half
of the aerosol dry size distribution activates at a specific supersaturation, sc (Moore et al.,
2010). The dps, is equivalent to D, in equation [4.2]. In using equation [4.2] to estimate K¢y,
we assumed SSA and BCSA were internally mixed or formed core-shell structures, respectively.

Equation [4.3] is employed to estimate the subsaturated HTDMA hygroscopicity parameter,
Kurpma- Only positive hygroscopicity values are reported. Negative kyrpy a4 are not shown and
indicate shrinkage in the aerosol size; as a likely a result of restructuring when exposed to the
higher RH environment (Mikhailov et al., 2009; Ma et al., 2013). In calculating the K ¢y

and Kyrpya, the surface tension of pure water in the growing droplet was constrained with the
instrument water vapor temperature (Pruppacher & Klett, 1997).

From Petters et al (2007), the average volume-weighted k of a mixture can be calculated from
the individual volume fractions of the constituent species:

K= z EiK; 5]

l
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Where g; is the volume fraction of component i" of the aerosol mixture.

Inorganic nitrate measured by the AMS was assumed ammonium nitrate with k of 0.75. The
sulfates from the salt seeded experiments were assumed to be ammonium sulfate with a « of
0.6 and k of 0.15 was used for the organic fraction in line with chamber generated SOA (Petters
& Kreidenweis, 2007; Suda et al., 2012). The total aerosol mass was assumed to be composed
of refractory and non-refractory aerosol. Thus, the total mass is estimated from the initial black
carbon mass (measured before photooxidation from the AVL micro soot sensor) and the
secondary aerosol mass measured by the AMS. The total aerosol volume is estimated from this
mass and the effective density, p.sr from the APM-SMPS system. The residual volume after
accounting for the AMS organics and inorganics is considered the volume of the black carbon
component. An average hygroscopicity, kg of 0.001 was applied to freshly emitted soot (Zaveri
et al., 2010; Vu et al., 2015). Assuming simple mixing (Petters & Kreidenweis, 2007), the
average hygroscopicity based on the aerosol mass fractions as follows:

Kams = <c—'inorg- Kinorg + gorg- Korg + Kpc- (1 - ginorg + gorg) [6]
Where inorg and org are the inorganic and organic property values respectively.

Determining Droplet Kinetics

The droplet growth and kinetics effects of the condensing SA on either the BC or (NH4)2SO0a is
evaluated through threshold growth analysis (TDGA) (Engelhart et al., 2008; Asa-Awuku,
Engelhart, et al., 2009). TGDA detects the presence of slowly activating components during the
evolution of both SSA and BCSA. This method has been applied to various ambient and
laboratory-generated aerosol to varying effect. In TDGA the average droplet diameter of
activated CCN exiting the CCN counter optical particle counter (OPC) is compared to a standard
aerosol with rapid activation kinetics at the same supersaturation Sc and instrument settings. In
this study laboratory-generated (NH4)2,SOs aerosol is used as the reference. Absent mass
transfer limitations, slow activating and surface active fractions and depletion effects, the
reference aerosol and the BCSA and SSA should all grow to similar droplet sizes (Padroé et al.,
2010; Asa-Awuku et al., 2011; Engelhart et al., 2011; Ruehl et al., 2016; Fofie, Castellucio, et al.,
2017). The reported droplet diameters are corrected for droplet size depletion by the CCN
number (Lathem & Nenes, 2011). It should also be noted that the optical particle counter on
the CCNc has a bin width of 0.5 um hence any droplet size differences less than 1 um are not be
robustly differentiated (Fofie, Castellucio, et al., 2017).
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Results

Supersaturated Hygroscopicity

The supersaturated k.-ywas estimated using the methods and assumptions described in
section 3.2 and equation [4.2]. The average apparent k ¢y for the BCSA mixtures over the
entire experiment, after the UV lights were turned on, was 0.11 + 0.07. This is within the range
of previously reported CCN hygroscopicity for laboratory-aged combustion soot (Zaveri et al.,
2010; Tritscher et al., 2011). Whiles the average SSA k.cy before the UV lights were turned on
was 0.50 + 0.07 and 0.42 + 0.09 after the UV lights are turned on. This is also consistent with
previously documented hygroscopicities of SOA coated salt mixtures from chamber
experiments (Huff Hartz et al., 2005; King et al., 2009; Shantz et al., 2010).

In Figure 2, we observe changes in the hygroscopicity as a function of time and dry diameter. In
the BCSA | and BCSA Il experiments (Figures 2a and 2b), the first 30 minutes show
hygroscopicities similar to unaged vehicle soot, k-c-y = 0.0014 4+ 0.0006 (Tritscher et al., 2011;
Vu et al., 2017). As the emissions age, however, the SA formed from the co-emitted gas phase
precursors condense onto the BC core (Roth 2017, in preparation) and increase the
hygroscopicity. In the BCSA Il experiments, the CCN hygroscopicity increases to levels above
that of average SOA (peak k.-y = 0.3) indicating the formation of species more hygroscopic
than slightly soluble organics. Roth et al (2017) shows the formation of elevated amounts of
nitrates may account for the sudden spike in hygroscopicity. In BCSA | there is a gradual
increase in the hygroscopicity during the course of the experiment but the maximum

Kcen (Kceny = 0.125) remains below that of SA indicating the dominance of the black carbon
component on the hygroscopicity. In the SSA experiments (Figures 2c and 2d), the
hygroscopicity is significantly dominated by the ammonium sulfate seeds.

The formation of SA however, does significantly suppress the average k ¢y, reducing it from

0.55 to 0.42. This suggests an internally mixed aerosol of ammonium sulfate, BC and SA as
consistent with previous ambient and experimental observations (Wang et al., 2010).
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Figure 2. Evolution of the CCN hygroscopicity, .-y With experimental time. The UV lights are
turned on at time = 0 minutes.

There is a sensitivity of the hygroscopicity to the critical dry diameter, dps, . In the SSA systems,
irrespective of the experimental elapsed time, the larger dry aerosol ( dps, = 40 nm) were the
least hygroscopic (kccy = 0.3) and more hygroscopic (kqcy = 0.5) at the smaller critical
diameters (dps, = 20 nm). This suggests that at the smaller dry SSA sizes the more soluble,
hygroscopic (NH4),S04 volume faction dominates the CCN activity. In the BCSA system, the
hygroscopicity is relatively insensitive at dps, > 60 nm. The more hygroscopic nitrates and
organics have a higher propensity to condense onto the smaller size BC particles. The resultant

BCSA are less fractal with a greater CCN active surface area, thus the apparent supersaturated
hygroscopicity increases (Figures 2a and 2b).
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Sub-saturated Hygroscopicity

The sub-saturated hygroscopicity, kyrpya Was calculated from the HTDMA data using equation
[4.4]. The HTDMA was operated at RH = 0.93 + 0.04. The BCSA particles hada GF = 1.06 +
0.02 and Kyppya = 0.006 + 0.005 before the UV lights were turned on. The GF reduced to
1.007 + 0.005 with kyrpya = 0.015 + 0.036 after the lights were turned on. In the SSA the
average GF before the UV lights were turned on was 1.31 + 0.21 and kyrpya = 0.18 + 0.04
with a reduced growth factor of 1.26 + 0.17 and kyrpya = 0.10 + 0.14 after the lights were
turned on. The kyrpua Was evaluated for aerosol dry sizes, D;;,,, from 60 to 260 nm initially
selected by the first DMA.

In Figure 3, we observe changes in the subsaturated hygroscopicity, kyrpya during the
evolution of the emissions. In the BCSA | and Il (Figures 3a and 3b) aerosol is initially very non-
hygroscopic (kyrpya = 0.002 £+ 0.0007 for BCSA | and kyrpya = 0.0003 £+ 0.007 for BCSA
I1).The formation and condensation of SA from the co-emitted gas phase components onto the
BC core increases the kyrpya- The variation in kyrpu4 is highly sensitive to the peak of the dry
aerosol distribution, D;,, selected by the first DMA. In the BCSA |, the kyrpama increases to as
much as 0.11 + 0.03 after 500 minutes of photochemical oxidation at an average peak dry
diameter, D;,of 120 nm. In the BCSA Il however, after 600 minutes of photochemical oxidation
the Kyrpma increases to 0.03 4+ 0.0074 at an average peak dry diameter of 260 nm. In the SSA
however, there was an observed depression in the measured kyrpya With increase in the peak
dry size. In the SSA | mixture the low hygroscopicity (kyrpya = 0.024 £+ 0.001 ) was observed
for the large dry sizes of 225 nm whiles the mixture is most hygroscopic (kyrpya = 0.19 +
0.02) at an average dry size of 115nm before the UV lights were turned on.
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Figure 3. Evolution of the HTDMA hygroscopicity, kyrpya With experimental time. The UV
lights are turned on at Time = 0 minutes. Only positive kyrpy 4 values are shown.

We observe similar trends in the secondary aerosol formed from the 2" vehicle (SSA II). The
SSA Il mixture is the least hygroscopic (kyrpya = 0.021 £+ 0.002 ) at a peak average dry size of
280nm. SSAIll was the most hygroscopic ( Kyrpya = 0.15 £ 0.02 ) at an average dry size of
100nm before the UV lights were turned on. The higher hygroscopicity observed in the SSA
before the lights were turned on is consistent with the presence of greater volume fractions of
more soluble (NH4)2SO0a4. The formation and condensation of SA onto the salt core depresses the
solubility and hygroscopicity of SSA. The lowest kyrpya in the SSA is equivalent to the largest
hygroscopicity in the BCSA confirming the more soluble secondary material is the main driver of
hygroscopicity in the subsaturated regime. The quantitative contributions of the secondary
aerosol to supersaturated and subsaturated particle hygroscopicity are evaluated with a closure
study in subsequent sections.
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Droplet Kinetics

In Figure 4, the droplet sizes of the mixtures is compared to the droplet sizes of laboratory-
generated (NH4)2SOs aerosol. The droplets are evaluated at 0.5 [pm CCNc flowrate and 0.8 —
1.6% supersaturation. The droplets sizes are corrected for depressions due to the CCN
concentrations (Lathem & Nenes, 2011; Fofie, Castellucio, et al., 2017).

In Figure 4a, the condensation of the SA onto the BCSA does not seem to modify the droplet
kinetics. The average final droplet diameters of BCSA, for all supersaturations evaluated, was
within +4% of the (NH4),SO4 reference diameters. Changes in the volume fraction of the
secondary aerosol (NOs + organics) does not significantly modify the droplet sizes. These results
suggest that the integration of BC into the SA to form core shell structures does not
substantially modify the kinetics of the SA. In Figure 4b, there is a more significant modification
of the SSA droplet kinetics. The average final droplet diameters for SSA, for all supersaturations
evaluated, were an average of one bin size and up to 7% smaller than the (NH4),SO4 reference
diameters (Fofie, Castellucio, et al., 2017). This suggests that the integration of the (NH4),S04
and SA into internal mixtures results in relatively slower droplet kinetics.

These results are in agreement with previously reported droplet kinetics from chamber SOA
(Engelhart et al., 2008; Zhao et al., 2016) and ambient data sets (Bougiatioti et al., 2009).
Contrary to previous observations in ambient aerosol, the presence of the insoluble BC fraction
does not seem to significantly retard the droplet growth kinetics in BCSA (Padré et al., 2010;
Asa-Awuku et al., 2011). The modifications in droplet kinetics in SSA may not be statistically
insignificant since they are within one bin width (0.5 um) of the optical particle counter (Fofie,
Castellucio, et al., 2017).
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Figure 4. The droplet diameters of (a) BCSA and (b) SSA compared to that of (NH4)2S0a4. Each
point is the mean droplet diameter at the specified supersaturation over the course of the
experiment.
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Closure Analysis

Closure between CCN Measured and AMS Derived k-Hygroscopicity

The k-hygroscopicity parameter measured from the CCN experiments is compared to
hygroscopicity,k s values calculated from HR-TOF-AMS and APM data using equation [6]. In
Figure 5, by comparing the slopes, S of the fits, there is an observed general convergence of the
bulk k-hygroscopicities, k45 and kqcy for all systems (S= 1.005 to S = 1.13) except in BCSA Il
(S = 1.91) (Figure 5b).

The influence of the dry aerosol size on the CCN analysis seems to be minimal in both BCSA and
SSA. The aerosol shows a uniform, size-independent chemical composition (except in BCSA II).
The higher dry aerosol detection limit of the AMS does not therefore seem to adversely bias the
closure. The convergence in the mobility diameter derived k-5 and the mass fraction based
Kams hygroscopicities indicates that the bulk composition assumptions inherent in CCN SMCA
analysis are sound for this aerosol system. Constraining the aerosol volume with the effective
density, p.ss data from the APM-SMPS system ensured a robust prediction of the aerosol
volume. p,sr accounts for the mixture morphology and fractal nature as SA condenses onto the
core (DeCarlo et al., 2004; Nakao et al., 2011; Giordano et al., 2015).

The non-closure observed in BCSA Il may be due to a non-uniform, size dependent chemical
composition of the aerosol mixture. Roth et al (2017) observed a nucleation burst after 100 min
accompanied by a significant formation of nitrates. The nitrate-rich nucleation formed mainly
larger dry aerosol beyond the scope of CCN measurements. The BCSA Il k4,5 is size-dependent
and is driven by the higher nitrate volume fraction, hence the non-convergence observed.
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Figure 5. Closure analysis of CCN hygroscopicity with AMS data. Solid red line represents the
slope, S of the fit. Dashed lines represent +50% and +100% prediction error.

Closure between CCN and HTDMA k-hygroscopicity

The k-hygroscopicity parameter computed from the supersaturated CCNc and the subsaturated
HTDMA is compared to evaluate the convergence of the two approaches in Figure 6. There is
significant difference between the kyrpya and Kccny- The Kyrpua Was lower than kqcy in both
systems. The ratio of kyrppa/Kcen in BCSA Iand BCSA 11is 0.10 and 0.42, respectively. The of
Kuyrpma/Kcen for SSAis 0.27 and 0.13, respectively. There is therefore a larger difference
between the hygroscopicities in the SSA than in BCSA. The non-closure observed in the
measured sub- and super-saturated can be attributed to various factors including solubility,
nonsphericity, non-conservation of morphology, and volatilization of volatile organic
components (Prenni et al., 2007; Petters et al., 2009; Massoli et al., 2010; Alfarra et al., 2013).
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The solubility of the aerosol has a significant effect on both the subsaturated and
supersaturated hygroscopicity. The solubility effects have however been observed to be more
noticeable in the subsaturated HTDMA measurement. (Petters & Kreidenweis, 2008). The SSA
Kuyrpma although higher than that of BCSA is not equivalent to that of k¢ . The presence of
the condensed, less soluble SOA fraction on the BC and (NH4).SO4 may suppress the influence of
the more soluble (NH4)2S04 0on Kyrpya- Less soluble aerosol requires higher relative humidity to
activate into the droplets. The higher supersaturations (0.8 - 1.6%) at which the CCN was
operated activated smaller aerosol into droplets as compared to the HTDMA (~ RH = 94%). The
Kccn 1S based on bulk average chemical composition hence the effects of the non-uniform, size
dependent chemical composition on hygroscopicity, as suggested by Kyrppa, are absent. The
lower solubility coupled with a lower residence time and larger sizes in the HTDMA results in
the lower measured hygroscopicities in both BCSA and SSA.
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Figure 6. Comparison between K¢y and Kyrpma -

Effects of the Aerosol Volume Fraction on CCN hygroscopicity

In aerosol mixtures, the hygroscopicity has been shown to be volume additive and solubility
influenced. This is well characterized in known, simple aerosol mixtures of salts and organic
aerosol (Riipinen et al., 2015). In photochemically aged combustion aerosol and SOA however,
the more complex chemical composition and mixing states makes constraining the
hygroscopicity with the volume fractions challenging (Asa-Awuku, Miracolo, et al., 2009; Fofie,
Donahue, et al., 2017).
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In Figure 7, the complex aerosol mixtures formed are constrained by the component volume
fractions. In Figure 7a, the organic aerosol fraction in BCSA remains relatively unchanged. The
bulk of the secondary aerosol volume is from the nitrates.

(a) BCSA (b) SSA
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Figure 7. Effects of the aerosol volume fractions on the Ky . Solid red line is the linear fit.

The BC fraction limits the supersaturated hygroscopicity, k.cy of the mixture when the
secondary aerosol volume fraction ys, < 0.1 of the total aerosol volume. Thereafter, the
hygroscopicity increases linearly with increasing SA volume fraction (kccy = 0283, —
0.026,R? = 0.60). When ys, = 0.6, the Ky is equivalent to that of secondary organic
aerosol (kgp4 = 0.15) although more than 0.4 of the ys, fraction is from the more soluble,
hygroscopic nitrates. In Figure 7b, the sampled SSA aerosol showed unchanged SA volume
fractions. The (NH4)2S04 fraction reduced with increasing formation and condensation of SA.
The formation of nearly equi-volume fractions of the components suggest homogenous,
internally mixed aerosol. The hygroscopicity is higher than ko, and kyy,),s0, but shows no
distinct correlation between one fraction and hygroscopicity.

Summary and Implications

In this study we investigated the hygroscopicity and droplet kinetics of secondary aerosol (BCSA
and SSA) formed from emissions of light-duty vehicles with new engine technology. BCSA was
formed from the photo-oxidation of the whole soot wiles SSA was formed from GPF-filtered,
(NH4)2SO4— seeded soot. The sub- and super-saturated hygroscopic activity is characterized
with HTDMA and CCN counter respectively. The aerosol chemical composition, mixing states
and morphology are constrained with information an AMS and APM-SMPS system. We found
that aged soot from light duty vehicles are hygroscopic in supersaturated and subsaturated
environments.
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In supersaturated CCNc experiments, BCSA and SSA showed significant increase in
hygroscopicity with photochemical aging (k-cy = 0.001 —0.32 in BCSA and k-cy = 0.55 — 0.25
in SSA). In the BCSA, condensation of nitrates onto the BC core is driving the hygroscopicity. The
CCN activity in BCSA increases incrementally with the formation of SA. Tritscher et al (2011)
recently observed similar trends in hygroscopicity in aged diesel soot. The condensation of the
SA fills the void in the non-spherical freshly emitted soot (Nakao et al., 2011), the BC fractions
however limits the K¢y to levels less than the SA alone. This suggests a core-shell mixture with
the SOA condensing onto a BC core (Wittbom et al., 2014). In BCSA |, with relatively lower mass
of SOA forming, the black carbon component drives the hygroscopicity. There is a strong
closure between kqcy and k45 (S = 1.0418 + 0.0479). In BCSA Il however, there is weak
closure between the kqcy and ks (S = 1.9149 £ 0.0926). The formation of high amounts of
organics and nitrates modified the effective density (p.sr = 0.66 — 1.87) and morphology of
BCSA Il significantly (King et al., 2009). This results in an over-estimated electrical mobility
diameter, dpg, and under-prediction in K¢y . This core-shell assumption is buttressed by the
sensitivity of k-cy to larger aerosol dry sizes which have a higher nitrate fraction in BCSA II.

In SSA, the presence of the more hygroscopic (NH4),SO4 core drives k ¢y to levels higher than
the SA. The continual condensation of SA onto the salt core depresses the hygroscopicity. The
decrease in k.cy With SA formation, but not to levels equal to SA alone, indicates the likely
formation of an internal mixture of SA + (NH4).SO4 as observed and inferred in previous
ambient and laboratory data sets (Riemer et al., 2004; Adachi & Buseck, 2008). The internal
mixture hypothesis is confirmed by the robust closure between the K¢y and the AMS-derived
Kaus (SSA1S = 1.0054 £+ 0.0234, SSAII S = 1.1328 + 0.0254) which assumes the aerosol is
internally mixed and homogenous bulk properties Similar trends in hygroscopic behavior has
been observed in laboratory studies of salt-seeded SOA experiments (Engelhart et al., 2008;
King et al., 2009) and speciated ambient aerosol (Bougiatioti et al., 2009; Dusek et al., 2010;
Poschl et al., 2010; Asa-Awuku et al., 2011). In both ambient and laboratory studies, the
presence of SA caused a decrease in the hygroscopicity and CCN activity. This is likely attributed
to depressions in the droplet surface tension, and to a lesser extent changes in morphology
(density) and molar volume (King et al., 2009; Asa-Awuku et al., 2010; Ruehl et al., 2012).

In the sub-saturated HDTMA experiments, we observed similar dependence of the
hygroscopicity, kyrpya ON the seed type and SA condensation. The SSA mixtures showed
higher hygroscopicity than BCSA. Although there was a modification in kyrpy 4 With aging, the
biggest driver of the hygroscopicity in the sub-saturated regime appears to be aerosol dry size.
In BCSA, Kyrpma increased with experimental evolution and increasing peak diameter. The
solubility of BCSA is minimal in HTDMA (with short residence time and low RH) (Chan & Chan,
2005). The hygroscopicity is therefore constrained by the relatively more soluble SA fraction. In
SSA the condensing SA is less soluble than the (NH4),SO4 seed, the kyrpuy 4 is therefore
depressed at higher dry aerosol sizes which have higher SA volume fractions. This susceptibility
of sub-saturated hygroscopicity in salt and SOA mixtures to volume fractions and dry size has
previously been reported in ambient and laboratory data sets. Mixtures of (NH4)2SOsand SOA in
chamber studies showed a decrease in hygroscopicity based on the volume fraction of the SOA
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and the level of oxidation similar to our observations (Smith et al., 2012). The hygroscopicity
has also been shown to be dependent on aerosol dry size, especially in multicomponent
systems (Laskina et al., 2015). The weak closure observed between the kyrpya and kcen
supports these assertions. Absent the solubility influences, a stronger convergence between
Kuyrpma and Kecy is expected especially in more soluble, (NH4).SOs—seeded SSA. We however
observe similar Kyrpaa/Kcen for BCSA (0.10 —0.42) and SSA (0.13 - 0.27) indicating a higher
dependence of the sub-saturated hygroscopicity on the condensing SA fraction than on the
seed.

In terms of the droplet kinetics, we do not observe a significant modification due to either the
condensing gases or seed. The TDGA analysis shows comparable final droplet diameters
between BCSA, SSA and (NH4)2SO0a4. The presence of the insoluble, un-wettable BC, even that
which is internally mixed, does not modify the droplet growth significantly. This suggests that,
post-activation, the solubility of the aerosol does not have a significant influence on the
condensational growth of the droplet. The presence of the organics and sulfates do not also
modify the droplet kinetics significantly, unlike in previously reported ambient CCN
measurements of aged urban combustion aerosol (Asa-Awuku, Engelhart, et al., 2009; Asa-
Awuku et al., 2011). The SA formed does however seem to modify the surface activity of the
aerosol mixture in the (NH4)2SOs-seeded SSA particles. The presence of surface-active, surface
tension depressing organic components would have modified the mass transfer of water
(characterized by the mass accommodation coefficient) and hence the smaller final droplet
sizes (Ruehl et al., 2008; Ruehl et al., 2012; Noziere, 2016; Ruehl et al., 2016). The absence of
distinguishable differences in droplet kinetics does not however conclusively indicate similar
droplet kinetics considering the high supersaturation of the CCN (Engelhart et al., 2008) and the
bin width of the CCNc optical particle counter (Fofie, Castellucio, et al., 2017).

The results from this study suggests that emissions from newer technology GDI engines form
CCN active SA upon photochemical aging. The integration of gasoline particulate filters (which
removes up to 90% of BC) will modify the hygroscopicity and CCN activity of the emissions
based on the point of dispersion. In supersaturated urban environments where BC is abundant,
the SA formed from GPF fitted GDI vehicles are more likely to condense onto BC and increase
the hygroscopicity. In supersaturated rural regions, the SA will form mixtures (internal or
external) with salts (nitrates, sulfates) and reduce the hygroscopicity of the new particle. In BC-
core-shell mixtures, our results suggest that the hygroscopicity may be significantly inhibited by
the less hygroscopic volume fraction. When the BC is removed however, hygroscopicity of the
resulting internal mixtures are largely dependent on the most soluble, hygroscopic fraction
(such as the cases where sulfates are dominant). It is therefore important to constrain the
available seed chemical composition when modelling the effects of anthropogenic combustion
vehicle emissions on cloud indirect effects. In the subsaturated environments however, the
delinquency is only influenced by the SA coating making the point of emission dispersion
unimportant to modeling cloud indirect effects.
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