10

15

20

25

30

https://doi.org/10.5194/egusphere-2026-3483
Preprint. Discussion started: 22 July 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

Coupling Liquid Chromatography with Aerosol Mass Spectrometry
to Enhance Chemically Resolved Aerosol Analysis

Ryan N. Farley'?, Christopher R. Niedek'?, Qi Zhang'->*

'Department of Environmental Toxicology, University of California, Davis, 95616, USA
2Agricultural and Environmental Chemistry Graduate Group, University of California, Davis, CA 95616, USA

Correspondence to: Qi Zhang (dkwzhang@ucdavis.edu)

Abstract.

We present a novel analytical method that couples liquid chromatography with aerosol mass spectrometry (LC-
AMYS) to separate and chemically characterize soluble constituents in atmospheric samples. This method is demonstrated
here using ion chromatography (IC) to resolve ionic species prior to AMS detection. As the IC effluent is analyzed by the
AMS, quantitative ion signals and reproducible mass spectra are obtained throughout the chromatographic run. These
chromatographically resolved AMS data provide both quantitative information and chemical signatures for individual and
partially overlapping chromatographic features. Method performance was evaluated using standard mixtures of inorganic
anions and cations, as well as atmospherically relevant organic compounds (e.g., levoglucosan and organic acids). The IC-
AMS chromatograms exhibited stable background signals, allowing the peak areas of AMS-derived ions to be integrated
reliably for quantification. Isotopically labeled ammonium sulfate ((NH4)2**SO4) was used as an internal standard to correct
for variations in aerosol generation efficiency and AMS sensitivity. Recoveries were near unity for low-volatility compounds
such as ammonium sulfate and sucrose. Application to an ambient aerosol sample collected during a wildfire event
demonstrated that LC-AMS can extract significantly richer chemical information from the complex aerosol mixtures than
that bulk AMS analysis alone. The enhanced chemical resolution provided by LC-AMS can improve characterization of

aerosol sources, atmospheric processing, and climate- and health-relevant properties.

1 Introduction

Atmospheric aerosol particles are complex mixtures of organic and inorganic components that are either directly
emitted or formed through secondary atmospheric processes, with their composition continuing to evolve during aging.
Organic aerosol (OA) is a major fraction of fine particulate matter (PM, s), often accounting for 50-90% of its mass (Jimenez
et al., 2009; Zhang et al., 2007). OA is composed of thousands of compounds whose identities and abundances vary with
emission source contributions and atmospheric processing (Goldstein and Galbally, 2007). Inorganic ions, including NOs",

SO4*, CI', NH4", Na', and K", also contribute substantially to PM, s mass. Because aerosol composition reflects its emission
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sources and atmospheric aging processes and strongly influences its impacts on radiative forcing, cloud processes, and
human health (Bates et al., 2019; Laskin et al., 2015; Park et al., 2018), analytical methods that better resolve the chemical
complexity of ambient aerosols are needed.

Liquid chromatography (LC) coupled with mass spectrometry (MS) is well suited to address this need because LC
separates complex mixtures before MS detection. Because LC separation is based on differences in analyte physicochemical
properties, such as polarity, charge, and interactions with the stationary and mobile phases, it helps distinguish species that
might otherwise appear convoluted in MS detection. Different LC techniques, including ion exchange, reversed-phase, and
hydrophilic interaction chromatography (HILIC), may enable the separation of a wide range of compounds in atmospheric
aqueous samples, including aerosol extracts, cloud and fog waters, and precipitation. These compounds range from inorganic
ions to diverse organic species with different functional groups, polarity, and hygroscopicity (Hettiyadura et al., 2015; Bros
et al., 2025; Cui et al., 2018; Brent et al., 2014; Mazzoleni et al., 2010).

Ton chromatography (IC), a form of LC based on ion-exchange interactions, is widely used to analyze ionic species,
which include both inorganic ions (e.g., ClI', NOs", SO4*, Br, NH4", Na*, and K*) and organic acids and bases (Brent et al.,
2014; Parworth et al., 2017). Anion IC has been frequently applied to quantify mono- and dicarboxylic acids (e.g., formate
and oxalate) in ambient and laboratory-generated acrosol. Many of these water-soluble species are products of atmospheric
oxidation of volatile organic compounds (VOCs) (Yatavelli et al., 2015; Ervens et al., 2011; Charbouillot et al., 2012).
Cation IC has also been used to quantify alkylamines (Ge et al., 2014; Parworth et al., 2017; Huang et al., 2014), which play
important roles in aerosol formation and growth (Ge et al., 2011).

IC is typically coupled with a conductivity detector, which provides sensitive and near-universal response to
charged species but lacks chemical specificity. As a result, identification of unknown peaks generally requires comparison of
retention times with authentic standards. Coupling IC with MS has been explored to improve chemical identification (Huang
et al., 2014; Brent et al., 2014; Kwiezinski et al., 2021), most often using soft ionization techniques such as electrospray
ionization (ESI). While ESI enables molecular-level information, quantitative analysis can be complicated by compound-
dependent and highly variable ionization efficiencies.

In contrast, aerosol mass spectrometry (AMS) utilizes thermal vaporization followed by electron impact (EI)
ionization. This produces reproducible fragmentation patterns and enables quantitative analysis using relatively consistent
ionization efficiencies for major aerosol components, including organics, nitrate, sulfate, chloride, and ammonium (Allan et
al., 2003; Jimenez et al., 2016; Jimenez et al., 2003). Although ionization efficiencies for organics can vary with
composition, this variability is generally much lower than that observed with soft ionization techniques (Nault et al., 2023;
Jimenez et al., 2003). However, AMS is most commonly used for stand-alone measurements of bulk, ensemble-averaged
aerosol composition. In this mode, extensive EI fragmentation limits direct identification of individual compounds in
complex mixtures (Canagaratna et al., 2007).

To address these limitations, we couple IC with a high-resolution aerosol mass spectrometer (IC-AMS) to enable

more chemically resolved analysis of solvent-extractable aerosol components. IC distributes compounds across
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chromatographic retention time according to properties such as charge, polarity, and ion-exchange affinity. As the IC
effluent is analyzed by the AMS, the AMS provides quantitative ion signals and mass spectral signatures through the
chromatographic run. This combined approach added chromatographic resolution to AMS analysis while reducing reliance
on compound-specific standards. In this study, the IC-AMS method was characterized using mixtures of inorganic and
organic compounds to assess recovery and quantification performance. The method was then applied to an ambient PM
sample impacted by aged biomass burning emissions. Although IC was utilized here to target ionic and highly polar species,
the broader LC-AMS framework can be extended to other LC modes (e.g., reversed-phase LC and HILIC) to broaden

chemical coverage based on analyte properties.

2. Experimental Methods

2.1 Chemicals

All standards were prepared using MilliQ water (resistivity of 18.2 MQ cm). Ammonium nitrate (>98%),
ammonium sulfate (>99%), 3*S isotopically labeled ammonium sulfate (>98% 3*S), oxalic acid (> 99%), and glycolic acid
(>99%) were purchased from Sigma-Aldrich. Levoglucosan (1,6-Anhydro-p-D-glucose; > 99.0%) was purchased from TCI
Chemicals. Sucrose (ACS grade) was purchased from Fischer Scientific. Commercial Inorganic standards included Dionex

Seven Anion Standard II and Dionex Combined Six Cation Standard (Thermo Fisher Scientific).

2.2 PM Sample Extraction and Preparation

The ambient filter sample presented here was collected on a Teflon filter at the Mt. Bachelor Observatory (MBO)
during the 2013 Biomass Burning Observation Project (Zhou et al., 2017). MBO is a remote, mountaintop site located in
central Oregon, USA, with minimal anthropogenic emissions. During the sampling period (8/9/2013-8/10/2013), aerosol
composition was dominated by aged biomass burning organic aerosols (BBOA), with additional influence from biogenic
SOA as described in Zhou et al. (2017) and Collier et al. (2016). Sampling was conducted at 14 L min™! resulting in 3.5um
size cutoff. Filters were stored at -20°C prior to analysis. Based on the measurements of the collocated HR-AMS, the PM
extract is estimated to contain 23 mg/L of soluble organic matter.

The filter sample was extracted using a solution containing 25% methanol and 75% Milli-Q water. Isotopically
labeled ammonium sulfate (A3*S) was added to the extract at 500 ppb 3*SQj as an internal standard. The sample was
sonicated in an ice bath for 30 minutes, and the resulting extract was filtered through a 0.45um PTFE syringe filter prior to

analysis.

2.3 Coupling Ion Chromatography with Aerosol Mass Spectrometry

An overview of the IC-AMS sampling setup is shown in Figure 1. Chromatographic separation was performed

using a Metrohm 881 Compact IC Pro system (Metrohm AG, Switzerland) equipped with a conductivity detector and a UV-
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Vis diode array detector (Model 887). For anion analysis, a Metrosep A Supp 7 (250 x 4.0) column with a polyvinyl alcohol
stationary phase functionalized with quaternary ammonium groups was used. The column was operated at 45°C with 5.0
mM Na,CO; eluent at a flow rate of 0.8 mL min™'. An anion suppressor module was employed to enhance the sensitivity of
conductivity detection. For cation analysis, a Metrosep C4 (250 x 2.0) column containing carboxyl groups was used, with a
column temperature of 30°C and 4.5 mM HNOs at 0.25 mL min™! as the eluent. Cation eluents are often modified using an
organic compound, such as 1.7 mM dipicolinic acid (Ge et al., 2014), however this resulted in excessive AMS organic
background signal; therefore, only HNOs was used.

Following chromatographic separation, the eluent was introduced into a micro nebulizer system similar to what is
described in Niedek et al. (2023). The liquid eluent flow intersected a flow of high-purity N, (>99.99%) to generate aerosols.
The aerosol stream passed through a heated glass cyclone to remove large droplets and prevent condensation. Both the
carrier N, gas and the transfer lines were heated to 40 °C, and the flow was subsequently dried using a silica desiccant dryer
prior to introduction into a high-resolution soot-particle aerosol mass spectrometer (SP-AMS; Aerodyne Inc).

The SP-AMS operation principles have been described in detail elsewhere (Onasch et al., 2012). Briefly, particles
are focused using an aerodynamic lens with a size cutoff of 1 pm vacuum aerodynamic diameter and vaporized using a
tungsten thermal vaporizer resistively heated to 600°C. This results in the flash vaporization of non-refractory (NR) PM,
including nitrate, sulfate, chloride, ammonium and most organic species. The SP-AMS also includes a 1064 nm intracavity
laser vaporizer to vaporize particles containing refractory black carbon (rBC). The SP-AMS was operated in dual-vaporizer
mode with both the thermal vaporizer and laser vaporizer operating simultaneously (Avery et al., 2020). Vaporized species
are ionized by 70 eV electron impact and detected using a high-resolution time-of-flight mass spectrometer operated in V-
mode (m/Am ~ 2500 at m/z 28) over m/z 12-480 amu. In this study, the SP-AMS was operated in “fast mode” with a time

resolution of 1 Hz.

Suppressor

ToF Mass Spectrometer
- MCP

Conductivity
Detector

=S

Autosampler + N, Gas

—1—

/, Thermal and

J " '|' / Laser Vaporizer

Nebulizer Diffusion
L I Dryer L
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Figure 1: Schematic of IC-AMS setup. Blue lines indicate liquid flow, green lines indicate gas flow, and purple lines indicate
acrosol flow. DAD stands for diode array detector.
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2.4. Data Analysis

Chromatograms from the conductivity detector and Diode array detector (DAD) within the IC system were exported
directly from the MagIC Net software. AMS chromatograms were created by isolating the run period and converting the
recorded AMS timestamps to retention time based on the IC injection time. An approximately 10 second lag between the IC
and AMS signals, due to dead volume between the two instruments, was corrected by aligning the peaks of the A3*S internal
standard. The SP-AMS was operated at 1 Hz, while the conductivity and DAD acquired data at 10 Hz and 3 Hz,
respectively. However, as the chromatographic peaks typically spanned 20 - 60 seconds, these acquisition rates were
sufficient for peak characterization.

SP-AMS data were analyzed using the Squirrel (1.65B) and PIKA (1.25B) toolkits in Igor Pro 8 (Wavemetrics Inc).
Due to potential background signal drift over the duration of each chromatographic run, we utilize spectra from the chopper-
open mode. A background correction was then applied to remove contributions from both the instrument background and IC
eluent. Specifically, the average intensity of each ion during the first minute after IC injection was calculated and subtracted
from the corresponding ion time series. Additional details of this correction are provided in SI Section S1.

For quantification, default relative ionization efficiency (RIE) values were applied for nitrate (1.05), chloride (1.3),
sulfate (1.2), ammonium (4.0), and rBC (0.2). For sucrose, an RIE of 2.50 was determined based on analysis of sucrose and
ammonium sulfate mixtures of known composition. As the amount of aerosol generated and transmitted to the SP-AMS is
dependent on the nebulizer conditions, individual ion chromatograms are reported as ion count rates in units of Hz.

To determine the liquid-phase concentration of analytes measured by IC-AMS, peak areas were first calculated
from the background-corrected AMS chromatograms for the analyte of interest (X), and for **SO; internal standard. The

liquid concentration of X was then calculated using the following relationship:

[X]Liquid =7 2 [34504]

34504

(1)

Liquid
Where [X]vriquid 1s the calculated concentration of species X in the liquid sample in ppb, Ax and Assso4 are the peak areas of

species X and 34SOy, respectively, from the AMS chromatograms, and [**SO4]iiquia is the known liquid-phase concentration of
the 3*SO, internal standard. Peak areas are reported in units of pg s m, and liquid concentrations are reported in ppb. Details

of the quantification of the A3*S internal standard are provided in SI Section S2.

3. Results and Discussion
3.1 Analysis of Inorganic and Organic Standards Using IC-AMS

A commercial 7-anion standard solution containing NaF (0.2 ppm), NaCl (1 ppm), NaNO; (1 ppm), NaBr (1ppm),
NaNO; (1 ppm), KsPOs4 (2 ppm) and Na>SOs4 (1 ppm) was analyzed to characterize the IC-AMS system’s response to
inorganic species, with the chromatograms shown in Figure 1a and 1b. Chloride, bromide, nitrate and sulfate showed well

defined chromatographic peaks in the AMS, with peak width similar to those measured by the conductivity detector,
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indicating minimal band broadening after going through the aerosolization interface between IC and AMS. Additionally, the
ratio of major ion fragments for each species matches what is expected for the pure species (Figure S2). In contrast, no AMS
signal was detected for fluoride, nitrite, or phosphate, indicating that these compounds are either volatilized during
nebulization or are not vaporized or ionized under AMS conditions.

A cation standard containing LiCl (0.1 ppm), NaCl (0.4 ppm), NH4ClI (0.4 ppm), KCI (0.4 ppm), CaCl, (0.8 ppm),
and MgCl, (2 ppm) was also analyzed. As expected, Ca and Mg were not detected by the AMS due to their refractory nature.
Additionally, Li was also not detected as the AMS was set to only detect ions with m/z > 12 amu. Both Na and K were
detected but showed significant peak tailing, suggesting slow volatilization of the material on the thermal vaporizer or
adhesion to the ionizer (Drewnick et al., 2015). Quantification of these species through AMS detection is further complicated
by uncertainties in their RIEs, as surface ionization may occur on the tungsten vaporizer (Drewnick et al., 2015).
Nevertheless, AMS measurements are still useful as they could provide unambiguous detection of other compounds that co-
elute with these inorganic cations. Ammonium showed a peak at a retention time (r.t.) of 11 minutes, consistent with the
retention time of NH4" measured by the conductivity detector, and displayed fragmentation consistent with ammonium

(Figure S3) suggesting that the separation of ammonium and amine containing compounds is possible using this method.
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Figure 2: Chromatograms of inorganic anion and cation standard mixtures measured using the IC-AMS system. (a)
Conductivity chromatogram and 210 nm absorbance signal for the anion mixture. (b) Corresponding AMS ion
chromatograms for selected characteristic fragment ions. (¢) Conductivity chromatogram for the cation mixture. (d)
Corresponding AMS ion chromatograms for selected cation-related ions.

To evaluate species recovery and potential losses within the IC system and during nebulization, solutions with
known concentrations of ammonium sulfate, ammonium nitrate, and sucrose were analyzed (Figure 3). Sucrose was chosen
as a model organic compound due to its low volatility and known response within the AMS (Canagaratna et al., 2015; Kiland
etal., 2019). All three compounds show strong linear relationships (12 > 0.98) between AMS-derived concentrations and the
known concentration in the solution. Sulfate and sucrose, both of which are essentially non-volatile compounds, show slopes
near unity, indicating minimal loss of material prior to reaching the AMS. In contrast, the calculated nitrate concentration
was approximately 41% lower than expected, likely due to volatilization of this species during the nebulization and drying
processes. This result implies that although the measurement of semi-volatile material may be biased low, this could be
corrected by applying a constant correction factor. Future work will focus on precise temperature control of the micro-

nebulization system to better quantify and correct for evaporative loss of semi-volatile components.
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Figure 3: Comparison of AMS-derived liquid concentrations with prepared liquid concentrations for standard solutions. (a)
Sulfate from ammonium sulfate and nitrate for ammonium nitrate, and (b) sucrose. Solid lines show linear regressions, and
dashed lines indicate 1:1 agreement. Regression slopes and 12 values are shown for each analyte.

Three atmospherically relevant organic compounds with spanning a range of polarities and functional groups were

also analyzed, and the chromatograms of selected major AMS fragment ions are shown in Figure 4. Levoglucosan (CsH10Os)
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is a widely used tracer for biomass burning aerosol (Alfarra et al., 2007; Schauer et al., 2001), while glycolic acid (C;H403)
and oxalic acid (C,H,04) are products of secondary atmospheric processing, particularly through aqueous-phase reactions
(Mcneill, 2015; Sorooshian et al., 2006; Warneck, 2005). These compounds differ in chemical functionality: levoglucosan is
highly oxygenated (O/C = 0.83) but lacks carboxylic acid functional groups, while glycolic acid and oxalic acid are
representative of mono- and di-carboxylic acids, respectively. The AMS fragment ions shown in Figure 4 were chosen as
they are expected to be major fragments through comparison with NIST standard spectra (Figure S4) (Linstrom, 2023)..
Levoglucosan eluted at 3.2 minutes, concurrent with the IC “water-dip”, indicating minimal retention on the anion-
exchange column and consistent with its neutral character under the separation conditions (Figure 4a). In contrast, glycolic
acid and oxalic acid eluted at 5.9 and 25 minutes, respectively, reflecting stronger interactions with the stationary phase due
to their carboxylic acid functionality and greater anionic character under the eluent conditions (Figure 4b, ¢). The glycolic
acid chromatogram shows clear increases in CHO" and CH3O" concurrent with the conductivity peak. However, the AMS
signal is relatively low, likely due to partial losses during nebulization associated with the semi-volatile nature of this
compound. The CHO" signal is also relatively noisy because of overlap with the '>N'*N*ion. Oxalic acid shows distinct
increases in CO,", CHO," and CH,O," that are coincident with the conductivity peak, demonstrating that the AMS detects

characteristic fragment ions for the separated organic acid.
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Figure 4: IC-AMS chromatograms for single-component organic standards dissolved in M

illi-Q water: (a) 5 ppm

Levoglucosan, (b) 10 ppm Glycolic acid, and (¢) 10 ppm Oxalic acid. Colored traces show selected AMS fragment ion
chromatograms characteristic of each compound, while black dashed traces show the corresponding IC conductivity signal.

The gray dashed vertical line indicates the retention time of the 3*SO4?" internal standard (I
right axis, and AMS ion signals are reported as ion count rates in Hz.

3.2 IC-AMS Analysis of Wildfire-Influenced Ambient PM

.S.). Conductivity is shown on the

Figure 5 shows the chromatograms from an extract of a filter sample collected at the Mt. Bachelor Observatory

during the Biomass Burning Observation Project (BBOP) in summer 2013. Concurrent online HR-AMS measurements

indicate that this sample was dominated by aged wildfire emissions with an elevated oxygen-to-carbon (O/C) ratio (Zhou et

al., 2017). The largest conductivity peaks correspond to inorganic nitrate, sulfate, and to a

b).

lesser extent, chloride (Figure 5a,
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Using equation 1, the concentrations of chloride, nitrate and sulfate in the sample extract determined by IC-AMS
were compared to those measured using the IC conductivity detection. The chloride concentrations agreed well between the
two methods, with values of 76 ppb from IC-conductivity and 77 ppb from IC-AMS. In contrast, concentrations of sulfate
and nitrate measured by IC-conductivity were substantially lower than determined by IC-AMS. Sulfate was measured at 543
ppb by IC-conductivity compared with 667 ppb by IC-AMS, while nitrate concentrations were 355 ppb and 1126 ppb,
respectively. After accounting for evaporative losses in the IC-AMS system, the IC-AMS nitrate concentration increased
further to 1588 ppb. It is possible that this discrepancy can be partially explained by co-elution of organonitrates, which
have been found to be abundant in aged biomass burning emissions and have been observed at MBO (Farley et al., 2025)

However, there are also other increases in conductivity throughout the IC run (i.e. at 6.4, 7.5, and 31.1 minutes)
suggesting the presence of other ionic species, likely including organic ions. Distinct absorbance peaks were also observed at
4.0 and 34.4 minutes, indicating the presence of UV-absorbing organic matter. Although the present study measured
absorbance at 210 nm to leverage higher absorption cross sections in the UV range, these signals suggest the presence of
chromophores; extending optical detection to longer, atmospherically relevant wavelengths would enable more direct
characterization of brown carbon (BrC).

Chromatograms of selected AMS organic fragments further demonstrate the utility of LC-AMS for separating
chemically distinct compounds that produce overlapping fragment ions in bulk AMS spectra (Figure 6¢-d). A substantial
fraction of the organic signal elutes between 2 and 5 minutes, indicating weak retention on the IC column. This early-eluting
material consists of a complex mixture of non-oxygenated and mono-oxygenated fragments, including C;H4O,", which is
associated with anhydrous sugars such as levoglucosan, and CsH;", a reduced hydrocarbon fragment, consistent with
biomass burning influence. Following this initial mixture, a broad feature enriched in C;H30* and CO," is observed between
5 and 9 minutes, indicating the elution of more oxidized compounds such as carbonyls, esters, and carboxylic acids.
Although CO," is observed in multiple regions of the chromatogram, CHO," is strongly enhanced only at 31 and 34.4
minutes. In addition, CH»O,", a prominent fragment in the AMS spectrum of oxalic acid, also peaks at 34.4 min (Farley et
al., 2023). Together with the coincident UV absorbance signal, these spectral patterns support the assignment of the 34.4 min
peak to oxalic acid, which has been identified in BB emissions previously (Gao et al., 2003; Pratt et al., 2011).

10
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arbitrary units, respectively.

Conclusions and Outlook

We have developed a novel analytical method that couples liquid chromatography with aerosol mass spectrometry

(LC-AMS). The method improves the chemical characterization of aqueous environmental samples, including aerosol

extracts, cloud and fog waters, and precipitation samples. The LC separates dissolved constituents based on their

chromatographic retention behavior, which reflects physiochemical properties such as charge and polarity, while the AMS

provides quantitative detection and reproducible mass spectral fingerprints. The integrated LC-AMS approach therefore

provides significantly greater chemical information than either technique alone.
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Although extensive fragmentation during vaporization and 70 eV electron impact ionization in the AMS limits
direct identification of parent compounds, the resulting fragmentation patterns are highly reproducible, allowing for robust
comparisons with laboratory standards, reference spectra, and archived AMS field data. In addition, the AMS ionization
efficiencies are relatively uniform and are routinely calibrated, which support semi-quantitative analysis of diverse organic
compounds or compound classes with reduced reliance on authentic standards. This capability is particularly valuable for
complex environmental samples, where many constituents are unknown or not commercially available.

In this study, ion chromatography was used to target water-soluble ionic and polar species. However, the LC-AMS
approach can be extended to other chromatographic modes. For example, reversed-phase LC could expand chemical
coverage to less polar compounds, while hydrophilic interaction liquid chromatography is well suited for the separation of
highly polar or hydrophilic species. In addition, extending absorbance measurements to atmospherically relevant
wavelengths would enable better characterization of BrC chromophores and facilitate the identification of AMS-based
markers for BrC.

One limitation of the current LC-AMS method is the potential loss of semi-volatile species, such as ammonium
nitrate and small organic acids, during aerosol generation and drying. When compound identity and volatility are known,
such losses can be quantified and corrected through calibration. However, for unknown constituents in complex mixtures,
the LC-AMS-derived concentrations may underestimate true concentrations .

Overall, LC-AMS provides a flexible analytical platform that complements both bulk aerosol mass spectrometry
and highly speciated LC-MS methods based on soft ionization, such as electrospray ionization. Its enhanced chemical
resolution improves the characterization of aerosol sources, atmospheric processing, and climate- and health-relevant

properties of complex aerosol mixtures.
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