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ABSTRACT OF THE DISSERTATION

Studies on the Production and Characteristics of Natural and Anthropogenic Aerosols

by
Alexander L. Frie

Doctor of Philosophy, Graduate Program in Environmental Sciences
University of California Riverside, June 2019
Roya Bahreini, Chairperson

Aerosol particles (hereafter referred to as aerosols) impact the earth system,
affecting climate, ecosystems, and health. To understand aerosols’ effects and mitigate
their negative impacts we must understand the sources of aerosols and of their properties.
This work explores two case studies investigating sources: one investigating the sources of
mineral dust aerosols and one investigating sources of aerosol absorption. Additionally, a
technique for estimating the uncertainty in the full distribution optical closure method
(FDOCM) of refractive index (m) calculations is presented.

In the first study, the sources of aerosols in the Salton Sea Basin, CA, were explored
through 2 field campaigns. The Salton Sea Basin is a region of poor air quality, which is
thought to be primarily controlled by natural dust emissions. Although mineral dust is often
considered a natural source, recently observed increases in dust emissions reveal the
importance of anthropogenic controls. In the first field campaign, PM1o was sampled in
August 2015 and February 2016. In the second, passive dust samples were collected

~monthly from May 2017 to May 2018. Elemental composition and soluble anion content

vii



of the dust samples were used as inputs into positive matrix factorization (PMF). This
investigation revealed multiple dust sources traceable to geologic features and
anthropogenic activities. Of particular interest, is the importance of an emerging lakebed,
which is identified as a new dust source, possibly worsening regional air quality.

In the second case study, secondary organic aerosol (SOA) generated from the
nitrate oxidation of heterocyclic compounds (pyrrole, furan, and thiophene) was
investigated as a potential source of absorbing organic aerosol. This investigation
employed chamber experiments, on- and offline optical measurements, and on- and offline
mass spectrometry to explore the optical and chemical properties of the gas phase
intermediates and aerosols. These experiments revealed pyrrole SOA as a potential source
of absorbing aerosol and possibly an important component of biomass burning SOA.

Lastly, a technique for estimating the uncertainty in FDOCM was developed.
Uncertainties in FDOCM results were estimated by repeatedly performing the optical
closure calculations with perturbed inputs. Simulated inputs reveal the dependence of m
uncertainty on the size distribution and m. This method can be applied to help better

constrain uncertainty in m calculations and yield more certain radiative forcing estimations.
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Chapter 1: Introduction to Studies on The Production and Characteristics of
Natural and Anthropogenic Aerosols

1.0 Introduction
Aerosol particles, solid or liquid phase particles suspended in the atmosphere,

dramatically affect human health and the condition of the earth’s environment. These
particles influence rainfall, seasonal weather patterns, cloud formation and lifetime, and
top of the atmosphere radiative forcing, affecting climate on local, regional, and global
scales.’® Furthermore, increases in aerosol mass have been linked to cardiovascular
disease, respiratory disease, and mortality.* In addition, the composition of aerosol particles
can increase toxicity.>’ Despite these broad impacts, a fundamental understanding of
aerosol properties and sources is still developing. In this work, a series of studies examining
the sources and properties of multiple types of aerosols are presented.
1.1 Aerosols Sources

Before aerosols can affect health, interact with radiation, or deposit, they must be
emitted into or form within the atmosphere, as primary or secondary aerosols respectively.
Because of this, aerosol sources must be constrained if aerosol effects are to be
appropriately understood, modeled, and/or mitigated. Primary aerosol sources include
vehicle emissions, plants, wildfires, soils.®? To understand the effects of aerosols in a
specific region and across the globe, it is crucial to identify the relative importance of
individual sources.

A large variety of methods have been used to identify aerosol sources. These

include visual identification, composition-based receptor models, complex chemical



models, and satellite measurements.***® Through applying these tools, the aerosol
community has identified major aerosol types including primary or secondary organic
aerosol, inorganic aerosol, soot, mineral dust, and sea spray. Differences in aerosol sources
affect the aerosol population in unique ways and on time scales ranging from seasonal to
minutes. For example, in many urban areas aerosols are dominated by relatively small-
diameter (<1 um) secondary organic aerosols (SOA) sourced from traffic emissions and
the resulting atmospheric chemistry; SOA in these areas often have dramatic seasonality
and diurnal patterns.® These patterns will depend on traffic patterns, but also occur in part
because photochemistry is a major pathway of SOA formation and photochemistry and
rates are, in part, controlled by the solar flux which is seasonally dependent.® In contrast,
aerosol populations in desert regions are often dominated by relatively large-diameter
mineral dust. The concentrations of these particles are not controlled by chemistry, but
instead almost solely by meteorological conditions (e.g., wind speed or precipitation).?
Given this, aerosol effects and mitigation strategies in a remote desert region would be
much different than in an urban region. Given the diversity of aerosol sources and their
broad impacts, it is essential to understand aerosol sources on local, regional, and global
scales.
1.2 Mineral Dust Aerosols and Playas

Mineral dust aerosols are widely accepted as one of the largest sources of aerosol
mass on Earth.?! Despite this, significant uncertainty exists in estimations of mineral dust
effects on air quality and the radiation budget.?: 2 These uncertainties arise in part from

an incomplete understanding of dust emissions and human activity driven changes in the



dust budget. Anthropogenic activity increases mineral dust emission by changing
vegetative cover, destroying protective features (e.g. soil crusts), and causing direct
emissions.?* These actions and land use changes are thought to cause a net increase in
global dust emissions.

One major way humans have influenced the dust budget is through water
management. Globally, humans have been diverting water from arid endorheic basins and
causing saline lakes to recede and salt crusted surfaces, known as playas, to form. As long
as ground water is present, these salt crusts are regenerative and become potentially
emissive surfaces, often more emissive than the surrounding desert.?® In Chapters two and
three the importance of an emerging playa as a dust source in the Southwest US is
investigated.

1.3 Aerosols and Climate

Due to an incomplete understanding of aerosol properties, aerosol direct and
indirect climate effects provide the largest sources of uncertainty in predictions of the
anthropogenic impacts on climate.?® The aerosol direct radiative effect (DRE) is driven by
the primary interaction of aerosol particles with light whereas the aerosol indirect effect is
driven by effects on cloud formation, properties, and lifetime, resulting in surface albedo
changes. One area of uncertainty is compositionally driven variation in aerosol absorption
and scattering of radiation, which are major optical properties of aerosols and control the
DRE. Without characterizing the optical properties of aerosols from major emissions
sources, the chemical drivers of optical properties, and the influence of various aging

conditions, characterization of the radiative balance of the Earth system is limited.



Aerosol optical properties are the quantities used to describe how aerosols interact
with radiation. These quantities are described by the refractive index (m) of the aerosol
material. Accurate determination of m of aerosols is crucial, as it is the determining factor
for DRE of aerosols. To better constrain aerosol DRE, m values in aerosols of different
compositions and the parameters controlling m values under diverse atmospheric
conditions must be constrained. In chapter five of this work, a new method of estimating
the uncertainty in aerosol m calculations is presented.

1.4 Optical Properties of Secondary Organic Aerosol

Secondary organic aerosols, those formed from the oxidation of volatile organic
compounds (VOCs) or intermediate/semi volatile organic compounds (IVOCs and SVOCs,
respectively), have atmospheric concentrations that rival/are greater than those of sulfate
and nitrate, common anthropogenic inorganic components of aerosols.?”?® Despite the
large contribution to submicron aerosol mass, optical properties of SOA are not fully
characterized.

To form SOA in the gas phase, gaseous vapors are oxidized by ubiquitous
atmospheric oxidants including Os, ‘OH, NOs, and ‘Cl. These oxidation processes can
functionalize or fragment hydrocarbons; fragmentation leads to smaller compounds while
functionalization leads to more oxidized and larger compounds.?® The functionalization is
generally thought to decrease saturation vapor pressure and drive the condensation of
products to form SOA.%® Due to the diverse reaction conditions and multitude of VOC +
oxidant combinations, the physio chemical properties of SOA are very diverse, resulting

also in diverse optical properties.



Chamber experiments have repeatedly revealed that increases in NOx
concentrations are associated with higher absorption for anthropogenic and biogenic
SOA.3¥3 The influence of NOx on SOA absorption demonstrates changes in chemical
nature and development of chromophoric components within SOA. The ability of a
compound to absorb radiation is driven by the stability/distance of electron transitions.
For example, long conjugated chains or functionalized species are more likely to absorb at
visible wavelengths because n to 7* transitions require less energy. Given this principle, it
is expected that N-containing, O-containing, and aromatic species will be more likely to
absorb within the near UV-visible light spectrum. Multiple studies have demonstrated the
role of NOx in the formation of organonitrate and nitro organic compounds, which have
been in turn observed in both the lab and field to act as chromophores.3*° An additional
source of N containing SOA is the oxidation of VOCs by nitrate (NOg) radicals, the
predominant nighttime oxidant in the atmosphere. In this work, functionalized heterocyclic

aromatic compounds are examined for their potential to create absorbing organic aerosols

(Chapter 4).
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Chapter 2: The Effect of a Receding Saline Lake (The Salton Sea) on Airborne
Particulate Matter Composition
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2.1 Introduction

The Salton Sea is an endorheic, saline lake, located in the southwest of the United
States. The Sea has been intermittently filled with water on geological time scales and was
last filled through an accidental diversion of the Colorado River in 1905.! For the past
century, inflows dominated by agricultural runoff and municipal effluent maintained Salton
Sea water levels. In 2003, the Quantification Settlement Agreement (QSA) incentivized
agricultural water conservation in the region, resulting in a decrease in runoff inputs to the
Sea. As part of the QSA, additional water diverted from the Colorado River is directed into
the Sea to replace inflow reductions. The diversion of river water is scheduled to end before
2018, and the decrease of inflow is predicted to cause a significant decline in water level
between 2018 and 2030.2 This drop will expose large areas of dry lakebed (playa),
potentially creating a vast area of highly emissive surfaces in a county that is already
classified as nonattainment for particulate matter with aerodynamic diameters < 10 pm
(PM10).2 Due to drought, large areas of playa are already exposed and are acting as dust
sources with an unknown effect on PM mass or composition.

Globally, dust emissions from exposed playas have negatively affected air quality

in areas including Owens Lake, California, Sevier Lake, Utah, and the Aral Sea, Uzbekistan
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and Kazakhstan.*>® Playas have a high potential to act as dust sources because playa
surfaces are often unvegetated and typically have elevated levels of subsurface capillary
action that generate irregular and emissive salt crusts.” The dust emissions from playas
increase airborne particulate matter (PM) mass and raise health concerns, as increases in
PM mass have been linked to cardiovascular disease, respiratory disease, and mortality.®
In addition to increased mass loadings, the composition of PM emissions could increase
particulate toxicity. >1% There is concern that metals and pesticides from Salton Sea
sediments may be suspended in dust and increase PM toxicity; selenium, cadmium,
molybdenum, nickel, and zinc and have all been previously observed at levels of ecological
concern within Salton Sea Sediments.'>!® Additionally, in other playas contaminants have
been observed to accumulate after desiccation, potentially intensifying the toxicity of
emissions. For example, at Owens Lake and Ash Meadows, accumulation of As has been
observed in near-surface sediments and dust emissions.** PM sourced from playas is
thought to be compositionally distinct from PM sourced from other dust sources, but the
magnitude of changes to bulk PM composition has not been investigated at the Salton Sea
or in other major playa systems.

Here we test the hypothesis that emissions from playas change PM1o composition
near the Salton Sea, potentially influencing toxicity, dust microphysical processes, and
nutrient deposition. We assess the composition of playa soils, desert soils, and PM1o
collected at the Salton Sea during August 2015 and February 2016. Major sources of PM
are identified using enrichment factors and positive matrix factorization (PMF), and the

mass contribution of desert dust and playa dust sources are estimated.
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2.2 Methodology and Approach
2.2.1 Sampling

The locations of all aerosol and soil sampling sites are shown in Figure Al.1 of
Supplementary Information (SI). Aerosol samples were collected at Salton City
(33.27275°N, -115.90062°W), CA and Bombay Beach (33.35264°N, -115.73419), CA,
two population centers along the coast of the Salton Sea. These sites were chosen due to
their proximity to the Salton Sea and the presence of Imperial Irrigation District (1ID) air
quality monitoring stations, which enabled easy sample collection and access to bulk PM1o,
wind speed, wind direction, relative humidity (RH), and temperature data. Meteorological
data were obtained from the California Environmental Protection Agency’s, Air Resources
Board, Air Quality and Meteorology Information System.'® Aerosol samples were
collected at Salton City (SC) during Aug. 22-27, 2015 (SCS) and Feb. 12-19, 2016 (SCW)
and at Bombay Beach (BB) during Aug. 27-31, 2015 (BBS). During both sampling
periods, the Salton Sea water level averaged ~71.4 m below sea level, corresponding to
about 15,000 acres of exposed playa relative to year 2000 levels.?® Aerosol samples were
collected in two sets to capture the influence of different daily wind patterns: a day set
between 08:00 LT (local time) and 18:00 LT and a night set between 19:00 LT and 07:00
LT. All samples were collected by a Micro-Orifice Uniform Deposition Impactor
(MOUDI) sampler, which separates and collects aerosols by size into 11 stages, between
0.056-18 um, onto 47 mm, 0.2 um pore diameter, Pall Zefluor PTFE filters. During
sampling, three summer and two winter sets of field blanks were also collected. Pre- and

post-sampling, filters were kept in acid-washed Petri dishes and stored individually in anti-
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static bags. Data from the night of August 24" and the day of Aug. 25th were not included
due to water condensation within the MOUDI.

A total of 25 playa and 88 desert samples were collected from a wide area around
the Salton Sea. Playa sites are characterized by a lack of vegetation and were recently
submerged underneath the Salton Sea, whereas Desert sites are located farther from the
sea. Soils were collected by sampling the top 1 cm layer of the surface soil- the section that
would most likely undergo suspension. Soils were stored in quart Ziploc bags and left open
to air dry at 22°C.

2.2.2 Filter Digestion and Elemental Analysis

Soil (seven playa and ten desert) and aerosol samples were acid digested to
determine total metal and metalloid concentrations for enrichment factor calculations and
as inputs for the PMF model. For soil samples, a small mass of soil (~500 pg) was digested.
To increase the signal to noise ratio within aerosol samples, MOUDI filters in the following
size ranges were combined for analysis: 0.056-0.18 um, 0.18 - 0.56 pm, 1.0 - 3.2 um, 3.2
- 10 um. Filters collected in the size range of 0.56- 1.0 um were analyzed individually.
Filters with particles greater than 10 um were excluded due to high field blank values. A
two-step digestion was performed using HNOz + HF and aqua regia (i.e., HNO3s + HCI).
All acids were sourced from Fisher Chemical and were trace metal grade or better. For
each digest, elemental concentrations of the following elements were determined by
inductively coupled plasma mass spectroscopy (ICP-MS) (Agilent 7900): Ca, Na, As, Al
Cr, Fe, Mn, Ni, V, Ba, Cd, Co, Se, Ti, K. All analysis was performed using the summed

concentrations of extracts from each period to get PM1g elemental concentrations. A more
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detailed description of the digestion procedure and quantification steps is included in
appendix 1.
2.2.3 X-ray Fluorescence Spectroscopy

To confirm representativeness of the smaller sample set analyzed by ICP-MS, a
total of 113 soil samples (25 Playa and 88 Desert) were analyzed using energy dispersive
X-ray fluorescence (ED-XRF) spectroscopy (SPECTRO XEPOS) to determine total solid
phase Na, Al, K, Ca, Ti, V, Cr, Fe, As, Co, and Se concentrations. ED-XRF is commonly
used as a high-throughput method to measure total elemental composition in solid phase
samples and is useful for investigating overall trends in larger sample sets. ED-XRF was
used here as a high throughput method to provide a more representative characterization
of both playa and desert samples and to increase confidence in any differences observed
between the two soil classifications. A more detailed description of the quantification steps
is included in the appendix 1.
2.2.4  Enrichment Factors

Enrichment factors (EF) have been used widely in atmospheric and soil literature
to track normalized changes in composition that are driven by anthropogenic or geologic
forces.'”185 Enrichment factors are often used to track anthropogenic contamination within
PM and soils, but can also be used to monitor natural enrichment and fractionation
processes. Mineralogical and chemical transformations can also lead to variations in EFs
reflective of specific environmental conditions; thus, interpretation of EF results must be
made within the context of the environmental conditions where samples were collected.®

For this study, Al is used as the normalization element because it is relatively immobile in
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soils and has been shown to be conserved upon emission. EF in soils and aerosol samples

were calculated via:

(MMeasured/AlMeasured)
EF = 2.1
(Mycc/Alucc) (2.1)

where Mmeasured IS the ICP-MS measured mass concentration of an element within a sample
(ppm), Almeasured is the ICP-MS measured mass concentration of Al within a sample (ppm),
and Mucc and Alucc are the analogous values for the Upper Continental Crust composition
(UCC), as reported by Wedepohl.?° Samples with enrichment factors of 1 have the same
elemental ratios as UCC; values greater than or less than 1 indicate differences from the
UCC.

2.2.5 Positive Matrix Factorization (PMF)

EPA’s Positive matrix factorization (PMF 5.0) is a statistical method that uses factor
analysis to determine the contribution of different sources to the measured elements at a
receptor site. Unlike principle component analysis, PMF effectively only allows positive
values, allowing small negative factor contributions (>-0.2) only to increase the goodness
of the model fit. This allows PMF to be applied to environmental data, where negative
contributions are not physically meaningful. For PMF, both data and uncertainty matrices
are input into the model. The inclusion of an uncertainty matrix allows the PMF model to
provide weights to samples by their signal-to-noise (S/N) ratio and reduce weighting of
highly uncertain inputs. More detail about EPA PMF 5.0 can be found in Paatero and
Tapper, Paatero, and Brown et al.??>23 An extended description of the PMF parameters

used for this study is included in the appendix 1.
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2.3 Results and Discussion
2.3.1 Meteorological Data

Meteorological data provide an external context for PM measurements, as
meteorological factors directly influence playa and desert emissions. For example,
humidity and temperature changes can shift hydration states of playa minerals and
influence their emissivity.?* Additionally, wind direction and speed determine strength and
likelihood of detection of emissions from specific sources.

Relative humidity (RH) at the sampling sites showed common diurnal variations,
with a maximum RH observed in the early morning and a minimum RH in the afternoon
(Figures Al.2a and Al.3). However, the magnitude and range of RH oscillation varied
between sampling periods. During Bombay Beach Summer (BBS), Salton City Summer
(SCS), and Salton City Winter (SCW) the average daily RH oscillation between 06:00 LT
and 15:00 LT was 28.9 %, 18.0 %, and 10.7 %, respectively. The magnitude of RH
oscillations is important as larger oscillations lead to larger hydration/dehydration shifts
within the evaporite minerals of playa surfaces, weakening salt crusts and increasing
emissivity. Given this, playa emissions could be higher during BBS and SCS relative to

SCW.
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Figure 2.1. Wind roses for sampling periods Salton Sea Summer (SCS), Salton Sea Winter (SCW) and
Bombay Beach Summer (BBS). Axis values represent the probability of wind being sourced from an
octant and colors represent wind speed in m s,

For wind direction analysis, directions were divided into 8 octants (North,
Northeast, East, etc.) and probability of wind being sourced from each octant was
calculated (Figures 2.1). Wind direction displayed a clear diurnal trend at all sites (Figures
Al1.4-S1.6). Additional discussion of these trends can be found in the appendix 1. It should
be noted that the predominant wind directions during day BBS, day SCS, and night BBS
were consistent with air masses passing over the Salton Sea and/or playas if a short-term
linear path is assumed. If playa emissions were occurring, playa chemical signatures should
be observable within samples collected during BBS and SCS. Conversely, the predominant
wind directions during SCW would not directly cross the Salton Sea and playa, so playa

emissions are not expected to be observed frequently during this period.
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Figure 2.2. Enrichment factor distributions for each element from measurements of PM g (black), playa soils
(blue), and desert soils (red). Box and whiskers highlight 10™, 25t 50t 75% and 90" percentiles. Respective
EFs of the PMF modeled Ca-rich (green dots), playa-like (blue dots), and desert-like (red dots) factors
superimposed. EF of the Se factor was not graphed because low Al attributions create non-meaningful EFs.

Median, hourly-averaged, wind speed was 2.55 m s, 2.62 m s, and 3.2 m s for
SCS, BBS, and SCW, respectively. SCW wind speed populations (Figures Al.2c) were
skewed towards higher values due to short-term, high wind speed events occurring on
2/14/16 and 2/18/16. No significant wind speed differences were observed between day
and night periods for SCW and BBS, but a significant difference was observed for SCS.
For SCS, median day and night wind speeds were 3.2 m s and 1.3 m s, respectively.
2.3.2 Soils Characteristics

ED-XRF and ICP-MS elemental analysis revealed consistent and unique
characteristics of playa and desert soils (Table Al.1 and Al.2). For both techniques, playa

soils were observed to have significantly (p<0.05) larger elemental abundances of Na, Ca,
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and Se and desert soils were observed to have significantly larger abundances of Ti and
Mn. The larger ED-XRF dataset also revealed significantly greater abundances of Al, Fe,
K, V, and Cr within desert soils. Notably, arsenic was not significantly different between
playa and desert soils using either techniques, and Cd was observed at near or below
detection limits of both techniques. Given these trends, increased emissions of PM from
playas are expected to increase abundances of Na, Ca, and Se in dust particles relative to
typical desert soil emissions. Because of the observed consistencies in ED-XRF and ICP-
MS analysis of the samples, and to allow intercomparison with the PM data, only ICP-MS
data were used for EF calculations.
2.3.3 PMuio Data

Median, hourly PMio mass concentrations from tapered element oscillating
microbalance (TEOM) (Thermo-scientific, SER 1400) measurements during BBS, SCS,
and SCW were respectively 28.7 ug m, 23.3 ug m=3, and 15.6 pg m (Figures AL1.7).
Summer (BBS and SCS) PMao concentrations were significantly (p<0.05) higher than
winter (SCW). Baseline concentrations were lower during winter months, but during SCW,
two high mass events were observed on 2/18/16 and 2/14/16, skewing the distribution
towards higher mass concentrations, likely due to higher wind speeds observed on these
days. Significant diurnal variability in PM1o mass concentration was only observed during
SCS, with median loadings of 25.7 ug m?and 20.4 ug m= (Figures A1.8) for night and

day, respectively.
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2.3.4 Elemental Mass Concentrations

PM1o median mass concentrations of elements measured via ICP-MS are included
in Table A1.3. Mass concentrations of major elements (Al, Fe, Na, and Ca) were found to
be within the range of previously observed values in rural areas of the American
southwest.?>?® Daytime vs. nighttime trends at the two sampling sites are not explicitly
discussed because they were not qualitatively different.

Although trace elements, e.g., Cd, Se, Cr, As, Mn, and Ni, do not significantly
increase the mass of PM, their concentrations are of interest due to their potential to
increase toxicity. Median mass concentrations of each of these metals were below
California EPA reference exposure levels (RELSs) for chronic toxicity, by factors of 77,
14,000, 18, 250, 7, and 2 respectively (Table A1.3).2” Nickel was the only element to breach
its REL during sampling, during 3 of the 25 sampling periods. This suggests that PM mass
increases may be the first health concern driven by playa emissions until individual
elemental limits are surpassed. The disconnect between sediment contamination and
atmospheric PM toxicity likely arises from the different pathways driving PM human
toxicity and sediment-driven aquatic toxicity. The metals previously observed at levels of
ecological concern in sediments were classified as such, in part, because of their ability to
bioaccumulate within aquatic systems.'3!228 Conversely, PM toxicity is driven by size and
composition of PM,?° not compounding within the food chain. The crusts that form on
playas are not simply dried sediments, but instead are new structures with high
concentrations of evaporite minerals.**” Therefore, the presence of contaminants within

sediments does not always equate to toxic playas or atmospheric emissions.
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Only Na and Se displayed significant differences (p<0.05) between summer
(SCS+BBS) and winter (SCW) sampling (Table A1.3). Average Na concentrations were
850 + 670 ng m™ and 370 + 159 ng m~ during the summer and winter, respectively. PMio
Na and its seasonality is discussed further in the discussion of EFs (Section 2.3.3.2).
Average Se concentrations were 2.1 + 2.7 ng m=in summer and 0.3 + 0 .4 ng min winter.
Possible drivers of Se seasonality are discussed in section 2.3.4.

2.3.5 Enrichment Factors (EFs)

EF distributions for playa soil, desert soil, and PM1o are shown in Figure 2.2 and
values are provided in Table Al.4. Playa soils were significantly (p<0.05) more enriched
in Na, Ca, Se than desert soils. Increased concentrations of these elements have previously
been observed within Salton Sea sediments and waters; %3112 these elements were likely
deposited during the playa formation.

PM1o was significantly more enriched than both soil types in Se, V, Cr, Ni, As, Ba
and Fe. Enrichment of the minor elements has been previously observed during simulated
suspension of soil in the laboratory.>3? A soil suspension enrichment may have contributed
to the observed enrichments in PMzo. As shown in Figure 2.3, minor and trace elements in
PM1o were concentrated on smaller particles while crustal elements (Fe, Al, Ca, Ti) were
concentrated on larger particles. Anthropogenic sources including vehicles (Fe, Pb, V),
incinerators (Ni, As), biomass burning (K, Zn) and coal combustion (Se, Pb) are also
possible contributors to metal enrichment.33133435 |ron was the only major element
significantly enriched in PMyg relative to both soil types. Traffic emissions present one

possible source of Fe enrichment, as Fe has been observed in brake pad and vehicular
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emissions.®®3’A combination of suspension enrichment and anthropogenic contributions

are reflected in the enrichments of PM1o.
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Figure 2.3. Relative mass contribution of different size classes of aerosols to individual elements (left axis)
and median mass concentrations of individual elements (right axis).

PM1o was significantly enriched in Na relative to desert soils, but not playa soils.
PM1o Na concentration is of interest because Na containing minerals including, but not
limited to, halite (NaCl) have been observed in high concentrations within playas.?4383%
This study also observed Salton Sea playas with significantly (p<0.05) higher Na
concentrations than local desert soil (Section 2.3.2). Emissions from playa areas are
expected to have relatively high Na concentrations, so Na can be utilized as a tracer for
these emissions. PMz1o Na enrichment may arise from mixing of two sources, i.e., playa and

desert soil. This enrichment suggests that playa emissions are contributing significantly to
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the Na within PM1o. The percentage of sodium attributed to playa emissions is discussed

in section 2.3.5.
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Figure 2.4. PMyo EF distributions of (a) sodium, (b) selenium, and (c) arsenic- elements with significant
seasonal differences in EF distribution. Box and whiskers highlight 10™, 25™, 50, 75" and 90t"
percentiles.

Summer (SCS+BBS) PM1o EFs were significantly greater than winter (SCW) for
Se, Na, and As (Figure 2.4). The lack of a seasonal pattern in the EFs of major elements

other than Na suggest that separate factors control the emissions of Na compared to other
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major crustal elements. This would be expected if the Na was sourced from playa, as playa
emissions are thought to be influenced by additional meteorological factors such as RH,?*
while dust emissions from non-playa sources are not.*® Higher Na EFs during summer
samplings are consistent with wind direction and RH observations, as wind directions
during both SCS and BBS were predominantly from the direction of playas and larger
diurnal RH oscillations were observed during these periods. Oscillations in RH are thought
to affect the hydration state of playas, increasing irregularity in mineral structure and
potentially increasing emissivity. Na EFs were weakly correlated with EFs of Se (r=0.5,
p=0.01) and As (r=0.4, p=0.04), indicating a large proportion of Se and As were likely
emitted from sources separate than those of Na. Selenium displayed the largest enrichment
among the trace elements in PMyo and the strongest seasonal dependence: median summer

and winter Se PM1o EFs were 1890 and 257, respectively.

2.3.6 Positive Matrix Factorization (PMF)

The four source factors produced by PMF, using precedents set previously in
published source studies and knowledge of potential sources in the area, were identified as
playa-like, desert-like, Se, and Ca-rich. Profiles of these factors are shown in Figure 2.5.
Notably, elements normally associated with anthropogenic emissions (such V, As, Ni, Cr,
and Ba), which were observed to be enriched in PM relative to playa and desert soils, were
not isolated in an independent factor. This is likely due to the low concentrations and

relatively high uncertainties associated with these elements.
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Figure 2.5. Positive matrix factorization (PMF) factor profiles, with the relative contribution of elements
on the left axis, represented by bars, and the percentage of each element accounted for by a factor on the
right axis, represented by red dots. The size of the red dots is inversely proportional to the relative
uncertainty, and represents the confidence in the percentage mass of each element accounted for by each
factor, with larger dots representing more confident attributions. The uncertainty is calculated by the
displacement method.

The playa-like factor was characterized by a prominence of Na and the presence of

dust tracers such as Fe, K, and Ti. The Na and K EFs of the playa factor were also within
the distribution of EFs observed for playa soils, although EFs of other elements were higher
than those observed in playa soils. These high enrichments likely arise from the high
uncertainty in the attribution of elements other than Na to this factor. The playa-like factor
is similar to sea spray factors, typically dominated by high concentrations of Na and/or Cl,

observed in other PMF studies.***? Here, the playa-like factor is not believed to be sea
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spray as conditions for white-cap formation, i.e., wind speeds greater than 4 ms*, were not
observed in high frequency during any sampling period, except for SCW.** On average,
the playa-like factor contributed the least to samples from the SCW period when higher
wind speeds were occasionally observed, suggesting a source different than sea spray.
Furthermore, if sea spray were an important source, PM1o EFs of Na would be expected to
be higher than those observed in the playa on at least some of the sampling days, but this
was not observed. Similar to trends observed within the PM1o EF of Na, the contribution
of the playa-like factor was higher on sampling days with the wind blowing over playa
surfaces.

The desert-like factor was identified by the prominence of Al, Fe, K, and Ti, all of
which are major elements in the Earth’s crust and have been observed to be prominent in
regional deserts’ soils (Section 2.3.1)%, and have been associated with crustal emissions in
previous PMF studies.*+4>46  Qbservation of a desert-like factor is expected because dust
sourced from desert surfaces is thought to be a large component of PM mass in the rural
southwest.?>? The desert-like factor’s EFs of major elements (Na, K, Ti, Mn, Fe) was
within the distribution of EFs for sampled desert soils (Figure 2.2), further supporting the
conclusion that this factor represents the contribution of local soils. Notably, the desert-
like factor was much more enriched in Co, Ni, Se, Cd, and Cr than the desert sample set
(Figure 2.2); this likely occurs because no separate anthropogenic source was resolved.
These elements are commonly associated with traffic, industry, and incineration and should

not be interpreted as being sourced from natural dust emissions.
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The Ca-rich factor is similar to Ca factors found in previous source apportionment
studies and often attributed to construction or resuspension of road dust.*”4 The sampling
sites were close to population centers and an off-road vehicle park, so it is possible that
anthropogenic activity also contributed to this factor. Additionally, other studies have
attributed Ca-rich factors to secondary dust sources, such as limestone or gypsum
deposits.*>%° The Salton Sea and surrounding areas are found in the basin of the ancient
lake Cahuilla, and the lacustrine deposits could contribute to a secondary dust source and
this factor. Gypsum and other Ca-containing minerals are also present within Salton Sea
playas,?* but on days when the Ca-rich factor was most prominent, wind direction was not
predominantly from the direction of the Salton Sea. These observations suggest that Salton
Sea playas are not the major source of the Ca-rich factor and that it is likely a combination
of anthropogenic and natural Ca sources.

The Se factor was identified by the prominence of Se; 77% of all sampled Se is
attributed to this factor. Given that coal combustion is the major anthropogenic source of
Se and the lack of coal usage in this region, the Se factor was likely not anthropogenic in
nature. One potential Se source is Se volatilization and condensation onto PM.*! High
levels of Se volatilization would explain both the source independence and seasonal
variability observed in Se PM mass concentrations, EFs, and the Se factor. Se volatilization
has been previously observed in submerged sediments and capillary fringe soils, like those
found in the subsurface of the playas.>?53°*5 Previous observations of Se volatilization
report strong seasonal variability, with the highest rates of volatilization occurring during

summer months. Summer median Se EFs were seven times greater than winter, suggesting
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that Se volatilization from the sediments/soil and condensation onto PM is an important
process at the Salton Sea. Previous investigations of Se volatilization at the Salton Sea by
Schroeder et al. (2002) reported gradients of volatile Se species occurring within the water
column, providing evidence that volatilization within sediments was occurring.3! Despite
this, Se volatilization from sediments was not previously thought to play a large role in the
Salton Sea Se budget and mass balanced was achieved accounting for Se only within the
aqueous phase, sediments, and biomass. If Salton Sea playa zones have a greater rate of Se
volatilization than Salton Sea sediments, volatilization may become increasingly important
during the exposure of playas. These data reveal that Se dynamics at Salton Sea need to be
further investigated, as volatilization pathways may be stronger than previously estimated.

These findings may have implications for the Salton Sea restoration plans.

2.3.7 Two-source Mixing Model and Na Attribution

If playa and desert sources are the dominant sources of Na and Al in PM at the
Salton Sea, it is possible to construct a simple two source mixing model (TSM). Using the
median playa and desert soil EFs as end points, the contribution of each respective source

to Na can be estimated via :
EFpy = EFPlaya(X) + EFpesere (1 — X) (2.2)

where EFpwm is the observed Na EF for a sample within PMag, EFpiaya is the median Na EF
of playa soils (6.9, standard deviation (SD) = 7.8) and EFdesert is the median Na EF of desert
soils (0.54, SD = 0.13). X is the percentage of PM1o Na attributed to playa sources during

a given sampling period.
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TSM-based playa Na concentrations correlate very well (r=0.96, p=1.4E-14) with
the playa-like Na concentrations from PMF. A high correlation between playa Na
concentrations estimated by TSM and PMF confirm that a two-source system of soils and
playa, and not sea salt, indeed controls the PM1o Na concentrations in the basin. Despite
high correlations, TSM estimates lower sodium emissions from Playa (38% of PM1o Na)
than PMF (~68% of PMio Na). It is possible that TSM underestimates the playa
contribution to Na as EFpiaya is highly variable (SD=7.8). To match the TSM and PMF-
based estimates of playa contributions to Na, EFpiaya in equation 2.2 needs to be lowered to
4.2, which is still within the observed range of Na EFpiaya. The large variation in playa
composition likely leads to a similarly large distribution of playa emission potentials and
compositions. Therefore, the effective Na EFpaya Of 4.2 may in fact be a more

representative value of the Na EF of emissive playas.

2.3.8 Crustal and Playa Contributions to PM1o

To quantify the burden of PMaio emission sources at Salton Sea, the mass
contributions of major sources need to be calculated. Elemental masses do not represent
the complete mass represented by a factor, especially for mineral-based factors like the
playa-like, desert-like, and Ca-rich factors because the digestion and analysis method could
not measure bulk Si-, O-, N-, or C-based species. Despite this, PM mass associated with
the Desert-like factor can be estimated using the elemental concentration of Al, Ca, Fe, and
Ti in dusts and the formulation from the Interagency Monitoring of Protected Visual

Environments (IMPROVE) program and modified by Clements et al.>®°758.2%
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Crustal Mass = 10.92 (Al) + 1.63 (Ca) + 2.42 (Fe) + 1.94 (Ti) (2.3)

where Crustal Mass is the PM1o mass concentration from crustal sources and Al, Ca, Fe,
and Ti are the elemental mass concentrations of each element observed in PM1o. Using this
method, and averaging over the sampling periods, the average crustal contribution was 45.2
+ 26.4% (13 + 10 pg m3) of the total PM1o mass, as measured by the 11D, indicating that
on most days crustal sources played a major role in the observed PM1o mass loadings at
these sites.

An integral goal of this study was to determine the PM1o mass contribution of playa
sources around Salton Sea. No analogous equation exists to estimate playa contributions,
in part because playa composition is variable between sites. Here, an equation was
developed using our PMF results and the playa mineral frequencies described by Buck et
al (2011).* Assuming this subset is representative of emissive playa areas around the
Salton Sea, the ratio of Na to total mineral mass of a typical playa can be calculated. Next,
using the PMF estimated Na concentration of the playa-like factor, the PMio mass

contribution of playa sources can be estimated by:
Playa Mass = k * Napjqyq (2.4)

where Playa Mass is the PM1o mass concentration sourced from playas on a given day, k
is 5.22 and represents the ratio of total playa mass to Na mass as observed by Buck et al.
(2011), and Nariaya is the mass concentration of Na that was attributed to playa sources by
PMF on the day of interest. Using this estimation, playa sources contributed at an average

of 8.9 +5.6%, (2.2 +1.6 ug m™) to PM1o mass over all sampling periods. Although highly
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variable, average summertime contribution of playa sources to PM1o mass at both sites was
higher than in winter (11.9 + 11.4 % vs. 5.13 + 5.8%). The contribution of playa to PM at
these sites is not negligible, but measurable at current levels of playa exposure. These
contributions will likely increase with increasing exposures of the shoreline.

High dust emission events with prevailing winds crossing over the exposed playas
were not sampled during this campaign. Since PM dust emissions caused by wind erosion
are controlled in part by wind speed and the presence of saltating particles, playa emission
rates are expected to increase under higher wind conditions. Therefore, the observations
here may only represent the lower bounds of current playa contributions to PM1o. Future
PM source apportionment studies need to resolve the contributions of playa areas during
high mass events, as these contributions will likely be increasingly more important as the
Salton Sea recedes and shoreline exposures grow in extent.

Notably, our results do not support that concept that playa emissions or PM in this
region, are exceptionally toxic due to high levels of toxic metals (Section 2.3.3.1). Despite
this, both TSM and PMF results provide evidence for a relatively strong impact of playa
on PM Na concentrations and PMio mass loadings. Such emissions could influence
downwind biogeochemical and atmospheric processes and affect ecology and meteorology
in downwind regions. For example, Na deposited in soils can influence biomass
decomposition and perturb plant nutrient balance.>°¢ While suspended as PM, Na can also
impact cloud formation.5! With recent playa exposures in other regions, e.g., the Great Salt

Lake in southwest U.S.A..52 Ebinur Lake in northern China,®® and Lake Urmia in Iran,®
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methodologies applied here can be used to determine PM compositional shifts and estimate

the impact of playa exposures on PM concentration due to changes in lake size.

2.5  Appendix Information: Appendix 1 contains detailed methodology concerning
digestions, ED-XRF and PMF; descriptions of temperature and wind conditions; Tables
Al.1-Al.4: summary tables of elemental measurements and EFs; Figures A1.1-A1.10:
map of sampling locations; multiple graphics presenting meteorological conditions;

comparison of PMF EFs to measurement EFs
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Chapter 3: Dust Sources in the Salton Sea Basin: A Clear Case of an

Anthropogenically Impacted Dust Budget
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3.1 Introduction

Atmospheric mineral dust particles, aerosols sourced from the suspension of soils,
play several important roles in the earth system. Suspended mineral dust decreases air
quality by increasing particulate matter (PM) concentrations and shifts the Earth’s radiation
budget by absorbing and scattering radiation.® When dust particles deposit, they can be
sources of essential nutrients or deadly toxicants and also change the Earth’s surface
albedo.?® Developing an understanding of dust is increasingly important as emissions have
been increasing in recent decades.®’ Despite this, knowledge of mineral dust composition
and emission into the atmosphere is limited.®1° To better constrain mineral dust influences
on air quality, climate, and downwind environments, dust sources and their controls must
be identified. Here, we characterize the sources of dust in the Salton Sea Basin in the
American Southwest.

The Salton Sea Basin in southeastern California is classified as non-attainment for
particulate matter less than 10 pm (PM1o) by the US Environmental Protection Agency.*!
Mineral dust emissions are thought to be the major driver of poor air quality, and are often
attributed to natural sources. Compounding this issue is a large endorheic lake, the Salton

Sea, which is shrinking due to changes in water management. The shrinking of endorheic
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lakes is not a localized phenomenon, but a process occurring on a global scale.*? The dry
lakebeds (playas) are often significant dust sources and represent a clear anthropogenic
impact on the dust budget.**1° This was observed at Owen’s Lake in California in the 20"
century when the lakebed became the largest point-source of PMio in North America.*®
Salton Sea playas present a possible dust source of a similar scale.

To understand the dust dynamics and anthropogenic impacts in the Salton Sea
Basin, dust sources and their controls must be quantified. Here, the impacts of specific dust
sources are explored on a regional scale. These results provide insight into the relative
importance, composition, and seasonal trends of sources.
3.2  Methods
3.2.1 Sample Collection and Treatment

Dust deposition samplers were constructed based on the design by Reheis and
Kihl.Y" Briefly, a Teflon coated bundt pan (25.4 cm diameter) was inset with a coarse
Kevlar mesh. Quartz marbles were placed on top of the mesh. The pan was protected from
avian disruption using two crossed Tanglefoot coated straps domed over the pan. All
samplers were deployed at a height of ~ 2.5 m, as in Aciego et al.'®

Samplers were deployed in duplicates at five sites in the Salton Sea Basin of
California: Sonny Bono (SB), Wister (W1), Dos Palmas (DP), Boyd Deep Canyon (BD),
and Palm Desert (PD) (Table 1). Samplers were collected approximately monthly from
April 281" 2017 until May 2" 2018, yielding 11 sample sets from all sites except Dos
Palmas (Table A2.1). Twice access to Dos Palmas was limited, therefore only 9 sample

sets were collected at this site. Occasionally, samplers had been disturbed and were
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unusable (e.g. bird feces were present) and were excluded from the analysis. It is worth
noting that “month” used to describe the temporal space of the samples does not correspond
to an exact calendar month as a duration of sampling, but rather to the calendar month in
which a sampler was deployed the most days. Upon collection, the samplers were extracted
with water, dried, and the remaining solid was weighed (Mettler AE 260, 10 g). One
sample, SB April 2018, was physically extracted using a nylon brush to maintain the
integrity of soluble minerals and allow physical analysis. Sample treatment is dicussed

further in the Appendix 2.

Table 3.1 Sampling sites’ location, management, qualitative class, dominant mass source and observed
mass flux. Management abbreviations area as follows: University of California (UC), United States Bureau
of Land Management (BLM), California Fish and wildlife (CAFW), United States Fish and Wildlife
(USFW).

. Dominate Flux
Site Lat. Long. Management Class Mass Source (mg m? yrY)
Sonny Bono -115.6 USFW On-Playa Playa 89
(SB)
. Colorado &
VE’\;;tI‘;r 11560  CAFW '\\;'v"’g;f‘gneg Local 17
Alluvium
Open
DosPalmas 11584 BLM Colorado Local 16
(DP) Alluvium
Desert
Palm Desert Local
(PD) -116.35 uc Urban Alluvium 30
Boyd Deep Protected Local
(DP) -116.37 uc Canyon Alluvium 1

3.2.2  Flux Estimates
Dust Flux was calculated as described by Reheis and Kihl (Eq. 3.1).1"1°

Mass*(i~Jorg) 3.1)

AreaxYears

Flux =

Where Mass is the dust mass collected in the pan, forg is the fraction of organic matter as
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measured via ashing (SI), Area is the planar area of the pan, and years is the length of pan
deployment. It should be noted that the fluxes are not a quantitative net measurement of
the difference between emission and deposition, but the term used to describe mass
measurements from these samplers,16-18.20.21

3.2.3 Chemical and Physical Analysis

Samples were analyzed for total elemental and soluble anion content. One sample,
representing playa emissions, was also analyzed with Scanning Electron Microscopy
(SEM) and X-ray diffraction (XRD).

To measure elemental content, samples were digested then analyzed with
inductively coupled plasma mass spectroscopy (ICP-MS, Aligent 7900) for total As, Al,
Ba, Ca, Cd, Co, Cu, Cr, Fe, K, V, Mg, Mn, Mo, Na, Ni, Pb, Se, Sn, Sb, Sr, Ti, U, Th, Zn.
To measure soluble anion content, samples were extracted with ultrapure water and the
resulting solution was analyzed for sulfate (SO4%), phosphate (PO.*), nitrate (NOs"), nitrite
(NO2), and chloride (CI) using ion chromatography (IC) (Dionex Aquion, Thermo
Scientific). All elemental concentrations are presented on a dry mass basis (e.g. mg kg™t).

The physically extracted SB April 2018 sample was analyzed with SEM
(NovaNanoSEM 450) combined with Energy-Dispersive X-ray Spectroscopy
(AztecSynergy, Oxford Instruments) (SEM-EDS). SEM-EDS data are reported as a
qualitative measure of the physical and chemical nature of playa emissions. To investigate
the mineralogy, the sample was also analyzed using X-ray diffraction (Siemens D500).
Additional information concerning the digestion procedure and the analyses by the ICP-

MS, IC, and XRD are included in Appendix 2.
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3.2.4 Data Analysis Tools

Positive matrix factorization (EPA PMF 5.0) (PMF) and crustal enrichment factors
(EFs) were used to investigate the sources of, and chemical variation within, the sampled
dusts. PMF is a source apportionment model which identifies source profiles and
contributions by exploring sources of variation within a sample set.?> PMF is analogous to
principle component analysis but unique and powerful for three main reasons. First, PMF
does not allow significant negative contributions of sources, and only identifies sources
with a physical meaning in an environmental context. Second, PMF weighs data using an
uncertainty matrix such that more certain measurements are more influential.% Third, PMF
does not require source profiles to be known, so it can arrive at a solution without assuming
specific sources are present. Here, total elemental and soluble anion mass (mg pan™) for
each sample were input into PMF. Mass, forg, Sn, NO3z" and NO2™ were input as weak
variables due to high signal to noise ratios. Construction of the uncertainty matrix is
discussed in detail in appendix 2.

PMF was tested with 2-9 factors to find the best fit to the data. A 7-factor model
was chosen as the best fit because factors were able to be related to identifiable sources.
Additionally, displacement uncertainty analysis indicated a stable solution, scaled residues
were generally low and normally distributed, and Q/Qexp Vvalues only slightly decreased
upon adding additional factors (Figure A2.1). The uncertainties in source factor profiles
and source contributions were estimated using the displacement error analysis method.?3

EFs were used to explore compositional variation between samples. EFs explore

differences between a sample and a given geologic baseline. EFs are defined as the ratio of
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an element to a known, low-mobility element, such as Al or Ti, divided by the same ratio
in a given geologic baseline. Here, the average composition of the upper continental crust
(UCC) as reported by Wedephol (1995) is used as the baseline, and Al is used as the

reference element (Eq.3.2)%

(MMeasured/AlMeasured)
EF = 3.2
(Mycc/Alucc) (3.2)

Where Mmeasured iS the concentration of an element in the sample, Almeasured iS the
concentration of Al in the sample, Mucc is the UCC concentration of the element, and Al-
ucc is the UCC concentration of Al.2* Although EFs are insightful, shifting antecedent
geology can lead to false interpretations due to natural variability in baseline
concerntrations.?® Additionally, the significance of an EF is dependent on an element’s
bulk concentration and geologic variability. For example, trace elements often only need
small concentration increases to yield large enrichments, but major elements would be
unable to reach similar enrichments without the presence of unrealistically high values.
This means EFs should be viewed in the context of the specific species and the sampling
location.
3.3 Results and Discussion
3.3.1 Annual Mass Flux

Annual dust deposition fluxes (Section 2.2) were 89 g m? yr for SB, 17 g m? yr
L for WI, 16 g m2 yr for DP, 30 g m2 yr for PD and 11 g m yr* for BD. All fluxes were
higher than the median and average values observed by Reheis for sites in CA and NV

from 1984 — 1999 (Figure A2.3),'° indicating that dust fluxes in this region are relatively
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high compared to the surrounding area. Fluxes were within the ranges of those observed
previously in playa basins in the American southwest (Figure A2.3).1°

Of particular interest is the comparison of the on-playa site of the Salton Sea Basin
(SB) to the on-playa site at Owens Lake (T-62).1® The average flux observed on-playa at
Owens Lake from 1991-2002 was 356 + 174 g m2yr*1® This flux is higher than the flux
observed at SB (89 g m yr?), but the flux at SB is approaching the magnitude of
observations at Owen’s Lake. This suggests Salton Sea playas are a major dust source,
even at the current exposed playa levels, and are approaching the scale of Owens Lake’s
emissions.

Variability in dust emissions is controlled by environmental conditions including
antecedent precipitation and concurrent wind speed.?®?” To explore conditions during
sampling, data from local long-term precipitation (5 stations, average of 81 years of data,
1902-2018) and wind (3 stations, average of 18 years of data, 1999-2018) stations were
examined (Tables S2 and S3). Station data were obtained from the National Oceanic and
Atmospheric Association’s (NOAA) National Centers for Environmental Information
(NCEI).28

In this region, winter precipitation is theorized to suppress the following season’s
non-playa dust emissions (e.g. alluvial fans) and increase the following season’s playa
emissions. The reduction in non-playa emissions is thought to be driven by increased
vegetative cover while the increased playa emissions are due to increased salt and sediment
delivery and/or water table height fluctuations.*®>?” Although it is unknown if the playa

relationship would hold in Salton Sea playas given that significant water is present within
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the Sea year round. Winter (September-March) precipitation was high (on average 77%
percentile) prior to sampling in 2016-17 and low (on average at 31% percentile) during
2017-18 sampling (Table A2.22). Therefore, relative to precipitation, non-playa dust
emissions would be expected to be low during 2017 and high during 2018, the inverse
would be expected for playa emissions.

Generally, higher wind speeds correspond to higher dust emissions.?”? Among the
wind stations examined, seasonal wind speeds are highest between calendar months March
and April (Figure A2.3). During sampling, basin- wide extraordinary high windspeeds
were observed in calendar months August and September (>89™ percentile of NCEI data
at all sites) and extraordinary low windspeeds were observed in November (<12% percentile
at all sites) (Table A2.2). For all other months, wind speeds were non-extreme (between
201-80™ percentiles). Relative to wind speed, conditions can be considered within the
normal ranges for most months of our sampling, but relatively high wind speeds were
observed during September and August. Thus, we can interpret the dust fluxes observed
here as approximately “typical” dust fluxes for the region.

3.3.2 Enrichment Factors

EFs were calculated for all samples and demonstrate differences in source
properties (Figure 3.1) both spatially and temporally. Qualitatively, EFs can be divided by
spatial trends and enrichment intensity.

Many elements (Na, Ca, K, Mg, Sr, Se, U) displayed strong decreasing EF trends

from south to north, with the highest enrichments occurring at W1 or SB (Figure 3.1).
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Figure 3.1 Box and whisker plots of enrichment factors at each site and enrichment factors
associated with PMF factors (dots). Within the box and whiskers, the centerline represents the median of
the data, the top and bottom of the box correspond to the 75" and 25 percentiles, respectively, and the top
and bottom whisker correspond to the 90™ and 10™ percentiles respectively. Antinomy (Sb) has been
excluded from this graph due multiple BDL values creating meaningless EFs. The inset map details the
locations of the sampling sites.
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Notably, these elements are commonly associated with evaporite minerals (Na, Ca, K, Mg,
Sr), have been observed at high concentrations in Salton Sea sediments or water (Se, U,
Ca, Na),*>®! or have been observed in Salton Sea playas (Na, Ca, Se).323 This trend likely
reflects the importance of playa and sea spray emissions to PM composition within the
southern sections of the Salton Sea Basin.

Other elements (Ti, Fe, Co, Ba, Sn) displayed strong decreasing trends from north
to south, with the highest enrichments occurring at PD or BD. Notably, many of these
elements are associated with “traditional” crustal emissions (Ti, Fe, Co, Ba). It is possible
that this spatial enrichment trend is the capturing of a compositional gradient within dust
sources that exists between the north and south of the basin. This possibility is further
explored in sections 3.5.2 and 3.5.3.

A third class of elements were highly enriched (EF >10) (Cu, As, Cd, Sb, Se) at all
sites, indicating high background values or basin-wide sources. Among these, As displayed
similar enrichments in local soils, which suggest that its high EF may be a reflection of the
local soil characteristics.®> Copper, Sb, and Cd are commonly associated with
anthropogenic sources, and observed most strongly at PD, so their broad distribution
suggests basin-wide anthropogenic influence.3*3" Selenium is also associated with
anthropogenic emissions but microbial Se volatilization could occur in Salton Sea
sediments and playas, leading to an increase in Se content of ambient PM after atmospheric
oxidation.3*2% These processes would be likely most important during hot months and
near the Salton Sea. Selenium EFs were highest at W1 and during summer months (Figure

A2.4) suggesting microbial Se volatilization as the dominant Se source. Overall, EFs
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suggest compositional gradients of crustal sources across the Salton Sea Basin, the broad
influence of anthropogenic activities, and possible biogenic emissions of Se.
3.3.3 Source Identification and Distribution

Seven dust sources were identified using PMF and knowledge of potential sources
in the region (Figure 3.2): Playa, Colorado Alluvium, Local Alluvium, Agricultural
Burning, Sea Spray, Anthropogenic Trace Metals, and Anthropogenic Copper (ltalicized
text refers specifically to the PMF identified source). Notably, three of these sources are
crustal. This contrasts many PMF-based studies in urban environments which identify only
a single crustal source.®**° The identification of multiple crustal sources reveals the
potential of PMF to resolve individual crustal sources beyond a broad type.

In the following discussion, confidence in attributions is defined by the relative
negative uncertainty as given by the displacement method.?*#! Intervals were defined as
confident (<0.25), semi-confident (<0.5), low-confidence (<0.75), and (<1) no-confidence
(Table A2.4). A No-confidence attribution means that the species has a possible zero

contribution to the factor. Weak variables other than mass are not discussed.
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Figure 3.2. PMF source factor profiles of A) Playa, B) Colorado Alluvium C) Local Alluvium, D)
Agricultural Burning E) Sea Spray F) Anthropogenic Trace Metals, and G) Anthropogenic Copper. Bars
represent the relative contribution of each species within a factor and dots represent the percent of the total
measured species attributed to the factor. Dots are inversely sized by the negative displacement uncertainty.

The largest dots represent the most certain species within a factor.

51



A) Playa Fraction of Total Observed Factor in Sample

46 2
0.001 0.01 0.1

B) Colorado Alluvium E) Sea Spray
PD
BD
DP
Wi

SB

C) Local Alluvium F) Anthropogenic Trace Metals
PD
BD
DP
Wi

SB

D) Agricultural Burning G) Anthropogenic Copper

PD

BD

DP

wi

SB

May Jun. Jul. Aug. Sept. Oct. Nov. Dec. Jan. Feb. Apr. May Jun. Jul. Aug. Sept. Oct. Nov. Dec. Jan. Feb. Apr.

Figure 3.3. Fraction of PMF source factor observed within each sample, normalized by sampling length for
A) Playa, B) Colorado Alluvium C) Local Alluvium, D) Agricultural Burning E) Sea Spray F)
Anthropogenic Trace Metals, and G) Anthropogenic Copper. Values below 0.001 are displayed as white
and above 0.2 as dark blue.
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3.3.3.1 Playa

The Playa source was identified by confident attributions of Mg and SO4%, and
semi-confident attributions of Na, Ca, and Sr (Figure 3.2A, Table A2.4). These elements
are all tracers of evaporite minerals (e.g. MgSOas, CaSQO4, NaCl) which are known to be
common in playas.®>3342 Playa was more enriched in Mg and Ca than in Na, indicating
that Mg- and Ca-based species are important to playa composition. Playa also had a high
mass fraction of soluble SO4? (~29%). Given the high concentrations of Mg and sulfate in
Playa, MgSO4 minerals may be an important component of emissive playas at the Salton
Sea. The nature of the minerals associated with this source is further discussed in section
3.3.4.

Playa displayed the most limited spatial and temporal distribution among all
sources (Figure 3.3A) and was observed strongly during May 2017, June 2017, February
2018, and April 2018 sampling periods at SB (Figure 3.4A). These results suggest that
Salton Sea playa emissions are most important during spring and summer months,
consistent with the expected high emissions between March and June when regional high
wind events tend to occur (Figure A2.2).13%" PMF attributed 36-47% of the total sampled
mass to Playa. The large mass attribution is driven by a high mass flux observed at SB
during the April sampling period (Figures 3.4A). Spatially, Playa was almost solely
observed at SB and WI. This distribution is sensible, as predominant atmospheric transport
trends in the months when Playa was observed were from west to east (Figure A2.5) such

that playa emissions were unlikely to be observed at the other study sites.
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To understand the potential downwind implications, forward trajectories were
simulated daily from March 1%t 2018 to June 30" 2018 at 20:00 (Local Time) when
windspeeds, and theoretically playa emissions, are highest (Figure A2.6 & A2.7).® This
analysis reveals Salton Sea playa emissions are possibly transported throughout the
American Southwest, affecting areas of Utah, Arizona, and Southern Nevada including Las
Vegas. The effects could include degradation of air quality, shifts in precipitation, and

possible ecological damage due to transport and deposition of salt-rich PM.444°
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Figure 3.4 PMF attributions of mass during each sampling period for A) Sonny Bono and B) Palm Desert
sites. PMF attributions are averaged between the duplicate samples for each sampling period. It should also
be noted that some factors have highly uncertain mass attributions (Figure 3.2).

** SB April 2018 is displayed as 1/10" of its value given its high mass concentration compared to the other
samples

3.3.3.2 Colorado Alluvium
The Colorado Alluvium source was identified by confident attributions of U and
semi-confident attributions of Al, Ca, As, Se, Cd, Sn, Pb, and Th (Figure 3.2B, Table A2.4).

Many of these elements are commonly associated with soil or crustal emissions (Ca, Al,
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Pb, Th, U).2* Much of the Salton Sea Basin is covered in alluvium from the Colorado River
and sediments from the ancient Lake Cahuilla. These soils have a low concentration of Al,
Fe, and Ti and high concentration of Ca (Figures A2.9-A2.12).%6 Conversely, multiple
alluvial fans exist at the north end of the basin that are known dust sources;*"*® dust from
these sources (Local Alluvium) would likely be granitic in origin and thus be relatively rich
in Al, Fe, and Ti. This compositional difference means dust from Colorado Alluvium can
be easily distinguished from Local Alluvium by Al, Fe, Ti, and Ca content. Colorado
Alluvium corresponds to alluvium deposited by the Colorado River and Ancient Lake
Cahuilla. Shifts in the importance of Colorado Alluvium and Local Alluvium explain the
EF gradients discussed in section 3.3.4.

Notably, 56 % of U measured in this study was attributed to Colorado Alluvium
(Figure 3.2B). This high U contribution is possibly caused by the historical and ongoing
use of Colorado River alluvial soils for agriculture, which may drive U enrichments in the
soil and groundwater through application of phosphate.**° The U enrichment in this factor
suggests that dust emissions by Colorado Alluvium are closely linked with agricultural
activities.

Colorado Alluvium shows basin wide importance accounting for 8-28% of the total
sampled mass (Figures 3.2B and A2.8). Furthermore, it shows a strong seasonality across
all sites (Figure 3.3B), with minimum contributions occurring during December - February
and maximum contributions during May - August sampling periods. Ostensibly, these
findings result from seasonal wind patterns and customary agricultural practices, as winds

are strongest in spring-summer (Figure A2.3 and Table A2.2), and local agricultural
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practices promote summer emission. Most of the land covered by the Colorado Alluvium
to the north and south of the sea is currently farmed, with crops covering the fields in winter
(Figure A2.13). Management of crop cover during the dust season may be a potential
method for regional dust suppression.
3.3.3.3 Local Alluvium

The Local Alluvium source was identified by semi-confident attributions of Na, Mg,
Al, K, Ca, Ti, V, Cr, Mn, Fe, Co, Ni, Zn, Se, Sr, Mo, Sn, Ba, Pb, and Th (Figure 3.2C,
Table A2.4). All of these elements are present in soils, and some are common crustal tracers
(Ca, Al, Fe, Ca, Mg, Pb, etc.).?* Local Alluvium is different from Colorado Alluvium in
multiple ways. Most importantly, it has much higher Al, Ti, and Fe mass concentrations.
As discussed above, Al, Ti and Fe all have higher concentrations in the surrounding
mountains and the associated alluvium than in the alluvium from the Colorado River
(Figures A2.9-A2.12). 46

Local Alluvium has the strongest contributions (71% of the observed mass) at PD
(Figure 3.4B). This is likely due to the alluvial fan associated with the Whitewater River
at the northern tip of the basin and just north of the Palm Desert, which is a known dust
source.*”#851 |_ocal Alluvium is also observed at the other sites, accounting for 20-44% of
the total sampled mass (Figures 3.2C and A2.8); the strength of this source can be explained
by the ubiquitous presence of alluvial fans around the basin. Additionally, this source is
likely intensified by land use practices such as off-highway vehicle (OHV) sue. In addition
to instantaneous emissions, OHV use can destroy protective soil crusts and increase the

emission potential of surfaces.>?>*
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Temporally, Local Alluvium is strongest when wind speeds are high (spring-
summer) and appears strongly in the September and October PD samples, which coincided
with regionally high wind events (Figures 3.3C and A2.3, Table A2.2). Although Local
Alluvium decreases in winter months, its contribution does not decrease as strongly as the
Colorado Alluvium, likely because local alluvium is not as developed for agricultural use
and OHYV activity increases in winter.
3.3.3.4 Agricultural Burning

The Agricultural Burning source was identified by semi-confident attributions of
POs*, K, Zn, Mo, and low confidence attributions of many crustal species (Figure 3.2D,
Table A2.4). Potassium is commonly associated with biomass burning emissions®”>® and
biomass burning events are also known to be important mechanisms of P redistribution®®.
The crustal elements associated with this factor, which likely represent co-emitted dusts,
are similar to that of Colorado Alluvium, with high Ca and low Ti, Al, and Fe (Figure 3.1,
Table A2.4) and can be explained by agricultural biomass burning on farmed Colorado
Alluvial Soils in the Salton Sea basin.

Agricultural Burning was strongly observed at SB and WI, accounting for 4% and
5% of the observed mass at each site, respectively (Figure 3.3D and A2.8). This is likely
due to the proximity of these sites to active agricultural regions, which are mostly south of
the Salton Sea. Agricultural Burning is relatively strong at all sites during May, June, and
July sampling periods. However, the contributions are relatively weak at all sites, other
than SB, during December - February. This seasonality could be driven by differences in

predominant wind patterns, which are northerly in winter (Figure A2.5). The continued
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observation of Agricultural Burning at SB might be because of its proximity to agricultural
areas, so it may be more sensitive to smaller scale, local emissions even when predominant
transport is away from the site. Basin wide, PMF attributed 2-7% of the total mass flux to
Agricultural Burning.
3.3.3.5 Sea Spray
Sea Spray was identified by confident attributions of CI, Na, and Se (Figure

3.2E, Table A2.4). This source likely results from wave breaking at the Salton Sea as it is
most strongly observed at SB and W1 (Figure 3.3E). Na and CI" are known dissolved ions
in the sea, and Se is known to have relatively high concentrations in Salton Sea because
the sea’s major water source, the Colorado River, has high Se concenrations.®” Sea Spray
is a commonly identified aerosol source.%®% It is possible that some of this source is playa
emissions, as playa formed from evaporating Salton Sea water would have a similar
composition. Overall, Sea Spray has a relatively minor contribution to the total sampled
dust mass (1-14%) (Figure A2.8) but contributes to a large component of total sampled Na
(5-32%) and soluble CI" (25-100%) near the Salton Sea (Figure 3.2E).
3.3.3.6 Anthropogenic Trace Metals

The Anthropogenic Trace Metals source was identified by confident attributions of
Sh, As, and Cd and semi-confident attributions of Na, Zn, and Pb (Figure 3.2F). These
species have been associated with anthropogenic activities such as vehicle emissions,
incinerators, and industry.®®® PMF attributed 1-11% of the total sampled mass to

Anthropogenic Trace Metals (Figure 3.2F and S8).
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Anthropogenic Trace Metals was most strongly observed at PD but had some
contribution at all sites (Figures 3.3F and S8). The high contribution of Anthropogenic
Trace Metals at PD is consistent with PD being the most urbanized site. Anthropogenic
Trace Metals displayed a confined spatial distribution during the summer but was observed
more strongly at all sites during the November-February sampling periods. This shift in
contribution coincides with the shift in back trajectory directions from westerly to northerly
winds during winter (Figure A2.5) and reveals the influence of emissions from the
urbanized areas located upwind and to the north of the basin during these months. This
indicates an increased influence of anthropogenic emissions throughout the basin during
winter.
3.3.3.7 Anthropogenic Copper

The Anthropogenic Copper source, accounting for only 1-10% of the total sampled
mass, was identified by confident attributions of Cu (Figure 3.2G). Cu is often associated
with anthropogenic activities, particularly motor vehicle use and industrial production.®+¢’
Although Anthropogenic Copper is observed in almost all samples, it has no broad trends,
and occurs strongly within the DP Aug., BD Sept., BD Dec., PD Dec., and WI Dec samples
(Figure 3.3G and S8). The sporadic strong detection of Anthropogenic Copper indicates
that it may represent a mobile and localized source, such as vehicular brake dust. Copper
increases toxicity in PM® so even small contributions of Anthropogenic Copper may have
particularly potent health effects. Future work should attempt to indentify the source of

copper in the Salton Sea Basin to constrain the impact of this source on human health.
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3.3.4 SEM and XRD of Playa Emissions

SEM and XRD analysis of the physically extracted April 2018 SB sample (Section
2.1), which was dominated by Playa, reveals the nature of captured playa emissions. SEM-
EDS analysis qualitatively shows Mg-S-O aggregates dominate the sample (Figure A2.14).
This observation confirms our conclusion based on the ICP-MS and IC measurements that
MgSO4 minerals are a key component of emissive playas at the Salton Sea. XRD analysis
of the April 2018 sample also reveals the presence of multiple evaporite minerals including
hexahydrite (MgSO4+6H20), Epsomite (MgSO4+7H20), halite (NaCl), gypsum
(CaS04+2H20), and bassanite (CaSO4+0.5H20) (Figure A2.15).

MgSO4 minerals (hexahydrite) have previously been observed in emissive playas
at the Salton Sea by Buck et al.** Additionally, Goldstein et al. observed selective removal
of SO4% from playa soils by wind erosion,®® but this is the first direct observation of MgSO4
within emitted playa dusts. Together, these observations suggest the presence of
hexahydrite or epsomite may be a possible predictor of the emissivity of Salton Sea playas.
This is of interest as MgSO4 minerals were not originally assessed as emissive crust types
at the Salton Sea although other sulfate minerals, e.g. NaSOs, were.”” This finding
reinforces the principle that mineral structure dynamics are key to playa emission potential
and therefore should be the focus of future studies.

3.4 Implications

This work increases the resolution of dust source apportionment in the Salton Sea,

not only identifying “desert”, “natural” or “crustal” emissions, but allocating dusts to

specific sources. Among the PMF-resolved source factors, 6 of the 7 sources which
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contribute to 55 to 80 % of total mass, are directly influenced or caused by anthropogenic
activities. Colorado Alluvium and Agricultural Burning emissions are directly controlled
by agricultural practices. Playa and Sea Spray emissions are a direct result of historic and
current water management practices. Anthropogenic Copper and Anthropogenic Trace
Metals are a result of current human activities. Additionally, Local Alluvium is likely
controlled, in part, by the human disruption of natural surfaces, such as OHV use. These
findings demonstrate the complexity and significant anthropogenic controls on the dust
budget in the region and reinforce the need for a detailed understanding of the dynamics of
dust sources not only in the Salton Sea Basin but globally.

PM 1o within the Salton Sea basin exceeded national standards prior to exposure of
the playas surrounding the Salton Sea. Here we have shown playa emissions are causing
an increase in dust fluxes and undoubtedly degrade air quality. Playa emissions display
extreme seasonality, with highest emissions during spring and early summer. This
seasonality could be used to inform potential playa dust suppression efforts and lead to
more efficient dust mitigation. Additionally, this work supports previous findings that
sulfate-, and specifically MgSQOas-, containing playas are a particularly emissive playa

type.33'69
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Chapter 4: Brown Carbon Formation from Nighttime Chemistry of Unsaturated
Heterocyclic Volatile Organic Compounds

4.0  Acknowledgement of Co-authorship
Credit for this chapter is shared equally between Huanhuan Jiang and Alexander L. Frie,
Other contributors include Avi Lavi, Jin Y. Chen, Haofei Zhang, Roya Bahreini, and
Ying-Hsuan Lin.
41 INTRODUCTION

Aerosol’s radiative effects are the most uncertain components of current climate
models.? One of the drivers of this uncertainty is the incomplete understanding of aerosol
formation and aging processes that influence aerosols’ chemical composition and optical
properties. Light-absorbing organic aerosols, known as brown carbon (BrC), are estimated
to account for ~20% of aerosol-driven atmospheric heating.® The chemical nature of BrC
chromophores has been the focus of many recent studies, with field, laboratory, and
modeling studies identifying aromatics, conjugated systems, and highly functionalized
species, such as organic nitrates, as moieties responsible for absorption of tropospheric
solar radiation.>*" Specifically, nitroaromatic compounds have been recognized as
significant components of BrC.14

One previously unexplored pathway of BrC and nitroaromatic formation is the
nitrate radical (NOgz)-initiated oxidation of unsaturated heterocyclic compounds.
Unsaturated heterocyclic compounds contain heteroatoms (N, O and S) within their ring
structures and represent a unique family of reactive compounds. These compounds are

emitted during biomass burning events, with estimated emission factors of 5-37% of total
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emitted carbon for furans.'® High levels of NOx emissions in biomass burning plumes can
readily react with Oz to form NOs radicals, the dominant atmospheric oxidant during
nighttime.*>%% 20 Thus, heterocyclic compounds and NOjs radicals are likely to co-occur in
the nighttime atmosphere. Major unsaturated heterocyclic compounds are known to react
quickly with NOs radicals, forming condensable nitro- or nitrate-containing reaction
products that are likely to absorb light in the UV-Visible range.?*1:22

Here, the NO3 oxidation of unsaturated heterocyclic compounds is investigated as
a probable and previously unrecognized source of BrC. Through a series of chamber
experiments, we characterized chemical and optical properties of SOA from NOs-initiated
oxidation of pyrrole, furan, and thiophene as model compounds for 5-membered
unsaturated heterocyclic compounds. We used both online and offline techniques to
evaluate single scattering albedo (SSA, 1=375 nm), refractive index (m, A=375 nm) and
mass absorption coefficients (MAC, 290-700 nm) to provide a broad picture of the optical
characteristics of SOA. Molecular composition of SOA was analyzed to identify potential
chromophores.
4.2 METHODS
4.2.1 Controlled Chamber Experiments

Experiments were performed under dry conditions (RH=2-16%) within a ~1.3 m®
FEP Teflon chamber located at University of California, Riverside. Before each
experiment, the chamber was filled with zero air (Airgas). Oz was generated through corona
discharge (Enaly, 1000BT-12) and injected into the chamber until a concentration of ~1500

ppbv O3 was reached. Next, 2 L of NO (Praxair, 482 ppmv in air) was injected into the
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chamber. The chamber was equilibrated for an hour to allow reservoirs of NOz and N20Os
to develop. As shown in Figure Al.1, more than 9 ppbv NO3 can be generated after one
hour as simulated using a kinetic box model.?% Then, pyrrole (TCI America, >99%),
furan (TCI America, >99%,) or thiophene (Alfa Aesar, 99%) was added into a glass bulb
and the vapors were introduced into the chamber by flowing ultra-zero air (Aadco
Instruments Inc., 747-30) through the bulb to achieve an effective chamber concentration
of ~200 ppbv. Under these conditions, the oxidation of all precursors is dominated by the
NO3 pathway (Table 4.1). Aerosol size distributions, NO2, NO and Oz were continuously
monitored during experiments with a scanning electron mobility spectrometer (SEMS,
Brechtel Manufacturing Inc.), NOyanalyzer (Thermo 42i-LS) and an Oz analyzer (Thermo

49i), respectively. A summary of experimental conditions is provided in Table 4.2.

Table 4.1. The estimated lifetimes of pyrrole, furan and thiophene in the presence of ~750 ppbv O3 and
~1000 pptv NO; radicals

Rate constants pyrrole furan thiophene
k (with O3) (cm® molecule? st) 2 1.6x10Y7 2.4x1018 <6x10%
k (with NO3) in (cm® molecule*s) 2t 4,9x10! 1.4x101? 3.2x10°
lifetime for the reaction with Os (s) 3.4x10% 2.3x10* >9.0x10°
lifetime for the reaction with NO3 (s) 8.3x101 2.9x10! 1.3x108
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Table 4.2 Summary of experimental conditions and results.

Precursor  [Osleg [NOdJeq AMmax Aogosso® Average  <MAC>  Average Nazs " Kazs " SSAz7s!
é b ¢ 200550° T <MAC> 9
ppb__ ppb pg m cm*g?t  cm?gl
Pyrrole 750 350 558 5.83 5.71+0.29 3,720 3,370+£670 141 + 0.017 + 0.86x0.01
0.03 0.002
Pyrrole 1200 300 770 5.93 2,600 1.34 + 0.013 + 0.86x0.01
0.04 0.002
Pyrrole 1160 310 615 5.38 3,800 1.40 + 0.014 + 0.87 +
0.01 0.003 0.011
Furan 590 330 17 7.81 6.78+1.12 1,330 1,070+240 - - -
Furan 560 160 43 6.95 850 - - -
Furan 800 170 47 5.59 1,040 - - -
Thiophene 530 350 264 5.70 5.50+0.18 2,610 2,950+£470 1.44 + 0.003 + 0.98x0.01
0.01 0.002
Thiophene 420 280 218 5.34 2,770 1.45 + 0.002 + 0.98+0.01
0.01 0.001
Thiophene 750 330 285 5.47 3,480 147 £+ 0.003 + 0.98+0.01
0.02 0.002

2[Os]eq: the measured equilibrium O3 concentration.

b [NOy]eq: the measured equilibrium NOy concentration.

¢ AMnmax: the maximum aerosol mass concentration during the experiment.

9 Azsorsso: the absorption Angstrém exponent calculated using the MAC at 290 nm and 550 nm.

¢ Average Axgossso: the average Azoosso calculated from triplicate experimentsz the corresponding standard deviation.

<MAC>: the averaged MAC over the range of 290-700 nm, as calculated by Eq. (4.3).

f Average <MAC>: the average <MAC> value calculated from triplicate experiments + the corresponding standard deviation.
9n375 and kazs: the averaged nszs and Kszs over the experiment when mode changed <10 % in consecutive SEMS runs and optical
coefficients were above PAX detection limits.

"SSAszs: the averaged SSAszs over the experiment when Xszs>1.

" During the furan experiment, more than 50% of fass375 Measurements were below the PAX detection limit with the remaining
values being only marginally higher. Thus, nazs, ks7s and SSAszs were not reported for furan experiment.



4.2.2 Online Chemical and Optical Characterization

Gas-phase reaction products were analyzed in real time by an iodide-adduct high-
resolution time-of-flight chemical ionization mass spectrometer (HR-ToF-CIMS, Tofwerk
AG, Aerodyne Research Inc.) with iodide (I) as a reagent ion. I"ions were introduced into
the ion-molecule reaction region of the HR-ToF-CIMS by first passing dry N2 over a
diffusion tube filled with methyl iodide, then passing the flow through a 2*°Po radiation
source (NRD) and into the ion molecule reaction region (IMR) of the instrument. To
humidify the sample stream, a 0.5 L min™ nitrogen stream humidified with a bubbler was
mixed with the sample stream prior to the inlet. The total inlet flow of CIMS was 2.2 L
mint. The operating pressures of the instrument were as follows: the IMR region at 100 +
2 mbar, the SSQ region at ~2.2 mbar, the BSQ region at ~0.01 mbar, and the TOF region
at ~10® mbar.

Scattering and absorption coefficients at 375 nm (fscat3rs and Papszrs) were
measured at 1 Hz using a photoacoustic extinctiometer (PAX) (Droplet Measurement
Technologies, Boulder, CO). PAX measurements were averaged to the SEMS scan time
(140 s). PAX detection limits, defined as 3 times the standard deviation of scattering and
absorption measurements of filtered air averaged to 140 s, were 1.29 Mm™and 1.08 Mm"
! respectively for Bscatars and Bavs 375. The single scattering albedo at 375 nm (SSAszs) was

calculated using Eqg. 4.1.

SSA375 — ﬁscat,375 (41)

Bscat,375%Babs,375
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The size parameter (x) is useful in understanding SSA dynamics due to SSA’s
dependency on particle size and measurement wavelength. x relates the mode diameter of
the size distribution (dmode) to the corresponding wavelength (1) of optical measurements,

i.e., 4=375 nm for PAX, as shown in Eq. 4.2.

x; = Tmede (4.2)

4.2.3 Calculation of Refractive Index

RI values are measures of the interactions of a material with radiation. The RI
consists of two components, a real component which describes scattering (n) and an
imaginary component which describes absorption (k). RI values were calculated using an
optical closure procedure and applying Mie Theory.?6-3® RI values were calculated by
minimizing the absolute difference between the observed and theoretical optical
coefficients of a size distribution over a range of RI inputs, at times when the mode change
between consecutive SEMS measurements was lower than 10%.26% For pyrrole and
thiophene experiments, na7s and kaszs values were calculated when PAX measurements were
above the detection limits for both fscat37s and fans,375. Additional Details are included in
appendix 3.

Uncertainties in refractive index values were calculated by forcing calculation
inputs by instrumental uncertainties to the most extreme value. For example, the lower
bounds of k values are determined by maximizing particle diameter and particle count, and
minimizing observed absorption. Uncertainties used in these calculations were 6 % for
absorption coefficients, 4.5% for scattering coefficients, 3% for particle diameter, and 10%

for particle count.3! Uncertainties associated with the first and last calculations of refractive
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indices for each experiment are included in Table 4.3. Average observed uncertainties

were k*0:99% and nt3:9¢ for pyrrole as k*3:091 and n*3:37 for Thiophene.

Table 4.3. Estimated uncertainties in calculated refractive index values for the initial and final refractive
index calculations. Table order corresponds to that of Table 4.2.

Precursor Initial kszs Final Kazs Initial nazs Final nszs

Pyrrole 0.023" 057 0.015"0508 1.45°0%8 1.37:998
Pyrrole 0.018:0.005 0.012/0993 1.4310%7 1.3150%
Pyrrole 0.004 oot 0.015° 050 1417007 1407006
Thiophene 0.009/0.003 0.00270%! 1.417098 1452087
Thiophene 0.007/0%3 0.002/0001 1.45'0%8 1.43°0%7
Thiophene 0.009. 0004 0.04 1 1.44:0% 1.43:9087

4.2.4 Offline Optical Characterization
Aerosol samples were collected onto polytetrafluoroethylene membrane filters
(Zefluor, Pall Laboratory, 47 mm, 1.0 um pore size), after the particle volume
concentration peaked. Filters were extracted in methanol and analyzed for UV-Vis
absorbance (Beckman DU-640). This process is further detailed in the appendix 3.
4.25 Calculation of Mass Absorption Coefficient and Absorption Angstrom
Exponent
Calculation of the solution-based MAC from UV-Vis spectra has been reported

previously.®?* The effective MAC (cm? g is calculated using Eq 4.3.32%

A(A)xIn10
bXCmy

MAC(L) = (4.3)

where A(X) is the absorbance at wavelength (1) of filter extracts, b is the path length (1
cm), and Cm (g cm™®) is the mass concentration of extracted SOA compounds in solution.
Cnm is determined by the filter sampling flow rate, average aerosol mass concentration

during filter collection, sampling time, and extraction efficiency. The light-absorbing
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properties of aerosols are estimated by the average MAC (expressed as <MAC>) over the

wavelengths range of 290-700 nm (Aupper-Alower), 8 Shown in Eq 4.4.

A
UPPET MAC(A)dA

<MAC) — Aower (44)

lupper—llower

To understand the wavelength dependence of absorption, the absorption Angstrom

(A) exponent from 290 to 550 nm was estimated (Eq. 4.5).%

_ln(MAC(290nm))
A _ MAC(550nm) 4 5
290/550 = T @sonm, (4.5)
550nm

4.2.6 Offline Chemical Characterization

The molecular composition of filter extracts was characterized using liquid
chromatography (LC) coupled with a diode array detector (DAD) and a high-resolution
time-of-flight mass spectrometer (HR-TOFMS, Agilent 6230 Series). The instrument was
equipped with an electrospray ionization source (ESI), and the detector was operated under
the negative (—) ion mode. The TOFMS acquired mass spectra from m/z 63-1050. The
chromatographic separations were carried out using Waters XBridge BEH C-18 column
(2.2mm ID, 50 mm length, 2.5 um particle size) at 45°C. The mobile phases consisted of
eluent (A) 0.1% acetic acid in water and eluent (B) 0.1% formic acid in methanol. The
applied 15-min gradient elution program was as follows: the concentration of eluent B was
0% for the first 2 min, increased to 90% from 2-12 min, held at 90% from 12-14 min, and
then decreased back to 0% from 14-15 min, and held at 0% from 15-20 min. The post-run
time was 2 min. The LC flow rate and injected sample volume were 0.25 mL min* and 20

ML, respectively. Prior to LC-DAD-ESI-HR-TOFMS analysis, the TOFMS instrument was
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calibrated using a commercially available ESI-L low concentration tuning mixture (Agilent
Technology, Part number G1969-85000). This external calibration was done in the low-
mass range (m/z <1700) mode.

4.2.7 Secondary Organic Aerosol Yield

SOA vyield was calculated as shown in Eq. 4.6.

Y — pXOAyo,] 4 6
S04 (mvoc/Vcham) ( )

where Ysoa is the aerosol yield, p is the assumed aerosol density (1.3 pg cm=),3* OAva is
the volume concentration in pl m= mvoc (ug) is the mass of VOC injected into the
chamber, and Veham (M) is the estimated volume of the chamber. Vcham. uncertainty was
assumed to be 0.3 m®and density uncertainty 0.15 pg cm. Uncertainties in the myoc were
assumed to be the smallest unit of measurement on the injection syringe (0.1 pl) multiplied
by the dentisty of the VOC injected. Uncertainties in the OAvo were calculated as the
standard deviation of OAvo within the 3 experimental replicates.
4.2.8 Total Potential SOA and Absorption Cross-Section Emission Factors

To estimate the relative importance of each precursor to SOA mass, the potential
for SOA production (SOApt, g of SOA potentially produced per kg of fuel burned) from
the NO3 oxidation of furan, pyrrole, and thiophene released from 6 fuels are calculated

(Table 4.3), as shown in Eq. 4.7.

EFc

SOApor = (55) X Ys0a (4.7)

Fc
where EF¢ is the carbon emission factor in g kg™* reported by Hatch et al. (2015),*® F¢ is the
fraction of molecular weight accounted by carbon, and Ysoa is the SOA yield estimated in

this study.
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To estimate the relative importance of each precursor to the SOA absorption cross-
section in burning of a specific fuel, we calculate the absorption cross-section emission
factor (EFansc, cm? of absorption per kg of fuel burned) (Table 4.4), using SOApet and our

<MAC> values, as shown in Eq. 4.8.

EF,pc = (EFE) X Ysoa X< MAC >= SOAo X< MAC > (4.8)

4.3  Results and Discussion
4.3.1 NOs-Initiated SOA Formation from Heterocyclic Precursors

By assuming all of the injected VOC reacted with NO3 radicals and propagating
experimental uncertainties, the lower bound of SOA yields (Eq. 4.6) were estimated to be
109 £ 29 % for pyrrole, 7 £ 3% for furan, and 35 = 8% for thiophene, assuming a density
of 1.3 g cm™3.3* These values are estimates and are likely inter-comparable, but caution
should be used when comparing to more quantitative yield measures from other studies
due to our small chamber size and potentially high particle wall-loss rates.

The low SOA mass production from furan is consistent with the low SOA vyields
from OH oxidation of furan reported in other studies.®>% Together these observations
reveal that furan may not be a major contributor to SOA mass under a variety of common
oxidation conditions. Conversely, the larger SOA mass formed from thiophene and pyrrole
indicates that NO3z chemistry with these compounds may be an important SOA source,

particularly in biomass burning plumes where these compounds are readily found.®
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Figure 4.1 (A) Calculated refractive indices of pyrrole and thiophene SOA over the course of
experiments. (B) Single scattering albedo values for pyrrole and thiophene relative to the size parameter at
375 nm (xs75). Values shown are averaged over all experiments for the given compound. Shaded areas
represent 1 standard deviation and describe that variability between experiments. (C) Mass absorption
coefficients (MAC) as a function of wavelength for pyrrole-, furan-, thiophene-derived SOA.

4.3.2 Optical Properties of SOA

SSAars, nars, and kazs for pyrrole and thiophene experiments are displayed in Figure
4.1A and 4.1B. For the following discussion, SSAs7s values are averaged for all
measurements where x375>1 because the size dependency of SSA is expected to be minimal

within this region.3” The nazs values fell within the ranges previously observed for organic
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aerosols, with average values of 1.41 + 0.05, and 1.44 + 0.02 for pyrrole and thiophene
SOA, respectively.

Pyrrole SOA was the most absorbing among the three tested precursors, with an
average SSAs7s of 0.86+£0.01 and kazs of 0.015+0.003. These values are similar to those
previously observed for peat biomass burning (SSAs7s: 0.93 and 0.85, and kszs: 0.009—
0.015 depending on fuel packing density) by Sumlin et al. (2018).% Notably, the ks7s values
for pyrrole SOA decreased with exposure time and seem to be inversely related to SOA
mass. This decrease in ks7s could be driven by dilution of chromophores as more scattering
components condense or by bleaching of existing chromophores. Bleaching might be
driven by the oxidation of conjugated species by an oxidant (Oz or NOgz) or particle phase
processes such as hydrolysis of organonitrates.*

Thiophene SOA was slightly absorbing, with an average SSAs7s of 0.98+0.01 and
ks7s of 0.003 + 0.002. Thiophene ks7s values are similar to those observed by Liu et al.
(2015)?? for toluene SOA (k05=0.0041+0.0005) and m-xylene SOA (k05=0.0030 +0.0003)
formed from OH oxidation in the presence of NOx?? These compounds are aromatic
anthropogenic proxies, indicating that thiophene SOA products have similar absorption
properties to SOA from anthropogenic precursors.

The majority of Sans 375 measurements for furan SOA were below the PAX detection
limit, which was likely caused by the low mass production of furan SOA in the chamber

(Section 4.1) and its low light absorption at 375 nm (Section 4.3).
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4.3.3 The Absorption Spectra of BrC

Similar to previously studied BrC SOA, samples collected from oxidation of
unsaturated heterocyclic compounds absorb strongly in UV and near UV ranges, and the
absorbance decreased as the wavelengths increased (Figure 4.1C).1%'" The absorbance
spectra of pyrrole and thiophene SOA showed a shoulder at ~330 nm. The <MAC> values
of pyrrole, thiophene and furan SOA averaged over 290-700 nm were 3,370+670 cm? g2,
2,950+470 cm? g1, and 1,070+240 cm? g2, respectively (Table 4.2). Notably, the offline
MAC of furan SOA over the whole spectra and at 375 nm was significantly lower than in
the other systems, which explains its negligible fabs 375 values (Section 4.2). These <MAC>
are much higher than those of SOA (200-500 cm? g*) derived from biogenic and
anthropogenic VOCs under low or intermediate NOy conditions, but similar to the SOA
from anthropogenic VOCs with high NOx (VOC/NOx<5 ppbC/ppb) conditions (Table
A4.1).324042 The average Azeoisso Of pyrrole SOA (5.71+0.29) was similar to thiophene

SOA (5.50£0.18), but lower than furan SOA (6.78+1.12) (Table 4.2).
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Figure 4.2 The extracted ion chromatograms (EICs) for (A) C4H4N20; in pyrrole SOA and (B) C4H3sNO,S
in thiophene SOA, the extracted UV-Vis spectra (mAU, milli-Absorbance) of (C) pyrrole SOA at RT=2.648-
4.155 min and RT=4.888-6.608 min and (D) thiophene SOA at RT=11.571-13.024 min, and the extracted
wavelength chromatograms (EWCs) for (E) pyrrole SOA and (F) thiophene SOA.

4.3.4 Molecular Composition of BrC

Potential chromophores such as nitropyrrole (CsHaN202), and nitrothiophene

(C4H3NO2S) were observed in the SOA extracts by LC-DAD/ESI-HR-TOFMS (Figure

4.2A and 2B), and the presence of nitropyrrole in the gas phase was confirmed by the HR-

ToF-CIMS data (Figure A1.2). Nitrofuran was not detectable by LC/ESI-MS likely due to
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the low mass yield of furan SOA. For nitropyrrole, multiple isomers were present (i.e., 2-
and 3-nitropyrrole) and the extracted ion chromatograms (EIC) showed two major peaks
(3.78 min and 6.19 min).

The extracted UV-Vis spectra of pyrrole SOA (RT=2.648-4.155 min and 4.888-6.608
min) and thiophene SOA (RT=11.571-13.024 min) showed significant absorption in the
range of 300-350 nm (Figures 2C and 2D). For comparison, the UV-Vis spectra of two
standard compounds (i.e., 2-nitropyrrole and 2-nitrothiophene) were measured (Figure
A1.3) and peaked at 337 nm and 314 nm, respectively. These peaks are consistent with the
substantial absorption by the corresponding extracts of pyrrole and thiophene SOA in
similar wavelength ranges. Furthermore, the extracted wavelength chromatograms (EWC)
of pyrrole and thiophene SOA (Figures 4.2E and 4.2F) peak at the times of nitropyrrole
and nitrothiophene elution (Figures 4.2A and 4.2B). This evidence confirms the
contribution of nitro-containing heterocyclic compounds and their isomers to the observed
<MAC> values of SOA in this study.

Organonitrates are also potential chromophores in pyrrole and thiophene SOA. Liu et
al. suggested that organonitrates could contribute significantly to the absorption of visible
light.® In this study, organonitrates were not detected by LC/ESI-MS, probably due to the
hydrolysis of ONO> groups in aqueous solutions during the sample workup and analysis
procedure.*® However, some organonitrates, such as nitrate-thiophene, nitrate-pyrrole, and
nitrate-furan, were detected in the gas phase by HR-ToF-CIMS. (Figure Al.2).
Additionally, multiple unidentified absorption peaks in EWCs of pyrrole SOA (RT=8-10

min) and thiophene SOA (RT=9-11 min) reveal possible unknown chromophores.
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4.4  Atmospheric Implications

This study demonstrates that the NOs-initiated oxidation of unsaturated heterocyclic
compounds is a source of secondary BrC. This pathway reveals a new source of
nitroaromatic compounds in BrC aerosols and adds to our understanding of nighttime
organic aerosol browning.'*'® Considering the relatively high emission factors of pyrrole
(up to 0.11 g/kg), thiophene (up to 0.01 g/kg) and furan (up to 0.31 g/kg) from burning of
various fuels,'® BrC from the oxidation of these precursors may be ubiquitous in biomass
burning plumes.

To estimate the relative importance of each precursor to the ambient SOA and light
absorption, the potential of SOA production (SOAot, g of SOA potentially produced per
kg of fuel burned, Eq. 4.7, Table 4.4) and absorption cross-section emission factor (EFansc,
cm? of absorption per kg of fuel burned, Eq. 4.8, Table 4.5) were calculated for the six
fuels burned by Hatch et al (2015),'8 assuming the precursors are all consumed through the
NOs pathway. Pyrrole’s SOApot is at least twice and its EFansc is at least an order of
magnitude more than those of furan and thiophene for tested fuels. The EFapsc of toluene,
a VOC with a relatively high emission factor, was also estimated as a reference; pyrrole’s
SOAetand EFabsc are comparable to those of toluene for these six fuels.1®4144 Furthermore,
SOApt from the NOs oxidation of furan, pyrrole, and thiophene was 5-23% that of the
SOAet from the OH oxidation of all biomass burning SOA precursors estimated by Hatch
et al. (2015).*® These results demonstrate that SOA from heterocyclic precursors,
particularly pyrrole, may significantly contribute to nighttime SOA production and SOA

light absorption.
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Effects of nighttime atmospheric processing on heterocyclic VOCs and its potential to
produce BrC SOA are currently understudied. Future research is warranted to quantify
nitro and organonitrate products from this group of precursors in ambient samples, study

their fates and reactivities, and model their formation processes.

Table 4.4 The potential SOA production (SOApa, g kg?t) from the NOs oxidation of
pyrrole, furan, thiophene and toluene released from fuel burning. The SOAqt is calculated
assuming all VOC is consumed.

Black Ponderosa Giant Wire Rice Indonesian
Precursor+oxidant Spruce Pine Cutgrass Grass Straw Peat
Pyrrole+NO3 0.063 0.168 0.035 0.021 0.076 0.084
Furan+NOs 0.023 0.031 0.002 0.006 0.008 0.031
Thiophene+NOs 0.002 0.003 0.004 0* 0.002 0.006
Toluene+high NO**  0.031 0.037 0.008 0.002 0.011 0.069
All VOCs+OH 18 1.37 1.70 0.29 0.12 0.40 2.15

* No thiophene emissions were observed for the burning of wire grass.
** The Ysoa Of toluene under high NOy conditions (VOC/NOy=5 ppbC/ppb) was taken from the study of
Jiang et al.** Note that the Ysoa of toluene could be even lower at lower VOC/NO ratios.

Table 4.5 Absorption cross-section emission factor (EFasc, cm? kg™) of aerosols derived
from the NOs oxidation of pyrrole, furan, thiophene and toluene released from fuel burning.

Wire Rice
Black Ponderosa Giant Gras Stra  Indonesian

Precursor+oxidant Spruce Pine Cutgrass S w Peat
Pyrrole+NO3 214 566 117 69 255 283
Furan+NOs 25 33 2 7 9 33
Thiophene+NOs 6 8 12 0 5 18
Toluene+high

NO,** 94 110 23 7 33 209

* No thiophene emissions were observed for the burning of wire grass.
** The <MAC> of high-NOy toluene SOA was taken from the study of Liu et al.** Note that the
VOC/NOx=1.2-1.5, but Liu et al. did not report the corresponding Ysoa values under these conditions.
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Chapter 5: Refractive Index Confidence Explorer (RICE): A Tool for Propagating
Uncertainties through Full Size Distribution Aerosol Refractive Index Calculations
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51 Introduction

The largest uncertainties in modern climate models are aerosol direct and indirect
effects.! The direct effects occur when a suspended particle attenuates incoming solar
radiation, causing heating or cooling in the atmosphere and affecting the global radiation
budget, local cloud cover, weather, and surface temperatures.>* The magnitude of
acrosols’ direct radiative effect is partially controlled by their concentration, size
distribution, vertical distribution , and refractive index (m); because of this it is crucial to
constrain uncertainties in aerosol m values.

Refractive indices (m) are a compositionally controlled measure of how a material
interacts with light and are defined as the ratio of the speed of light through a vacuum to
the speed of light through the material.> m values are composed of a real component (n),
describing scattering, and an imaginary component (k), describing absorption (Eg. 5.1).
m=n+ik (5.1)
The absorbing component describes the transformation of radiation to heat energy. For
atmospheric applications, n is considered to control cooling and k warming. Although m
values of many aerosol components are well constrained, m values for organic aerosols
(OA) are uncertain due to both the complexity of OA composition and the uncertainties

associated with in-situ m measurement techniques.®
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Significant interest in OA optical properties developed after the discovery of brown
carbon (BrC), organic aerosols that have a significant absorbing capability in the UV-
visible range.” Originally OA was thought to be purely scattering and only elemental
carbon or black carbon (BC) species were thought to appreciably absorb in visible-near
UV.” Observations in the early 2000’s revealed that ambient OA did have a measurable
absorption component.®*! Following these observations, several studies have focused on
measurements of the complex refractive indices of both primary organic aerosol (POA)
and secondary organic aerosol (SOA) BrC. Summaries of these observations can be readily
found in Flores et al. (2014), Laskin et al. (2015), and Moise et al. (2015) and references
therein.®1213 In these studies, n values of OA over solar wavelengths of ~300-800 nm
typically span a range from 1.3 to 1.6 and k values from 0-0.1.

Most in-situ m calculations rely on variations of the optical closure method (OCM),
to derive aerosol refractive index values. By assuming particle sphericitiy these methods
can apply Mie theory to describe the optical behavior of particles and calculate m of aerosol
particles.}* Mie theory mathematically represents the expected scattering and absorption of
spherical particles when particle diameters are on the same scale as the radiation
wavelength, as they are in aerosols. Simply stated, OCMs iteratively predict the expected
scattering and absorption of a population of aerosols with an observed size distribution and
assumed m values using Mie theory. These values are then compared to the observed
scattering and absorption coefficients (Bscat, Rans); the m value which best predicts the
observed coefficients is then selected as the m of the aerosol population, or the “retrieved”

m. The accuracy and precision of an OCM is strongly dependent on the accuracy and
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precision of the optical and size distribution measurements but also depends on n, k, and
the properties of the size distribution.

One common OCM method, hereafter referred to as the size selected OCM
(SSOCM), relies on sampling several mono-disperse aerosol distributions. The effects of
error and uncertainty on m retrieval via this method, examined in detail in Zarzana et al.,
reveals the importance of using a minimum number of diameters for SSOCM.* Sources
of error via this method have also been thoroughly explored in Mason et al. and Miles et
al.'®*'"; common sources of error include the influence of doubly charged particles and
over/under counting of particle concentrations. The applicability of the SSOCM is limited
under field conditions, when particle composition and m can change rapidly, leading to an
inability to sample the multiple paired size and optical measurements under similar
conditions.*® Due to this, other quicker methods of calculating m in aerosols have been
developed.

One relatively quicker method is the full distribution optical closure method
(FDOCM). Rather than size selecting, FDOCM method uses the complete aerosol size
distribution data and the corresponding optical properties to retrieve m. FDOCM has been
recently applied to field and chamber data.*®*?6 Although the same sources of error and
uncertainty exist for this method, no robust analysis of the effects of all the relevant
uncertainties has been performed. In this work, a tool to estimate the uncertainty of m
values retrieved from the FDOCM method is presented and the ability of the FDOCM
method to retrieve precise refractive index values under typical uncertainty conditions is

evaluated over a wide range of m values and representative size distributions.
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5.2 Methods
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Figure 5.1. General schematic of n and k retrieval
5.2.1 Basic Refractive Index Calculation

Refractive index fitting discussed hereafter is based upon Mie Theory scattering of
a well-mixed sphere, as described in detail in Bohren and Huffman (1998).* For a given

size distribution the optical coefficients (13;.4¢, 34ps) are calculated (Eg. 5.2):

*d i
féscat l end Qscat(dp(l)ll n, k) * N( M (5.23.)

— Zl end 0 (d An, k) « N (Tl'*dp(i)z) (5 Zb)
abs abs\“p(i) @ 4 :

where Qscat and Qabs are the scattering and absorption efficiencies as calculated
using Mie theory; these relate the amount of radiation attenuated by each process to the
particle diameter (dp) for a given wavelength (1), n, and k. Nj is the number of particles
within each size bin; dyg)is the midpoint particle diameter of a size bin, which is varied

from dp), the smallest bin diameter, to dpeend), the largest bin diameter.
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To calculate the unknown m of an aerosol population (Figure 5.1), theoretical
optical coefficients (35cq¢ Theo fabs Theo) are compared to the observed values (85¢4¢ ops:
abs obs) through a merit parameter over a range of m inputs. The m value that minimizes
the merit parameter is chosen as the retrieved m (my). Multiple merit parameters have been

used for m retrievals. Examples include the summed difference (A) and chi squared (x?):

19-24,2625,27

A= ( fgscatf_obs - fgscat_theo) + ( fgabs_obs - fgabs_theo) (5-3)
R -R 2 R -R 2
X2 — ( scat_obs scat_theo) + ( abs_obs abs_theo) (5 4)
Oscat*Bscat_obs Fabs*Rabs_obs

Where g, and o, are the relative uncertainties in the Rscar and Bans measurements. In
the following analysis x? is used as the merit parameter.
5.2.2 Refractive Index Confidence Explorer (RICE) Description

Refractive Index Confidence Explorer (RICE) is a tool which estimates the
uncertainties within the FDOCM. The goal of RICE is to constrain the possible m values
(Meue=ntruetikiue) Which could have yielded the retrieved m (me=n + ik¢) under the given
uncertainty conditions. RICE applies a probabilistic and iterative approach where FDOCM
inputs are varied randomly within their analytical uncertainty ranges. The output is an
estimate of a statistically relevant range (e.g. 95 % confidence Interval) of muye values
which could have produced the given m.

RICE calculates the mye probability distribution through the following steps. The
operator supplies an my, a size distribution, and the relative measurement uncertainties of

Bscatr Baps: dp, and N (i.e., Oscat, Gabs, Odp, ON, respectively). RICE then determines the
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correct nwue and kirue Sampling space using a relativity quick spin-up setting. With a smaller
number of iterations (Ispin) and a coarser i°%<j° “matrix” of Mie values (Mspin), Where i°
represent the number of niye and j° the number of ke Values tested in this space (Section
5.2.3) Once the sampling space meets RICE’s criteria for fit parameters (Section 5.2.4),
RICE applies a finer resolution ixj matrix size (Msinai), and a greater number of iterations
(lfin).  Finally, RICE outputs the confidence interval of a certain width around m;

corresponding to a pre-defined confidence interval (e.g., 95%).

| 1. Operator Inputs | 2. Establish Sampling Space | 3. Calculate Solution

-m, Test Iterative Cycle
- Size Distribution |::> X |::> .y
- Measurement Uncertainties Mt Kuwiith spi spin

7\

parameters ]

met?

Mrye

Iterative Cycle .
v ]I::> Confidence

Linats Miinal Interval

Modify

Pyt Kwidth

Figure 5.2 General schematic of RICE for a single m, value.
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Figure 5.3. Example cumulative probability distribution and the associated sigmoidal fit parameters. Nwih,
Nstep, No.s, Max, Po, and Height are annotated.

5.2.3 Iterative Cycle

RICE performs the following steps for each point within the input m (Figure 5.2).
An initial sampling space around mr (Nwidth, Kwiagtn) 1S established. This is the space RICE
first samples muye Values which could possibly provide my.
Nyigen = (M — 1) * (Uscat + 0gp + UN)/Z (5.5a)
kwiath = (kr) * (Oaps + Gqp + on) /2 (5.5b)
After establishing an initial nwiath and kwiath, @ series of discrete niue and kirue Values are
chosen within the nr £ nwidgth and kr £ kwidath Space. These values are chosen at equal intervals

of nstep and kstep around my (Figure 5.3 highlights examples for n).
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Nstep = Zuddeh (5.6a)

kwi
kstep = —ieth (5-6b)

Where trunc() is a function which truncates a value to an integer. For each iteration, every
Ntrue aNd Kirue COMbination (mywe) is tested for the ability to produce my under the given
uncertainty.

For each iteration, RICE performs the following calculations (Figure 5.4). First,
each dp and N value associated with the size distribution are perturbed using the
Wavemetrics Igor Pro’s Gaussian noise (gnoise) function and the associated uncertainties
(odp and on respectively). This creates perturbed values for each iteration (dp_1, Ni). For
dp_1, all size bins are perturbed by the same value with the assumption that individual bin
size uncertainties are uniform. For N, the perturbation is unique to each bin. This creates
a possible “true” size distribution for each iteration. It should be noted that to decrease
analysis time, only bins which contribute to >=1% of Rans Or Bscat at the median Mirye Or the
most extreme tested myue Values are used by RICE. Values of dy j and N, are then used to
calculate optical coefficients for each discrete meye value using Mie theory (Section 5.2.1).
The calculated optical coefficients are then adjusted using the gnoise function to simulate
the observation of the “true* optical properties observed under the expected analytical
uncertainties (8'scqr ; and B gps 1) B'scar 1 and B, ; are considered as the “observed”
optical coefficients for a closure calculation as detailed in section 5.2.1. In this closure

investigation, the Mie calculation is performed using the original size distribution
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parameters (dp and N) and all the myue values as possible solutions. Note that in RICE,
values of m retrieved using the perturbed inputs are defined as m,’ to avoid confusion with
my. At the end of each iteration, each meye value is associated with a resulting m;’. This
process is repeated | number of times.

To help ensure calculations are reasonable and that both scattering and absorption
coefficients are weighted appropriately, RICE only considers m;” values as solutions if
Rscat theo aNd Baps theo are within a certain threshold of R'¢.q, ; and R’ 4ps ;. FOr R'gcqe 1,
this threshold is set at 2*oscat™f3 scqr ; OF the maximum relative R;.q¢ tneo difference
between consecutive nwue Values (k held constant), whichever is smaller. For ', ;, this
threshold is set at 2*gans*f' 555 ; OF the maximum relative 8, ¢, difference between
consecuative kiwe (N held constant), values, whichever is smaller.

After | iterations, a matrix of myye VS. my” with | number of values associated with
each discrete myye is created. This matrix describes the probability of each tested mire
producing any tested m,’ under the given uncertainty conditions. From this matrix, the
probability distribution of m, having originated from any possible mye can be extracted,
assuming the sampling space accounts for all the probable mu.e values. Next, RICE
interpolates the probability associated with untested muye values which lie between the

tested values as described in Section 5.2.5.
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Step 1: For | repeats
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Figure 5.4 General schematic of the iterative cycle for determining m,. Step 1 is repeated | times and step
2 is repeated for each my. tested.

5.2.4 Fitting

To analyze the appropriateness of the m sampling space and ensure all possible Mirye
values that could give m, are within the sampling space, two sigmoidal fit parameters of
the cumulative probably distribution of niye and kirue are used (Figure 5.3, Eq. 5.7). When
fit parameters are satisfied, RICE changes from lspin and Mspin tO lfinat and Minai. When

calculating these distributions ntue and kirue are treated independently.

Max
n, -n
o5 true)>

(5.7a)

rate

CPmr(ntrue) =Py +
<1+exp

CPn, (Ktrue) = Po + i (5.7b)

Kos=Ktrue,
1+exp rate
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Where CP,, (1) is the cumulative probability that a given niwe and any values below it
results in nr; nos is the location of the 50" percentile of the probability; Po is the lower
asymptote of the cumulative probability distribution; Max is the upper asymptote of the
cumulative probability distribution. Analogous definitions apply to parameters in Eqn. 5.7b
for k.

To ensure that RICE is sampling the most useful sampling space, additional
parameters (“height” and “idle) are considered. After every spin-up cycle, RICE checks
these parameters. If conditions for these parameters are satisfied, RICE starts the final
cycle; otherwise, itmodifies nwiath and/or kwigth and runs again using the spin-up parameters.
The fit parameters values of height (Eq. 5.8) and idle are calculated for both n and k:
Height = Max — P, (5.8)
Height is used to ensure that all probable m¢e values lie within the sampling space. If
height is greater than 1.05, RICE expands Nwidgth Or Kwidth t0 Nwigth=height or Kwiat<height,
respectively. The maximum expansion allowed by RICE is 1.25.

If height is less than 1.05, RICE checks the second quantity, idle. Idle is defined as
the fraction of nywe Or kirue Values which never produced my. If idle is greater than 0.65 but
less than 0.75, Nwidth OF Kwidth IS reduced by 20%; if idle is greater than 0.75 Nwidth OF Kwidth IS
reduced by 10%. If these conditions are met, a final Iterative cycle is performed using Ifinal
and Mrina and a solution is calculated. For experiments within this work lspin=10, Mspin=64,

lfina=75, and Msinai=100 are tested.
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5.2.5 Output

After establishing the sampling space with Ispin and Mspin and performing the final
iterative cycle using Mrinai and lsinat, RICE creates an empirical distribution function and
fits this distribution with a sigmoid as described in section 5.2.4. Unlike during the spin-
up, for the output calculation Max is fixed to 1 and Po at O, because negative and >1
probabilities are impossible. This forces the assumption that the full range of probability
space is sampled. If any nywe Or ke Values are at their lower limits (1 or O respectively),
then RICE fixes Pg to the probability observed at the nearest niye Or kirue above the lower
limit. From this fit, a confidence interval, based on user-defined confidence levels, can be
calculated. In the following analysis the £2¢ space (68% confidence interval or 2c width)
is reported. To isolate effects not driven by the magnitude of n and k, RICE also outputs
20 widths normalized to the magnitude of n and k values (26norm_n, 26norm_k, respectively).
It should be noted that the uncertainty in n was normalized to the difference in aerosol n

and that of air (n=1) while the uncertainty in k was normalized to k itself.

20p

(5.9a)

20 =
norm.n (n— 1

20k

20m0rm e = (2X) (5.9b)
5.2.6 Flags

Although RICE is designed to isolate a single, reproduceable, estimate of the
uncertainty in an FDOCM m retrieval, there are situations were RICE solutions may be
misleading. In order to identify these cases, a series of flags are built into RICE, although

for the current analysis, the flags are not used to filter results.
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The first flag (space-n or -k) attempts to identify situations were RICE has
identified an inappropriate sampling space which did not include all possible nie’s and/or
kirue’s. Space- is based on the height of the sigmoidal fit to the final result; when calculating
space-, Max and Py are not fixed as they are in the confidence interval calculation. The

space- flag is determined as follows:

height < 1.05: space-=0
1.05 < height < 1.125: space-=1
1.125 < height < 1.2: space-=2
height > 1.2: space-=3

Solutions with a space- flag of 2 or 3 should be interpreted cautiously. If possible, RICE

should run the conditions again, but if RICE keeps returning a 2 or 3 for space- the
conditions may not have a stable solution.

The second flag, count, attempts to identify solutions where a low number of points
contribute to the final probability distributions. In the ideal situation (Count=0), the
number of myye instances which give my should be ~Isinal if solutions are distributed equally
among the input m; values. Count is set to 1 if the number of values contributing to the
probability distribution is less than 0.5*Iina.  In this case, it is possible that RICE has too
large of a nwidth OF Kwidth, Or that the probability distribution does not follow the assumptions

that are needed for RICE to provide a robust solution.
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5.3  Application
5.3.1 Test Cases

To explore the effects of RI, wavelength, and size distribution on uncertainty, RICE
was applied, in triplicate, to 7 size distributions at 16 m values and 2 wavelengths. Size
distributions were chosen to represent a variety of aerosol conditions. These distributions
are labeled Rainforest High (RFH), Rain Forest Low (RFL), Urban High (UH), Urban Low
(UL), Literature Simulation (LS), Chamber Simple (CS), and Chamber Complex (CC)
(Figure 5.5). RFH and RFL respectively correspond to the dry and wet diurnal averages for
aerosols within the Amazon.?2 UH and UL correspond to size distributions reported near
Helsinki, Finland under high pollution and low pollution conditions.?® LS corresponds to
the simulated size distribution used to test a new broadband RI retrieval method.*® CS and
CC are based on chamber experiments performed at UC Riverside.?

Geometric mean, geometric standard deviation, and number concentration (N) for
each distribution are found in Table 5.1. These values were used to generate lognormal

aerosol size distributions.
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Distribution

Characteristics Size Distributions

RFH RFL  UH UL CcC CS LS

Geo. Mean 190 128 104 191 233 253 80
Geo.SD 1 1.53 1.66 1.9 1.53 1.04 1.16 1.33
Number Conc. 1 | 5214 785 2189 457 47500 5601 10000
Geo. Mean 92 61 33.8 55 148

Geo.SD 2 1.63 1.39 1.9 1.53 1.04

Number Conc. 2 | 5213 406 7642 1705 8171

Geo Mean 12 12 9.7 17.5

Geo.SD 3 1.82 1.82 1.9 1.65

Number Conc. 3 | 1090 849 9750 3581

Table 5.1 Geometric Mean, Geometric Standard Deviations, and Number concentrations of each sample size
distribution.

Normalized Number Concentration

400 600
Particle Diameter (nm)

Figure 5.5 Number distributions (dN/dLog(d)) of the 7 aerosol populations tested, normalized to the
highest dN/dLog(d) value observed for each distribution.
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Uncertainties conditions were based on the reported uncertainties of optical, size,
and number concentration measurements found within the literature. Two uncertainty
levels are used in this analysis: High Uncertainty (HU) (N £ 10%, d + 3%, Bans £ 5%, Bscat
+ 5%) and Medium Uncertainty (MU) at 50% of HU levels (i.e., N £ 5%, d + 1.5%, Raps +
2.5%, Rscat = 2.5%). HU uncertainty levels are the same as those used by Bluvshtein et al..°

Additionally, two different wavelengths, 632nm and 375nm, were tested. These
wavelengths were tested because they are common measurement wavelengths for the upper
visible (632) and UV (375 nm) regions of the solar spectrum and often used for optical
measurements.?>2630-34 Thus, these wavelengths lie within wavelength ranges of interest
for refractive index calculations. The inclusion of a UV wavelength is additionally useful,
as absorption of BrC, which is a subject of many m measurement studies, is significantly
enhanced in the UV and near-UV range.5
5.3.2 Metrics for Examining m Uncertainty

To help explain sources of uncertainty in the observed RICE results, 4 sensitivity
metrics were calculated. These metrics describe the sensitivity of k or n retrievals and
predicted Rans and Rscat to changes, and thus uncertainty, within the input parameters.

These values are defined as the relative sensitivity of n to relative changes in Rscat

d(%k) |
d(%ﬁabs) ’

d(%n)
(I

|, n sensitivity), the relative sensitivity of k to relative changes in Rabs (|
d(%Bscat)

k sensitivity), and relative sensitivity of Rscat and Raps to the relative changes in bin diameter

(ld(%ﬁscat or abs)

%) |, Bscat OF Babs Sensitivity). These quantities are calculated by applying Mie
otp

theory and are informative as they help explain and visualize sources of uncertainty in n
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and k under different conditions. For example, when n or k sensitivity is high, a small
change in Bscat Or Bans Will yield a relatively large change in n or k, respectively. Similarly,
when Bscat OF Bans Sensitivity is high, Rscat Or Baps IS more sensitive to uncertainty in the bin
diameter, which means size distribution uncertainty propagates more strongly into n or k

retrievals, respectively.
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54 Results
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108



60T

n value
n value

\ 400
c Particle Diameter (nm) D Particle Diameter (nm)

n value
n value

200 200 400

Particle Diameter (nm) Particle Diameter (nm)

Figure 5.7 n sensitivity image plots when A) k=0.001, B) k=0.01, C) k=0.1, D) k=0.5 at 375 nm.

10

0.1

Rinyisuag u



0TT

n value
n value

400
D

C Particle Diameter (nm) Particle Diameter (nm)

nvalue
n value

200 400 600 200 400
Particle Diameter (nm) Particle Diameter (nm)

Figure 5.8. s sensitivity image plots when A) k=0.001, B) k=0.01, C) k=0.1, D) k=0.5 at 375nm.

10

0.1

AlAIsuag 1eos,
1%



5.4.1 n Uncertainty

The following discussions are focused on the 375nm tests; for the 632 nm cases
the same analyses can be performed but the sensitivity image plots would need to be
adjusted to the appropriate analysis wavelength (Figures 5.7 and 5.8) For the size
distributions tested, the minimum relative n uncertainties, i.e., minimum 26norm_n, Were
independent of the wavelength and ~20% for HU cases (Figure 5.6 A,C) and ~ 10% for
MU cases (Figure 5.6 B, D). Increases in 26norm_n above these minimums can generally
be explained by features in n and BRscat Sensitivity image plots (Figures 5.7 and 5.8).

RICE results reveal a strong dependence of 26norm_n 0N K. This effect is
particularly strong for k=0.5 and low n values (1.2 or 1.4) and is explained well by
changes in n sensitivity. Of the four k values examined, n sensitivity was highest, over
approximately the whole domain, in the k=0.5 case. This increase in n sensitivity with k
is observed over most of the n and d, range and was particularly strong at low n values.
The k effect is weaker, although still present, at high n values. Overall, these results
reveal that uncertainties in retrieved n values (at 375 nm) are higher for the more
absorbing aerosol types, particularly at low n values. The increase in 26norm_n With k
observed by RICE is well explained by the higher n sensitivities observed at high k
values.

Another trend in 26norm_n observed by RICE is an increase in 2Gnorm_n @S N
increases. This trend was observed in all cases except the k=0.5 case and is explained
well by a general increase in n sensitivity with n at low k and dp values (k=0.001, 0.01; dp

< 200nm) (Figure 5.7 A, B) and an increase in Bscat sensitivity with n (Figure 5.8) when dp
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is low (dp < 200nm). Absence of this trend in the k=0.5 case is well explained by the
observed dramatic increase in n sensitivity and the relatively n- independent Rscat
sensitivity in this case. It should be noted, that as diameter and k increase, trends in
sensitivities become more localized; however, as a general rule, n uncertainty increases as
n increases at lower diameters and k values.

Overall, the general n uncertainty trends observed by RICE can be explained as
follows: at low n values, n uncertainty increases as k increases (Figure 5.7). If
absorption and particle diameter are low, n uncertainty can be expected to increase with
n. At higher dp values, n uncertainty may be controlled by localized features of the n or
Rscat SENSItivities, not general trends. This variability in uncertainty trends over the size,
n, and k evidences the need for RICE to assist in estimating m uncertainties on a case by

case bhasis.
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5.4.2 kUncertainty

For the size distributions tested, the minimum observed relative k uncertainties,
minimum 2cnorm_k, Were also independent of wavelength and at ~20% for HU cases
(Figure 5.9 A,C) and ~ 10% for MU cases (Figure 5.9 B, D). Increases in 26norm_k above
these minimums can be explained by features in the k and Baps Sensitivities (Figures 5.10
and 5.11)

One feature observed in the RICE results is an increase in k uncertainty as k
values increase when k values are high (Figure 5.9 C, D). As k values increase from 0.1
to 0.5, 2onorm_k INcreases dramatically for all n values, although the increase is noticeably
smaller for the n = 1.2 case. This trend may occur because of shifting regions of high k
sensitivity (Figure 5.10 A-D). When k is small (0.001), k sensitivity is ~1 at all dp values
in all n cases. As k increases, regions of high k sensitivity move to lower d, values,
meaning at higher k values, a larger portion of the tested size distributions overlap with
the high sensitivity regions. This leads to stronger uncertainty effects. That this trend is
driven by k sensitivity is evidenced by the relative independence of k uncertainty in the
LS case, because LS has no large particles (dp > 150nm), thus showing the weakest
response to k increases.

Like with n, the general uncertainty features observed by RICE for the tested size
distributions cam be explained by examining k and Raps sensitivities. The trends in k
uncertainty are less stark than those of n. Generally, if k is high, the relative uncertainty

of k increases with k, particularly for larger particles (dp >~200 nm)
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5.4.3 Individual Size Distributions

Although the uncertainty associated with most size distributions displayed the
general trends discussed above, a few unique differences were observed that are worthy
of discussion.

First, LS displayed the most stable n uncertainty characteristics, with almost no
increase in 2onorm_n With n. LS uncertainty displays this feature because n sensitivity in
the region of the size distribution (~100-150 nm) is relatively low and relatively
independent of n, as shown by the semi-vertical area of blue coloring (most obvious at
~200 nm) in all k cases in Figure 5.7 This means that unlike the trends for broader,
larger, or smaller size distributions, for LS, n increases have minimal effect on 26nom_n.

The size distribution dependence of n uncertainty became more prominent in the
high n value cases (Figure 5.6). For example, in the high n cases (1.6, 1.8) the CC
distribution had smaller 26norm_n than the other, non-LS, size distributions. Like LS, the
CC has a peak between 100-200 nm which aligns with the region where n sensitivity is
low and relatively n-independent (Figure 5.7). CC is likely more sensitive to n than LS
because it also includes larger particles in regions where n sensitivity is more strongly
dependent on n.

The two distributions that displayed the largest uncertainties as n increased were
RFH and UL. RFH and UL are both relatively broad distributions. RFH is broad and
extends to large sizes, above the n-independent regions discussed above. (Figure 5.7).
For UL, the opposite is likely true, as most the of the size distribution is <100 nm, so the

majority of the distribution lies in a region where BRscar Sensitivity increases with n
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(Figures 5.7 and 5.8 ). The contrasting features of these two distributions, further
evidence the complex nature of m uncertainty dependencies and benefits of the analysis
provided by RICE.

Concerning k, only one size distribution displays different results from the others.
Although k uncertainty increases for all distributions in the k=0.5 case, for LS the
increases are less (Figure 5.9). As discussed above (Section 5.3) this distribution has
high concentrations of small particles and few larger particles. Due to this, as k increases,
this size distribution is more likely to stay within the space of low k sensitivity (k = 1).
This feature protects k retrievals from increases in relative uncertainty as k increases.

55  Conclusions

Here, we have developed and applied a tool to estimate the uncertainty in aerosol
refractive index calculations. We used this tool to analyze the uncertainty of m retrievals,
using 7 size distributions and 16 m values, at two radiation wavelengths. In addition, we
have qualitatively validated RICE results through explaining uncertainty trends and size
distribution effects through n, k, and B sensitivities.

This analysis revealed that, for the size distributions tested, relative uncertainty in
n can be expected to increase with n value and increase with k value if n and d, are low.
For k, at high k values the relative uncertainty in k generally increases with k. Despite
these overall trends, the uncertainty was also dependent on the observed size distribution
and should be analyzed for each individual m calculation.

Overall, the analysis reveals the need for, and usefulness of, a tool to estimate the

uncertainty in m retrievals for specific measurement conditions. RICE will help constrain

118



uncertainties in m retrievals under the field and laboratory conditions. By applying
RICE, users can actively account for any additional uncertainty from n, k, and size

distribution effects which could change the uncertainty in FDCOM m retrievals.
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Chapter 6: Conclusions to Studies on The Production and Characteristics of
Natural and Anthropogenic Aerosols

6.0 Overview

The preceding chapters examine the sources of aerosols in the Salton Sea Basin,
the potential of heterocyclic compounds to form BrC, and the applications of a new tool to
estimate aerosol refractive index uncertainties. Although not directly connected to one
another, each project advances our understanding of aerosol dynamics, sources, or
properties. Below the main conclusions and possible future directions of each study are
discussed.

6.1  Salton Sea

Academic work surrounding the Salton Sea has spans many fields including
volcanology, economics, ecology, limnology and water quality, atmospheric science, and
environmental justice.’® The work described in Chapters 2 and 3 delves into the emerging
air quality challenges facing the region, and attempts to quantify important regional dust
sources. Beyond allocating dust to sources, the controls on these dust sources are also
discussed. One of the major findings of this work is the observation of seasonality in
emissions from the Salton Sea Playa. This finding will hopefully inform mitigation efforts
so dust suppression can be intensified during the late spring and early summer. Another
finding of this work is the basin-wide seasonality observed in Se concentrations. This
seasonality reveals that Se is likely not being permanently sequestered into Salton Sea
sediments, but instead has an active atmospheric roll which warrants further investigation.

Lastly, this work reinforces findings by Buck et al. that mineral dynamics occurring

on playa surfaces control playa emission potential.’® Knowing this, future efforts to
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understand playas and predict emission could be based on constructing a lab based, bottom
up, model that incorporates groundwater movement and composition, evaporation-
transpiration rates, and surface conditions. Such studies could help further understand
when, where, and why a specific playa may become emissive. Such a predictive model
could enable targeted mitigation or development of novel mitigation technologies.
6.2  Possible Steps to Mitigate Dust Levels in the Salton Sea Basin

In addition to understanding dust sources, it is also useful to consider possible steps
which could be taken to mitigate dust levels in the Salton Sea Basin. The following are a
series of recommendations which could improve air quality in the Salton Sea basin.

1. The Ocotillo Wells SRA, the open-ride off-road vehicle park to the west of the
sea, assuredly reduces the occurrence of protective crusts and increases dust
emission from this region.'*"*3 To improve baseline air quality, OHV use could
be limited to trails (as it is at many other OHV parks) or limited to before the
rainy season, as rain can help create protective crusts on non-playa soils which
will reduce dust emissions if allowed to exist through the windy months
following the wet season. These trails could also be limited to soils with high
sand content, as emission increases from OHV use on these soil types are
relatively low. Although regularity entities are attempting to keep OHV use off
playa surfaces, in areas of heavy OHV use, the mitigation efforts are focused
on acute effects.** Longer-term impacts of OHV use on soil emissivity should

be addressed if all air quality issues are to be addressed in the Salton Sea Basin.
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2. Agricultural dust suppression could be increased by enforcing best management
practices and implementing dust suppression technologies within the basin.
These actions could include no-till warnings during high winds, incentives to
keep crop cover during the windy season, and implementation of hardware to
reduce acute emissions.

3. Targeted playa management also presents an option for more efficient playa
management. Because playas are known to be most emissive after rain and
during high wind events (late spring/early summer), active mitigation can be
targeted to occur between these events.

4. Hydrologic engineering solutions may also provide one unexplored method of
permanently managing playa emissions. It is likely that playa emissivity is
controlled, largely, by water table height and salt movement through the soil
column.’® Given this, one possible solution to emissive playas would be to
engineer lower water table heights below the playas. This might be possible
using a series of wells to draw down the water table below the playas and force
them into a “dry” state where they are much less emissive. Before such a
solution is implemented, the hydrologic effects on the non-target areas and
nearby agricultural fields needs to be examined. Non-target areas would
include nearby wetlands and bird habitats and the Salton Sea itself.

These recommendations may help improve the air quality in the Salton Sea Basin and

should be analyzed for their potential to improve air quality.
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6.3  Refractive Indices and Brown Carbon

Chapter 4 reveals the potential of heterocyclic precursors, particularly pyrrole, to
form BrC SOA. Interestingly, although gas phase furan is more abundant in biomass
burning emissions, this work suggests that furan compounds are possibly less important to
SOA formation and SOA absorption compared to its nitrogen-containing analog, i.e.,
pyrrole. Although informative, this work opens many questions regarding the role of these
compounds, and associated SOA in the atmosphere. Future research efforts should attempt
to identify SOA sourced from these compounds in the atmosphere and investigate other
commonly emitted heterocyclic VOCs as BrC sources. This work also did not identify all
the chromophores present in pyrrole SOA; as such, future investigations of this system
should examine which chromophores are most important for pyrrole SOA absorption and
their characteristics (e.g., lifetime and phase state).

To help understand the uncertainties in aerosol refractive index calculations (m),
chapter 5 describes RICE, a method of estimating the confidence in m retrievals. RICE
allows users to estimate the uncertainties associated with a single m retrieval using a full
aerosol size distribution and the corresponding optical coefficients. This means that
estimates of uncertainty can be based on a point by point confidence interval, not on an
assumed to be representative test case. RICE will enable users to perform tasks like
exploring if “interesting” data points were likely true, or estimating the uncertainties in
quickly changing situations, such as field sampling. Overall, RICE provides a powerful

tool for propagating uncertainty through refractive index retrievals. If used widely, it will
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better constrain the uncertainty associated with aerosol refractive index calculations and

lead to more accurate estimates of the aerosol direct radiative effect.
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Appendix 1: Appendix to Effects of a Receding Saline Lake (The Salton Sea) on
Airborne Particulate Matter Composition
Al.l Text
Al1.1.1 Description of Trace Metal Digest Procedure

To determine total metal and metalloid concentrations, samples were placed in a
Teflon vial, and 2.5 ml of concentrated HNOs and 0.5 ml of concentrated HF were added.
All acids were sourced from Fisher Chemical and were trace metal grade or better. The
closed vial was heated to 130-150 °C in an HEPA-filtered micro cleanroom, under
negative pressure for 15 hours. While maintaining clean conditions, the vial was then
uncapped and heated to 130 °C until ~0.5 ml of liquid remained. To assure total digestion
of trace metals, 0.6 ml of concentrated HNO3 and 1.8 ml of concentrated HCI were added
to the vial for a second digestion. The closed vial was again heated on a hot plate to 130-
150 °C for 15 hours. The vial was then uncapped and heated at 130 °C until ~0.5 ml of
liquid remained. Finally, the solution was diluted with 2 ml of 5% HNO3. The exact
solution volume was determined by weighing the vial. The solution was transferred into
an acid-cleaned 4 ml HDPE bottle and stored refrigerated until analysis.

An external geological standard (USGS G-2) was co-digested. For G-2, the relative
method precision for all metals was better than 15%, while recovery of certified species,
Na, Al, K, Ca, Mn, Fe was >79%. Co and Ba were the only certified species to display
variation from the expected value by more than 21%. Lower than perfect mass recovery

and some mass lost is expected as digests are known to have incomplete mass closure.*
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All aerosol data were blank corrected using elemental concentrations from the digested

field blanks.

PMz10mass concentrations of each element are calculated by summing the elemental
concentration of all digests (0.056 — 10 pum) for a specific aerosol sampling period. Filter
digests resulting in values that were below the method detection limit (BDL) for specific
elements were included unadjusted in PM1o mass concentrations, as replacement of a BDL
value with “0” may skew the results. For a small subset of filter digests (6 of 129) where
contamination occurred during preparation, the median value of each element within the
same size range was used to replace the missing values when calculating PM1o mass
concentrations.

Al.1.2 Description of ED-XRF quantification

During ED-XRF analysis, United States Geologic Survey (USGS) standard
reference material G-2 was also analyzed as an external standard. G-2 measurements were
precise: all metals having an RSD of less than 7%. Variation from the expected value for
certified species Na, Al, K, Ca, Fe was less than 30%. The only certified species to display
error greater than 30% were Ti and Mn.

Al.1.3 Positive Matrix Factorization Case Description

Three separate PMF models were run using concentrations of each element within
PMio, PM1o.1, and PM;. Missing data values (6 out of 129 digests), removed due to
contamination during digestion, were replaced with the median value of the elemental mass
concentration in that stage and given an uncertainty of 4 times this value. Below detection

limit data were included to avoid introducing biases.? Internal PMF parameters, such as
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Qrobust, Qtrue, and Qexpected Were considered to assess performance of PMF. In general, Q is
a measure of the fitness of the model; Qrobust is calculated using only samples that fit the
model well, while all samples are used in calculating Qtrue. Qexpected IS €qual to the number
of samples multiplied by the number of strong species. The normalized contribution of
each factor was constrained to above -0.2, and Qrobust Was used per the settings of EPA
PMF 5.0. Only results from the PM1o model data are reported here, as the PMig, PM1o.1
and PM; results were observed to be qualitatively similar. Ca, Na, As, Al Fe, Mn, V, Ba,
Co, Se, Ti, K were classified as strong and Ni, Cd, Cr as weak species. Weak species were
identified by a S/N ratio of less than 2; S/N ratios were calculated by PMF 5.0. Fpeak was
set to 0 and no species were constrained to preset values. After running the model with 2-
7 factors, a 4 factor solution was selected because of a low Qtrue/Qexpected (5.8) (Fig. S9),
small residuals for most species and samples, absence of rotational ambiguity, and
reasonable factor compositions. Within this solution, only Cd, Se, and Ba did not produce
normally distributed residuals. Furthermore, only weak species displayed R? between
distributions of observed vs. predicted values of < 0.6, and most strong species displayed
R?values > 0.9, demonstrating the ability of this solution set to reproduce the sample data
well. The uncertainty was estimated using the displacement method (Paatero et al., 2014).
Bootstrapping was not used because of the small size of the sample set. High uncertainties
were observed in the contribution of certain species to each factor, but each factor
contained at least one well-constrained species, highlighting the dominant chemical
characteristic of that factor. These high uncertainties stem, in part, from the high and

variable values of field blanks that are carried through the model. Rotational swaps,
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indicating uncertainty in the identified components and their contributions, were not
observed during displacement, and the largest change in Q was -0.01%, evidencing the
good fit of the solution set.
Al.1.4 Temperature Description
Ambient temperature (Fig. S2b) also displayed expected diurnal and seasonal

variation, with the highest temperatures observed during summer afternoons and lowest
temperatures observed during winter mornings. Average temperatures for BBS, SCS, and
SCW at 06:00 LT (a proxy for the daily minimum temperature) were 31.8 °C, 31.6 °C, and
15.9 °C, respectively. Average temperatures for BBS, SCS, and SCW at 15:00 LT (a proxy
for the daily maximum temperature) were 41.5 °C, 41.3 °C, and 29.7 °C, respectively.
Al1.1.5 Wind Direction Analysis

For SCS and BBS daytime wind values were well confined: during the day at SCS,
greater than 60% occurrence of easterly winds (wind direction between 67.5° and 112.5°)
was observed, while at BBS, wind direction was predominantly southeasterly/southerly
(wind direction between 112.5° and 202.5°). SCS and BBS night periods were more
variable, with no octant having a probability greater than 35%. Despite this, BBS night
wind directions varied primarily between southwesterly and southeasterly, with very low
probabilities of northerly winds. SCW winds displayed the opposite diurnal variability
trend, with night values having a dominant (90% probability) westerly wind direction
(between 202.5° and 292.5°). No wind direction octant displayed greater than 25%

probability during the day SCW periods.
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Al.2 Tables

Element | Average Desert, ppm Average Playa, ppm P Value, Playa vs Desert

Na 7.3e3 +3.3e3 7.2e4 +4.3e4 0.01
AL 4ed +1.6e4 2.5e4 + 8.2e3 0.04
K 1.4e4 + 4.5e3 1.0e4 + 2.5e3 0.04
Ca 2.9e4 + 1.7e4 4.7e4 + 1.4e4 0.02
Ti 3e4 + 950 1.3e3 + 460 0.00
\Y% 55+21 31+14 0.02
Cr 3113 18+8 0.03
Mn 420 + 180 210+ 80 0.01
Fe 1.7e4 + 8.8e3 1.0e4 + 5.6e3 0.09
Co 6+3 32 0.03
Ni 13+7 8+4 0.12
Cu 15+9 16 + 18 0.15
Zn 49 £ 22 33+£15 0.15
As 75 5+3 0.27
Se 01+01 05+0.3 0.01
Cd 02+01 02+01 0.53
Ba 520 + 200 250 + 40 0.00
Pb 14+6 72 0.00

Table Al.1. Average elemental concentrations of playa and desert soils samples as measured via ICP-MS.
P values were calculated from a two tailed, heteroscedastic, student’s T test between the desert and playa
samples. P value less than or equal to 0.05 are highlighted.
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Element Average Desert, ppm Average Playa, ppm P Value, Playa vs Desert

0.00
Na 1.3e4 £5.e3 1.3e5+ 8.3e4

0.00
Al 7.9e4 + 1.2e4 5.2e4 + 2.2e4

0.00
K 1.8e4 + 2e3 1.2e4 + 5e3

0.00
Ca 4.5e4 + 9e3 5.9e4 +2.1e4

. 0.00

Ti 3.4e3 + 1e3 1.8e3 + 1e3

0.02
\% 60 £ 20 50 £ 20

0.00
Cr 40+10 20+ 20

0.00
Mn 410 + 100 250 + 150

0.00
Fe 2.4e4 + 6e3 1.5e4 + 1.0e4

NA

Co 50%<BDL 50%<BDL

0.00
Zn 50 £ 20 4020

0.95
As 50%<BDL 10+ 20

0.00
Se 50%<BDL 212

NA

Cd 50%<BDL 50%<BDL

0.00
Pb 23+5 15+5

Table Al.2. Average elemental concentrations of playa and desert soils samples as measured via ED-XRF.
P values were calculated from a two tailed, heteroscedastic, student’s T test between the desert and playa
samples. P value less than or equal to 0.05 are highlighted.
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Cal EPA Reference

Median, Summer Winter PM1o, |Exposure Levels, ng [P Value
Element|PMao, ng m?* |PM1, ngm?  [ng m* m*! Summer vs.Winter
Na 480 850 + 690 370 £ 160 NA 0.02
Al 620 870 £ 580 1e3 + 880 NA 0.69
K 280 380 + 270 410 + 280 NA 0.78
Ca 670 940 + 1.0e3 1.4e3 + 1.8e3 NA 0.43
Ti 44 63 + 39 57 £ 46 NA 0.75
Vv 1.8 21+13 19+14 NA 0.64
Cr 9 124 +8.8 11.1+938 200 (Cr VI) 0.74
Mn 9.2 13.2+9.3 12.2+8.7 90 0.78
Fe 390 600 + 430 540 + 410 NA 0.72
Co 0.3 04+0.2 04+0.3 NA 0.63
Ni 5.7 8+47 8+8.3 14 1.00
As 0.5 0.7+£0.7 04+0.2 15 0.14
Se 0.9 2227 03+04 20000 0.02
Cd 0.05 042+1.01 0.06 £0.03 20 0.20
Ba 15 24 +19 16+8 NA 0.19

Table A1.3. Median, seasonal average, and standard deviations of PMsg elemental concentrations, as
measured via ICP-MS. P values were calculated from a two tailed, heteroscedastic, student’s T test between
the summer and winter samples. P value less than or equal to 0.05 are highlighted.
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Element Median EF Average Average Winter | P Value,
Summer EF EF Summer vs. Winter

Na 2.2 3+0.79 1.7+13 0.011

K 11 1.2+0.33 1.3+0.34 0.715

Ca 2.3 2827 25+25 0.56

Ti 1.6 1.9 +£0.66 1.5+0.39 0.074

Vv 15 221 1.7+0.92 0.17

Cr 31 40 £33 30+14 0.33

Mn 2.1 2.3+0.36 2.1+0.99 0.5

Fe 1.6 1.7+0.39 1.5+0.55 0.33

Co 3 42+31 2.9+0.92 0.17

Ni 42 48 + 28 39+20 0.39

As 27 21+12 21+£10 0.034

Se 1200 2200 + 1200 400 + 460 0.0001

Cd 64 610 + 1400 61 +31 0.15

Ba 2.9 3.7+£37 25+12 0.24

Table Al.4: Median, seasonal average, and standard deviation of PM1o EFs. P values were calculated from
a two tailed, heteroscedastic, student’s T test between the summer and winter samples. P values less than or

equal to 0.05 are highlighted.
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Al.3 Figures
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Figure Al.1. Map of soil and aerosol sampling sites. Labels represent the number of ED-XRF and ICP-MS
analyzed soil samples from each site, presented as ED-XRF;ICP-MS.
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Figure A1.2. Meteorological data measured by the Imperial Irrigation District and downloaded from
California’s Air Quality Monitoring Information System Query Tool during aerosol sampling periods:
Salton City Summer (SCS), Bombay Beach Summer (BBS), and Salton City Winter (SCW). Hourly
averaged distributions of (a) relative humidity, (b) temperature, and (c) wind speed are reported. Box and
whiskers highlight 10™, 25 50t 75" and 90" percentiles.
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Figure A1.3: Average diurnal relative humidity pattern for Salton City Winter (SCW, Blue), Bombay
Beach Summer (BBS, green), and Salton City Summer (SCS, red).
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Figure Al.4: Wind Roses for Salton City Summer (SCS) sampling period. The probability of wind being
sourced from a given direction is represented by the size of the colored portion and the colors represent
wind speed probabilities in m s,
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Figure A1.5: Wind Roses for Salton City Winter (SCW) sampling period. The probability of wind being
sourced from a given direction is represented by the size of the colored portion and the colors represent
wind speed probabilities in m s,
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Figure A1.6: Wind Roses for Bombay Beach Summer (BBS) sampling period. The probability of wind
being sourced from a given direction is represented by the size of the colored portion and the colors
represent wind speed probabilities in m s
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Figure Al.7. PM3omass concentration as measured by the Imperial Irrigation District and downloaded
from California’s Air Quality Monitoring Information System Query Tool during aerosol sampling
periods: Salton City Summer (SCS), Bombay Beach Summer (BBS), and Salton City Winter (SCW). Box
and whiskers highlight 101, 25, 50™, 75 and 90™ percentiles.
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Figure A1.8. Diurnal PM1o mass concentrations during Salton City Summer (SCS), Salton City Winter

(SCW), and Bombay Beach Summer (BBS) sampling as measured by TEOM ( Imperial Irrigation District,
data available through the AQMIS).
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Figure A1.9. Quue/Qexpected ratio of positive matrix factorization results with different factor number inputs.
A 4 factor model was selected as being the most accurate to describe the data because the change in Quue/Q-
expected WAS insignificant after addition of another factor.
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Appendix 2: Appendix to Dust Sources in the Salton Sea Basin: A Clear Case of an
Anthropogenically Impacted Dust Budget
A2.1 Text
A2.1.1 Sampling Handling and Treatment

Before each deployment, samplers were acid washed in 2% nitric acid. When
Samplers were deployed and removed from the field, they were enclosed in ziplock bags
pre-rinsed with ultrapure water. Samples were stored under laboratory conditions (~22°C)
until extraction. To extract the sample, the inside surface of the pan, the Teflon mesh, and
the marbles were all rinsed with ultrapure water. A silicon brush was used to physically
disrupt dust particles on the pan and mesh to maximize dust collection. Large pieces of
organic matter (e.g. bugs or leaves) were physically removed from the extract. The
resulting suspension was dried in a muffle furnace at 100°C. The remaining solid was
weighed (Mettler AE 260, 10 g). To understand sources of error, a method blank was
prepared as a typical sampler but not deployed in the field before extraction.

A2.1.2 Digestion for Trace Metal Analysis

About 30 mg of sample was ashed at 500 °C for 18 hours to remove organic matter.
The sample was then suspended in a solution of concentrated nitric acid (1.5 ml) and
concentrated hydrofluoric acid (0.5 ml) in a Teflon Vial. The closed vial was heated at 140
°C for 16 hours in a custom HEPA-filtered mini clean box. Next, the top was removed
from the vials and the solution was boiled off at 120 °C until ~0.25 ml remained. The
solution was then reconstituted in 1.25 ml HCI and 0.5 ml HNO3 and heated at 140 °C for

16 hours. The solution was again dried to ~0.25 ml and reconstituted in 5% nitric solution
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(5 ml) until analysis with ICP-MS. Calibration curves were created from 1000 ug ml stock
solutions (Inorganic Ventures or Aristar Plus).

Additionally, five replicates of an external geologic standard, NIST-2702
(Inorganics in Marine Sediment), were digested and analyzed to analyze the accuracy of
the digestion. Average values of these standards displayed <10% difference from published
values for Al, As, Ba, Co, Cr, Cu, K, Mg, Mn, Na, Ni, Pb, Sr, Ti, V, and Zn. The difference
was <30 % for all other elements except Ca (driven by a single anomalous replicate) and
Cd (40% and 90%, respectively).

A2.1.3 lon Chromatography Analysis

To measure the soluble anion content, 10 mg of sample was suspended in 10 ml of
ultra-pure water, sonicated for 60 minutes, then filtered through a 0.22 um Teflon filter.
Soluble anion extracts were analyzed with ion chromatography (IC). For analysis, a 3.5
mM NaCOz and 1.0 mM NaHCOz buffer was used as eluent through a 4 mm anion-
exchange column (AS14, Dionex lonPac). Anion signal was suppressed before detection
(Dionex AERS 500, Thermo scientific) and anions were detected using a heated
conductivity cell (DS6, Thermo Scientific). A calibration curve of known anion
concentrations was created by diluting stock solutions of SO4? (LabChem, 1000 mg/kg),
PO4+* (Spex CertiPrep, 1000 mg/kg), NOs™ (Spex CertiPrep, 1000 mg/kg), NO2™ (High-
Purity Standards, 100 mg/kg), and Cl- (BDH, 1000 mg/kg). This curve was used to

determine soluble anion concentrations in the extract solutions.
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A2.1.4 PMF Uncertainty Treatment
Uncertainty values (opmr) Were calculated using a modified square root of the sum of

squares method (Eqg. A2.1).

Opyp = \/(M\/a,z + 0% + aDilz)z + oyp? (A2.1)
Where M is the mass dilution modifier which converts concentration uncertainties to mass
uncertainties, o) IS the analytical uncertainty defined as the standard deviation (SD)
reported by the instrument for a given sample for ICP-MS data and the SD of calibration
curve replicates for IC data, og the SD in analytical blank values, odil the uncertainty
associated with weighing and diluting of the sample, oms the uncertainty in method blank
values, which is assumed to be 100% of the method blank value. For Mass and fraction
organic matter (forg), opmre Was set to 0.33 of the measured value; this is unlikely to affect
the final result as both species were input as weak variables.

Both IC and ICP-MS data contained below detection limit (BDL) values for the

measurements; uncertainty in these values (opyr pp.) Was determined using Eq. A2.2:

2
OpMF_BDL = \/(M\/O-Iz + (Z * (cg +3*0p))% + UDi12> + oyp? (A2.2)

Where Cg is the average concentration of a species measured within blanks. oy
is not modified for BDL data because oy, is assumed to be 100 % of the method blank
concentration. Additionally, 10% uncertainty was added to all species because at base

uncertainty levels, many PMF runs were non-convergent, indicating an underestimation of
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the uncertainties. This additional uncertainty could arise from uncertainties associated with
the sampling technique, which are known to be relatively large.*

For ICP-MS there no were missing samples, but due to limited mass, some samples
were unable to be analyzed using the IC. Soluble anion fluxes for these samples were input
as the median concentration value of measured samples from the site. Uncertainty for these
values were set to 4x the replacement value 2
A2.1.5 X-Ray Diffraction

The following describes the XRD analysis of the SB April 2018 sample (Figure
A2.14). The sample was mounted as a randomly oriented powder on an Al holder and
analyzed using a Siemens D500 XRD with a CuKa. X-ray source operating at 40 kV. Data
were collected between 2-70° 26 at a 0.01° step size and dwell time of 2 s. Alignment was
calibrated using a quartz slide, and quartz in the sample was used as an additional internal
calibration check. Background removal was performed using JADE software (MDI). Peak
positions and intensities were assigned using reference diffraction data from the Joint
Committee on Powder Diffraction Standards mineral database.

A2.1.6 HYSPLIT Analysis

NOAA’s HYbrid Single Particle Lagrangian Integrated Trajectory model
(HYSPLIT4, SVN 951) was used to probe possible source regions and possible regions of
downwind effect. Calculations were performed using archived North America Regional
Reanalysis Data.® Trajectories were explored using the SB site as a starting point. From
this location, 12 hour back trajectories were calculated every 2 hours for the duration of

each sampling period (Figure A2.6). Trajectories were capped at 10,000 m above ground
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level, but only trajectories below 1,000 m are shown in Figure A2.6.

To investigate the potential downwind impacts of playa emissions, 72 hour forward
trajectories were calculated for SB at 04:00 UTC (20:00 local time) every 24 hours from
March 1%t 2018 until June 29" 2018. This time period was chosen because it overlaps the
sampling periods when the playa source was the strongest. Forward trajectories were
initialized at 20:00 local time because meteorological data showed peaks in daily wind
speed in the evening (Figure A2.8) during the calendar month April 2018, which coincided
with the sampling period with strongest playa emissions. Trajectories were capped at
10,000 m above ground level. A trajectory frequency plot of these analyses is included in

Figure A2.7.
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A2.2 Tables

Table A2.1. Start and stop dates for each site and each sampling period. Gaps in DP column are due to site
inaccessibility.

SB SB Wi Wi DP DP PD PD BD BD
Start Stop Start Stop Start Stop Start Stop Start Stop

May | 2017-04- 2017-06- | 2017-05- 2017-06- | 2017-05- 2017-06- | 2017-04- 2017-06- | 2017-05- 2017-06-
2017 28 02 02 02 02 02 28 01 02 01
Jun. | 2017-06- 2017-06- | 2017-06- 2017-06- | 2017-06- 2017-06- | 2017-06- 2017-06- | 2017-06- 2017-06-
2017 02 28 02 28 02 28 01 27 01 27
Jul. 2017-06- 2017-07- | 2017-06- 2017-07- | 2017-06- 2017-07- | 2017-06- 2017-07- | 2017-06- 2017-07-
2017 28 28 28 28 28 28 27 28 27 28
Aug. | 2017-07- 2017-08- | 2017-07- 2017-08- | 2017-07- 2017-08- | 2017-07- 2017-08- | 2017-07- 2017-08-
2017 28 27 28 27 28 27 28 28 28 28
Sept. | 2017-08- 2017-09- | 2017-08-  2017-09- 2017-08- 2017-09- | 2017-08- 2017-09-
2017 27 25 27 25 28 25 28 25
Oct. | 2017-09- 2017-10- | 2017-09- 2017-10- | 2017-08- 2017-10- | 2017-09- 2017-10- | 2017-09- 2017-10-
2017 25 22 25 22 27 22 25 21 25 21
Nov. | 2017-10- 2017-12- | 2017-10- 2017-12- | 2017-10- 2017-12- | 2017-10- 2017-12- | 2017-10- 2017-12-
2017 22 10 22 10 22 10 21 05 21 05
Dec. | 2017-12- 2018-01- | 2017-12- 2018-01- | 2017-12- 2018-01- | 2017-12- 2018-01- | 2017-12- 2018-01-
2017 10 13 10 13 10 13 05 13 05 13
Jan. | 2018-01- 2018-02- | 2018-01- 2018-02- | 2018-01- 2018-02- | 2018-01- 2018-02- | 2018-01- 2018-02-
2018 13 11 13 11 13 11 13 11 13 07
Feb. | 2018-02- 2018-03- | 2018-02- 2018-03- 2018-02- 2018-03- | 2018-02- 2018-03-
2018 11 13 11 13 11 13 07 13
Apr | 2018-03- 2018-05- | 2018-03- 2018-05- | 2018-02- 2018-05- | 2018-03- 2018-05- | 2018-03- 2018-05-
2018 13 02 13 02 11 02 13 02 13 02
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Table A2.2. Historic average monthly wind speed, percentile rank of average monthly wind speed during
sampling, and concurrent observed monthly average wind speed during sampling for different sites in the

Salton Sea Basin.* Concurrent indicates to the calendar month which is not exactly the corresponding

sampling period. Sites chosen were Palm Springs Airport (33.8222, -116.5043) Desert Resorts Regional
Airport (33.62833 N, -116.16717 W), Imperial Airport (32.83000 N, -115.57182 W)

. . A
Palm Springs Airport Jun Au Sep Oct No Dec Feb Ma
(1998-2018) May wee V. Jan. r. f
4,
9 52 65 8 87 8 71 64 64 6 51 4.8
Historic (m s?) * * * 0 * * * t * * * *
0. 06 05 +5 06 08 05 04 07 05 06 07
7
Concurent(ms®) S 76 63 67 74 56 38 51 43 54 63 76
. 0. 04 00 09 04 0.5 0.3
Percentile Rank 1 8 5 0.9 5 7 01 09 01 5 0.3 8
Desert Resorts
Airport (2000-2018)
9.
3 83 71 65 64 6 48 44 46 55 7.1 89
Historic (m s?) * * * * * * * * * * * *
0. 08 06 04 08 06 06 05 06 05 06 09
8
a9 10.
Concurrent (m s) 5 78 65 74 78 63 4 5.4 4 58 7.2 1
. 0. 02 01 05 01 01 06 07 08
Percentile Rank 56 8 7 1 1 8 1 1 1 - 5 9
Imperial Airport
(2000-2018)
8.
8 83 78 68 63 62 54 51 6.3 77 9.2 51
Historic (m s?) * * * * * * * * ) 1 ¢ +
1. 08 06 06 09 07 08 06 08 ~ 1.1 07
2
Concurrent (m s?) % 76 83 72 78 56 43 45 47 6 81 89
. 0. 03 07 038 02 01 01 03 06 06
Percentile Rank 67 3 5 9 1 6 1 7 0.5 3 2 1
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Table A2.3. Percentile rank for the sum of precipitation during the rainy season (September - March) prior
to sampling (16-17) and during sampling (17-18).* Sites chosen were Boyd Deep (33.6514, -116.3764),
Desert Resorts Regional Airport (DRRA) (33.62833 N, -116.16717 W), Mecca Fire Station (33.5714 N,
116.0767), El Centro (32.7669, -115.5617), and Imperial (32.8488 N, -115.5666 W).

Winter Precipitation

Site Years of Data :
Percentile

16-17 17-18

g:gg 1963 - 2018 0.89 0.22
DRRA 1950 - 2018 0.84 0.44
Mecca 1905 - 2018 0.74 0.28
El Centro 1932 - 2018 0.73 0.06
Imperial 1902 - 2018 0.71 0.62
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Table A2.4. PMF produced base profiles of each source in ppm (ug g2), as calculated by dividing the PMF
estimated mass contribution of a species by the total mass contribution. Parenthetical text denotes the
confidence in the attribution. Confidence in attributions is defined by the relative negative uncertainty as
given by the displacement method. Intervals were defined as confident (C) (<0.25), Semi-Confident (SC)
(<0.5), Low-Confidence (LC) (<0.75), and (NC) (<1) No-Confidence. Note that the confidence is less
meaning for weak species, denoted by (W).

Biomass Local Anthropogenic  Anthropogeni  Colorado Sea
Burning  Alluvium Trace Metals ¢ Copper Alluvium Spray
Mass SC e C LC NC SC SC
(W)
forg 280000 74000 20000 170000 100000
0 (NC 170000 (LC
w) | © ‘ o) | 0(©) ‘ (MO (0 ‘ (SC) ‘ (L0)
16000 20000 29000 170000
Na (NC) (C) (SC) 92000 (SC) 15000 (NC) 18000 (LC) (SC)
16000 20000 49000 15
M 11000 (NC 20000 (NC) 19000 (LC
9 wn 0 © (NO) (NO 9 oy
35000 69000 20000 68000
Al (LO) (S0) (LO) 67000 (NC) 62000 (NC) 41000 (SC) (NC)
21000 23000 8500 34000
K (S0) (SO) (LO) 18000 (NC) 18000 (NC) 10000 (LC) (LO)
38000 33000 60000 72000
Ca (LC) (C) (SC) 50000 (LC) 36000 (NC) 50000 (SC) (LO)
. 4900 1100 2100
Ti 1800 (LC) (5C) (NC) 4100 (NC) 3600 (NC) 830 (NC) (NC)
27 88
Vv 45 (LC) 98 (SC) (LO) 67 (NC) 73 (NC) 29 (NC) (NC)
Cr 36 (LC) 66 (SC) (;i) 66 (NC) 54 (NC) 33(LC)  91(LC)
200 580
Mn  360(LC) 810 (SC) (LO) 550 (NC) 630 (NC) 210 (NC) (NC)
16000 46000 9300 40000
Fe (LO) (SC) (NC) 35000 (NC) 33000 (NC) 9200 (NC) (NC)
3.8 25
Co 48 (NC) 18(SC) (NC) 12 (NC) 12 (NC) 0 (NC) (NC)
Ni 18 (LC) 31 (SC) (;'2) 29 (NC) 28 (NC) 14 (LC) 48 (LC)
Cu 0(NC) 18 (NC) 0 (NC) 190 (NC) 1400 (C) 72 (NC) (4|\I8£)
Zn  240(SC) 210 (SC) (Si) 910 (SC) 250 (NC) 110 (LC)  0(NC)
3.4 25
As 0 (NC) 3.1 (NC) (NC) 260 (C) 0.83 (NC) 19 (SC) (NC)
Se 5 (NC) 4.1 (SC) (lil.cl:) 0 (NC) 4.2 (NC) 44(SC) 29(SC)
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Sr
Mo

Cd

Sn
(W)
Sh

Ba
Pb

Th

Cl-

NO3

(W)

NO,

(W)

PO*

S04~

220 (NC)
2.3(SC)
0.1 (NC)
11 (LC)

6.9 (NC)
3.8 (NC)

5.4 (NC)
3.9 (NC)

0.83 (NC)

31000
(NC)

0 (NC)

550 (C)

23000 (C)

7000
(NC)

340 (SC)

2 (SC)

0.32
(LC)

35 (LC)
0 (NC)
810 (SC)

24.(SC)

5.9 (SC)

0.24
(NC)

0 (NC)

0 (NC)

68 (SC)

0 (NC)

13000
(NC)

780
(SC)

1(LC)

0.096
(NC)

0 (NC)

0 (NC)
200
(NC)
3.1
(NC)
15
(NC)
0.48
(NC)

28000
(NC)
540
(NC)

0 (NC)

61
(NC)
29000
0(C)

730 (LC)
4.7 (LC)
7.1(C)
100 (C)

280 (C)
1700 (LC)

59 (SC)
2.4 (NC)
0 (NC)
0 (NC)

5500 (NC)

290 (C)

0 (NC)

11000 (NC)
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290 (NC)
1.7 (NC)

0.35 (NC)
0 (NC)

11 (NC)
470 (NC)

18 (NC)
5.1 (NC)
0.62 (NC)

480 (NC)

9300 (NC)

86 (LC)

480 (NC)

37000 (NC)

250 (NC)
1.5 (LC)
1.4 (SC)
6.6 (SC)

0 (NC)
190 (NC)

14 (SC)
9.2 (SC)
4(C)

0 (NC)
9400 (NC)
68 (SC)

0 (NC)

33000
(NC)

160
(NC)
37
(LC)
2.1
(LC)

49 (SC)

0 (NC)
1200
(LC)

32 (LC)

4.8
(NC)

0 (NC)

740000
(SC)
64000
(NC)

200
(SC)
2100
(NC)

210000
(NC)



A2.2 Figures
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Figure A2.1. Q to Q expected ratio vs number of factors fit with PMF. Red dot represents the 7 factor solution
chosen in this work.
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Figure A2.2. Yearly mass flux data from this study (dots) compared to historic mass flux measurements
from similar samplers.®> Within the box and whiskers, the centerline represents the median of the data, x
represents the mean, the top and bottom of the box correspond to the 75" and 25" percentiles, respectively,
and the top and bottom whisker correspond to the 90™ and 10" percentiles, respectively.
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Figure A2.3. Concurrent average monthly (dots) and historic average monthly wind speed (lines) at 3 sites

within the Salton Sea Basin. Data from National Oceanic and Atmospheric Association’s (NOAA) National
Centers for Environmental Information (NCEI).* Bars represent 1 standard deviation of the historic means.

Site details can be found in table S2.
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Figure A2.4. Se mass flux (mg day* pan?) (dots) and Se Enrichment Factors (lines) at each site for each
sampling period.
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May August November February

June September December April

July January

;38

Figure A2.5. Frequency plots of HYSPLIT back trajectories for Sonny Bono Site (marked with a red
square) during each respective sampling period. Frequencies were only calculated for trajectories <1,000 m
above ground level. Plots show the percentage of back trajectories which cross the same 0.25° cell. Back
trajectories were calculated for 12 hours at two hour intervals starting from 00:00 UTC on the day of
deployment until 00:00 UTC the day of collection.
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Figljre A2.6. Frequency plots of HYSPLi;F 72 hr forward trajectories <10,600m for Sonny Bono Site
(indicated with a red star) during March 1- June 30, 2018. Plots show the percentage of forward trajectories
which cross the same 1.0° cell. Forward trajectories were initialized at 20:00 Local Time.
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Figure A2.7. Mean wind speed for each hour over the month of April 2018 at three sites around the Salton
Sea. Shaded area represents 1 standard deviation. Data acquired from the California Air Resource Board air
quality data tool.® Sites chosen were Sonny Bono (33.17638 N, -115.62310 W) Bombay Beach (33.35264
N, -115.73419 W), and Salton City (33.27275 N, -115.90062 W).
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Figure A2.8. PMF mass attributions at A) Palm Desert, B) Boyd Deep, C) Dos Palmas, D) Wister, E)
Sonny Bono. PMF attributions are averaged between the duplicate samples for each sampling period.
** SB April 2018 is displayed as 1/10" of its value given its high mass concentration compared to the

others.
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Figure A2.9. Al concentration (%) in soils or sediments in the region around the Salton Sea Basin. Data
sourced from the National Uranium Resource Evaluation: Hydrogeochemical and Stream Sediment

Reconnaissance.”
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Figure A2.10. Fe concentration (%) in soils or sediments in the region around the Salton Sea Basin. Data
sourced from the National Uranium Resource Evaluation: Hydrogeochemical and Stream Sediment

Reconnaissance.”
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Figure A2.11 Ti concentration (mg kg™) in soils or sediments in the region around the Salton Sea Basin.

Data sourced from the National Uranium Resource Evaluation: Hydrogeochemical and Stream Sediment
Reconnaissance.”
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Figure A2.12. Ca (%) concentration in soils or sediments in the region around the Salton Sea Basin. Data
sourced from the National Uranium Resource Evaluation: Hydrogeochemical and Stream Sediment
Reconnaissance.”
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Figure A2.13. Landsat Imagery from the Sentinel 2 MSI for a) August 19th 2017 and b) January 11th
2018.8
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Figure A2.14. SEM-EDS image of SB April 2018 sample. Colors correspond to signal strength of A) S, B)
Mg, C) Na, D) Si, and E) O. F) is the backscatter electron image with no color overlay.
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Figure A2.15. X-ray diffraction pattern of SB April 2018 sample. Colored lines represent positions and
relative intensities of reflections for evaporite minerals and quartz.
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Appendix 3: Appendix to Chapter 4: Brown Carbon Formation from Nighttime
Chemistry of Unsaturated Heterocyclic Volatile Organic Compounds

A3.1 Text
A3.1.1 Estimated Lifetimes of the Precursors under the Chamber Conditions

The lifetimes (t) of pyrrole, furan and thiophene in the presence of Oz and NOs radicals
were estimated using the corresponding rate constants (k) L and the typical concentrations
of O3 (750 ppbv) and NOz (1000 pptv) after VOC injections, as shown in Table S1. This
period was the most ozone favorable portion of the experiment.

A3.1.2 Refractive Index Calculations

RI values were calculated by minimizing the absolute difference between the
observed and theoretical optical coefficients of a size distribution over a range of R1 inputs,
at times when the mode change between consecutive SEMS measurements was lower than
10%.2° For pyrrole and thiophene experiments, nszs and kazs values were calculated when
PAX measurements were above the detection limits for both fscat 375 and Baps,37s.

Refractive index (RI) values are size-independent measures of the fundamental
interactions of a material with radiation. The RI consists of two components, a real
component which controls scattering (n) and an imaginary component which controls
absorption (k). These values determine scattering and absorption efficiencies (Qscat, Qabs)
of a particle at a given wavelength. Qscat and Qaps relate the amount of radiation
attenuated by each process to particle diameter (dp). Qscatand Qaps can be combined with
size distribution measurements to calculate theoretical integrated scattering and

absorption coefficients (Bscat_theo, Babs_theo):
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dp en wxd;?
ﬁscat or abs_theo = ZdZ:1 ¢ Qscat or abs(di; /1; n, k) X Ni X % (A31)

where dp,1 is the smallest bin diameter, dpeng, the largest bin diameter, and Ni the number
concentration of aerosols at size di. To calculate an unknown RI, Sscat_theo aNd Labs_theo Were
calculated over a large range of n and k values and compared to fscat obs and Sabs obs, as
measured by PAX, through a merit parameter. Here, n was iterated between 1.2 and 1.6 at
steps of 0.01 and k was iterated between 0 and 0.2 at steps of 0.001. The input pair that
minimized the merit parameter was chosen as the RI calculated (Rlcaic). Here a simple merit

parameter, summed difference (A), was used.

A= |(ﬁscat_obs - .Bscat_theo)l + | (ﬁabs_obs - ﬁabs_theo)l (A3-2)
RI calculations using difference or weighted difference methods can also be found
elsewhere 24

A3.1.4 Filter Treatment and Extraction Efficiency

The filter samples were stored at —20 °C to minimize evaporation of semi-volatile
organic compounds. The filters were extracted with 22 mL of methanol (>99.8%, Fisher
Scientific) by 50 min of sonication. The extracted solution was dried under a gentle stream
of nitrogen (>99.8%, Airgas). The residues were reconstituted in 150 pL. of methanol for
chemical analyses and further diluted for UV-Vis measurements (Beckman DU-640) to
ensure the detector would not be saturated. The extraction efficiency was estimated to be
~86% using the surrogate standards (i.e., levoglucosan and p-nitrophenol), as described in
SI. The same extraction procedure was performed for a blank filer. There was no significant

absorbance observed from the UV-Vis spectrum of the blank extract.
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To estimate the extraction efficiency of filter samples, 5 upL solution of
levoglucosan (1.1 mg mL1) and p-nitrophenol (0.97 mg mL™) were used as the reference
standard and added onto a filter (Zefluor, Pall Laboratory, 47 mm, 1.0 um pore size). The
filter was then extracted with 22 mL methanol followed by sonication and dry-off
procedures. Another 5 pL reference standard was added directly into a 25-mL vial that was
then applied to dry-off process. Then, 100 uL N,O-Bis(trimethylsilyl) trifluoroacetamide
with trimethylchlorosilane (BSTFA+TMCS) (99:1; Sylon BFT) and 50 pL anhydrous
pyridine (99.8%, DriSolv) were added to each vial to derivatize the hydroxyl groups. The
derivatized solutions were then used for GC-MS analysis. The extraction efficiency was
estimated to be 86% using the relative concentrations of levoglucosan and p-nitrophenol

in these two vials.
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A3.1.5 LC-DAD-ESI-HR-TOFMS Analysis

The TOFMS acquired mass spectra from m/z 63-1050. The chromatographic
separations were carried out using Waters XBridge BEH C-18 column (2.1mm ID, 50 mm
length, 2.5 um particle size) at 45°C. The mobile phases consisted of eluent (A) 0.1% acetic
acid in water and eluent (B) 0.1% formic acid in methanol. The applied 15-min gradient
elution program was as follows: the concentration of eluent B was 0% for the first 2 min,
increased to 90% from 2-12 min, held at 90% from 12-14 min, and then decreased back to
0% from 14-15 min, and held at 0% from 15-20 min. The post-run time was 2 min. The
LC flow rate and injected sample volume were 0.25 mL min™ and 20 pL, respectively.
Prior to LC-DAD-ESI-HR-TOFMS analysis, the TOFMS instrument was calibrated using
a commercially available ESI-L low concentration tuning mixture (Agilent Technology,
Part number G1969-85000). This external calibration was done in the low-mass range (m/z

<1700) mode.
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A3.2 Tables

Table A3.1. The comparison of the MAC of SOA in this study with those of SOA in other

studies
Precursor Oxidant and seed <MAC> (cm?g?)  Reference
Limonene O3 4002 Updyke et al. ¢
Limonene OH 1702 Updyke et al. ¢
a-Cedrene O3 2602 Updyke et al. ¢
a -Humulene O3 300°? Updyke et al. £
Farnesene O3 60 @ Updyke et al. ¢
a-Pinene (o} 502 Updyke et al. ¢
a-Pinene OH 1002 Updyke et al. @
Pine Needle QOil (o} 1002 Updyke et al. ¢
Cedar Leaf Oil O3 500 @ Updyke et al. °
Isoprene OH 504 Updyke et al. °
Isoprene O3 102 Updyke et al. °
Tetradecane OH 804 Updyke et al. °
1,3,5-trimethylbenzene OH 202 Updyke et al. °
1,3,5-trimethylbenzene OH (Intermediate, 70° Updyke et al. ¢
VOC/NO,=7.5)
Naphthalene OH 200 Updyke et al. ¢
Naphthalene OH (high NOy, VOC/NO4=3.3) 1000 Updyke et al. ¢
IEPOX MgSO," 11-344 ¢ Linetal.
IEPOX (NH4)2S0,° 5-15¢ Linetal. 1
Isoprene NOy free 43¢ Liuetal
Isoprene OH (high NOy, VOC/NO=0.9) 16 ¢ Liuetal. 1
a-Pinene OH (NOx free) 53¢ Liuetal
a-Pinene OH (high NOy, VOC/NO=1.0) 155 ¢ Liuetal. 1
1,3,5-Trimethylbenzene ~ OH (NOx free) 89 ¢ Liuetal. 2
OH (high NO,, VOC/NO,=1.3- Liuetal. &
1,3,5-Trimethylbenzene 1.6) 78249
Toluene OH (NOx free) 66 ¢ Liuetal. 2
OH (high NOy, VOC/NO,=1.2- Liu etal. 1t
Toluene 1.5) 3018¢
d-Limonene O3, acidic seed 40-500 © Nguyen et al. 12

2 The MAC values were averaged over the range of 300-700 nm.
® Aerosols were from reactive uptake of synthetic IEPOX standard onto the acidified or non-acidified aerosols
¢ The MAC values were averaged over the range of 290-700 nm
4 The MAC values were averaged over the range of 300-700 nm
¢, The MAC values were averaged over the range of 300-700 nm
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A3.3 Figures
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Figure A3.1. Kinetic box-model simulation of NOs radical production during the experiment.24-16 Initial O3
set to 1500 ppb and NO set to 500 ppb. A 200-ppb pyrrole injection is simulated at 60 minutes.
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Figure A3.2. The CIMS time series of possible nitrate-furan (A), nitrate-thiophene (C), nitrate-pyrrole (E),
and nitropyrrole (G). Local time is the time of the experiment, beginning at the start of the experiment. Mass
fittings of nitrate-furan (B), nitrate-thiophene (D), nitrate-pyrrole (F), and nitropyrrole (H) as assigned using
Tofware 3.03 (Aerodyne Research Inc), where blue represents the fit to the peak and red is the observed
signal.
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Figure A3.3. The MAC of heterocyclic nitro compound standards as a function of wavelength, including 2-
nitropyrrole, 2-nitrofuran, and 2-nitrothiophene.
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