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ABSTRACT

Aerosols are a ubiquitous component of the atmosphere, playing pivotal roles in air
quality and climate. This thesis explores the way these particles come to be, and
their roles in these atmospheric processes.

Aerosols form from a variety of anthropogenic and biogenic activities, processes
which are very prominent in urban settings. In Los Angeles, the last decade of
research has been dominated by the role of summertime secondary organic aerosol
(SOA) in contributing to particulate matter (PM). Here, we make observations in
the equinox seasons and in the winter and detail the formation of atmospheric
aerosols in these seasons. Using aerosol mass spectrometry, we demonstrate that
ammonium nitrate persists as one of the dominant secondary aerosol components
despite dramatic reductions in nitrogen oxide (NO𝑥) emissions. Further, we show
that this ammonium nitrate is not measured by routine air quality measurements,
biasing regulatory PM2.5 measurements. In the wintertime, similar techniques
demonstrate that primary organic aerosol, as opposed to secondary, is an important
component of the PM2.5, contrary to the prevailing narratives that SOA dominates
the aerosol mass.

At global scales, the role of these aerosols in cloud formation and climate processes
is of primary interest. While a variety of physicochemical properties of aerosols are
important in the formation of cloud droplets, we focus here on the specific process of
organic surface-partitioning. It has been suggested that in phase-separated aerosol,
organic-rich surface layers can depress the surface tension of the particles, lowering
their barrier to activate into cloud droplets. We assess this propensity for surface
tension depression in two SOA systems, 𝛼-pinene and 𝛽-caryophyllene. Synergizing
laboratory measurements, a thermodynamic model, and field data, it is shown
that surface-active organics in these SOA systems can impact their hygroscopicity,
though perhaps not sufficiently to warrant inclusion of these processes in global-
scale models.



vi

PUBLISHED CONTENT AND CONTRIBUTIONS

Chea, P. H., Pushpawela, B., Ward, R. X., & Flagan, R. C. (2024). Is double
masking even worthwhile? Aerosol Science and Technology, 1–13. https:
//doi.org/10.1080/02786826.2024.2369638
RXW prepared experimental equipment and reviewed/edited the manuscript.

Pennington, E. A., Wang, Y., Schulze, B. C., Seltzer, K. M., Yang, J., Zhao, B.,
Jiang, Z., Shi, H., Venecek, M., Chau, D., Murphy, B. N., Kenseth, C. M.,
Ward, R. X., Pye, H. O. T., & Seinfeld, J. H. (2024). An updated modeling
framework to simulate Los Angeles air quality – Part 1: Model development,
evaluation, and source apportionment. Atmospheric Chemistry and Physics,
24(4), 2345–2363. https://doi.org/10.5194/acp-24-2345-2024
RXW collected data and reviewed/edited the manuscript.

Pfannerstill, E. Y., Arata, C., Zhu, Q., Schulze, B. C., Ward, R., Woods, R., Harkins,
C., Schwantes, R. H., Seinfeld, J. H., Bucholtz, A., Cohen, R. C., & Goldstein,
A. H. (2024). Temperature-dependent emissions dominate aerosol and ozone
formation in Los Angeles. Science, 384(6702), 1324–1329. https://doi.org/
10.1126/science.adg8204
RXW collected data and reviewed/edited the manuscript.

Schulze, B. C., Kenseth, C. M., Ward, R. X., Pennington, E. A., Rooy, P. V.,
Tasnia, A., Barletta, B., Meinardi, S., Morris, M., Jensen, A., Huang, Y.,
Parker, H. A., Hasheminassab, S., Day, D., Campuzano-Jost, P., de Gouw,
J., Jimenez, J. L., Barsanti, K. C., Pye, H. O. T., . . . Seinfeld, J. H. (2024).
Insights into the complex effects of reduced mobile source emissions on. To
Be Submitted.
RXW collected data and reviewed/edited the manuscript.

De Jong, E. K., Singer, C. E., Azimi, S., Bartman, P., Bulenok, O., Derlatka, K.,
Dula, I., Jaruga, A., Mackay, J. B., Ward, R. X., & Arabas, S. (2023).
New developments in PySDM and PySDM-examples v2:collisional breakup,
immersion freezing, dry aerosol initialization, andadaptive time-stepping.
Journal of Open Source Software, 8(84), 4968. https://doi.org/10.21105/
joss.04968
RXW contributed to development of surface-active organics code.

Nussbaumer, C. M., Place, B. K., Zhu, Q., Pfannerstill, E. Y., Wooldridge, P.,
Schulze, B. C., Arata, C., Ward, R., Bucholtz, A., Seinfeld, J. H., Goldstein,
A. H., & Cohen, R. C. (2023). Measurement report: Airborne measurements
of NOx fluxes over Los Angeles during the RECAP-CA 2021 campaign.
Atmospheric Chemistry and Physics, 23(20), 13015–13028. https://doi.org/
10.5194/acp-23-13015-2023
RXW collected data and reviewed/edited the manuscript.



vii

Pushpawela, B., Chea, P., Ward, R., & Flagan, R. C. (2023). Quantification of
face seal leakage using parallel resistance model. Physics of Fluids, 35(12),
127127. https://doi.org/10.1063/5.0177717
RXW prepared experimental equipment and reviewed/edited the manuscript.

Schulze, B. C., Ward, R. X., Pfannerstill, E. Y., Zhu, Q., Arata, C., Place, B.,
Nussbaumer, C., Wooldridge, P., Woods, R., Bucholtz, A., Cohen, R. C.,
Goldstein, A. H., Wennberg, P. O., & Seinfeld, J. H. (2023). Methane Emis-
sions from Dairy Operations in California’s San Joaquin Valley Evaluated
Using Airborne Flux Measurements. Environmental Science & Technology,
57(48), 19519–19531. https://doi.org/10.1021/acs.est.3c03940
RXW collected data and reviewed/edited the manuscript.

Amanatidis, S., Huang, Y., Pushpawela, B., Schulze, B. C., Kenseth, C. M., Ward,
R. X., Seinfeld, J. H., Hering, S. V., & Flagan, R. C. (2021). Efficacy of
a portable, moderate-resolution, fast-scanning differential mobility analyzer
for ambient aerosol size distribution measurements. Atmospheric Measure-
ment Techniques, 14(6), 4507–4516. https://doi.org/10.5194/amt-14-4507-
2021
RXW collected data and reviewed/edited the manuscript.

Ming, Y., Loeb, N. G., Lin, P., Shen, Z., Naik, V., Singer, C. E., Ward, R. X., Paulot,
F., Zhang, Z., Bellouin, N., Horowitz, L. W., Ginoux, P. A., & Ramaswamy,
V. (2020). Assessing the influence of COVID-19 on the shortwave radiative
fluxes over the East Asian Marginal Seas. Geophysical Research Letters.
https://doi.org/10.1029/2020gl091699
RXW prepared and analyzed MODIS data and reviewed/edited the manuscript.



viii

TABLE OF CONTENTS

Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . iii
Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . v
Published Content and Contributions . . . . . . . . . . . . . . . . . . . . . . vi
Table of Contents . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii
List of Illustrations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . x
List of Tables . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xiv
Chapter I: Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.1 Climate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Air Quality . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
1.3 Organization of Thesis . . . . . . . . . . . . . . . . . . . . . . . . . 4

Chapter II: The persistence and pathologies of ammonium nitrate smog in
Los Angeles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

Chapter III: Primary organic aerosol important to understanding poor winter-
time air quality in Los Angeles . . . . . . . . . . . . . . . . . . . . . . . 10
3.1 Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
3.2 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
3.3 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
3.4 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . 14
3.5 Supporting Information . . . . . . . . . . . . . . . . . . . . . . . . 19

Chapter IV: Clarifying the importance of surface-active organics in biogenic
CCN . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
4.1 Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
4.2 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
4.3 Materials and Methods . . . . . . . . . . . . . . . . . . . . . . . . . 38
4.4 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . 43
4.5 Supporting Information . . . . . . . . . . . . . . . . . . . . . . . . 50

Appendix A: Methane Emissions from Dairy Operations in California’s San
Joaquin Valley Evaluated Using Airborne Flux Measurements . . . . . . 74

Appendix B: Temperature-dependent emissions dominate aerosol and ozone
formation in Los Angeles . . . . . . . . . . . . . . . . . . . . . . . . . . 75

Appendix C: Assessing the Influence of COVID-19 on the Shortwave Radia-
tive Fluxes Over the East Asian Marginal Seas . . . . . . . . . . . . . . . 76

Appendix D: Quantification of face seal leakage using parallel resistance model 77
Appendix E: Is double masking even worthwhile? . . . . . . . . . . . . . . . 78
Appendix F: Measurement report: Airborne measurements of NO𝑥 fluxes

over Los Angeles during the RECAP-CA 2021 campaign . . . . . . . . . 79
Appendix G: An updated modeling framework to simulate Los Angeles air

quality – Part 1: Model development, evaluation, and source apportionment 80



ix

Appendix H: Efficacy of a portable, moderate-resolution, fast-scanning differ-
ential mobility analyzer for ambient aerosol size distribution measurements 81

Appendix I: New developments in PySDM and PySDM-examples v2: colli-
sional breakup, immersion freezing, dry aerosol initialization, and adap-
tive time-stepping . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82



x

LIST OF ILLUSTRATIONS

Number Page
1.1 Cartoon of Earth’s radiative budget with respect to aerosols. . . . . . 2
1.2 Images stitched together from Pasadena, CA on good and poor visi-

bility days. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
3.1 Diurnal profile for (a) wintertime Pasadena aerosol measurements by

ACSM and (b) summertime Pasadena aerosol measurements by AMS. 15
3.2 Diurnal profile for (a) the OA PMF solution and (b) the CIOA factor

normalized to the boundary layer height for this work and for CalNexT. 16
3.3 Comparison of AMS and ACSM measured PMF factors in Los An-

geles in various seasons and campaigns. CalNex and CalNexT were
measured by AMS in Pasadena, WAQS LA was measured by ACSM
in Pasadena, and ASCENT was measured by ACSM in Pico Rivera
(∼10 mi south of Pasadena). . . . . . . . . . . . . . . . . . . . . . . 17

3.4 First harmonic of the diurnal cycle fit for various years, seasons, and
locations in the South Coast Air Basin. The radial position represents
the local hour and the radial position represents the amplitude of the
diurnal cycle. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

3.5 Time series of measurements during the WAQS-LA campaign. . . . . 21
3.6 Time series of measurements during the CalNexT campaign. Repro-

duced from Schulze et al. (Schulze et al., 2024). . . . . . . . . . . . 21
3.7 Average diunal profile of meteorological parameters during WAQS-

LA. Temperature and Relative Humidity were measured during the
campaign, boundary layer height is taken from reanalysis data. Axes
colors correspond to their respective traces. . . . . . . . . . . . . . . 22

3.8 Average diurnal profiles of boundary layer height during WAQS-LA
and CalNexT, taken from reanalysis data. . . . . . . . . . . . . . . . 22

3.9 Ammonia balance for the WAQS-LA campaign. Data points repre-
sent 10 min average data. Predicted NH+

4 is calculated as the molar
equivalent of the measured SO2−

4 , NO−
3 , and Cl−. . . . . . . . . . . . 23



xi

3.10 Scatter of ACSM and SMPS measurements from the WAQS-LA
dataset, resampled to 10 min data. The datapoints are colored by
the ACSM-derived fraction of ammonium nitrate. The dotted line
represents a linear regression of the data. . . . . . . . . . . . . . . . 23

3.11 3-factor PMF solution for the WASQ-LA data, classidied as (a)
Hydrocarbon-like OA, (b) Cooking-influenced OA, and (c) Oxy-
genated OA. The primary OA components (POA) are colored in
blue shades and the secondary OA componnets (SOA) are colored in
green shades. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

3.12 4-factor PMF solution for the WASQ-LA data, classidied as (a)
Hydrocarbon-like OA, (b) Cooking-Influenced OA, (c) Less-Oxidized
Oxygenated OA, and (d) More-Oxidized Oxygenated OA. The pri-
mary OA components (POA) are colored in blue shades and the
secondary OA components (SOA) are colored in green shades. . . . . 25

3.13 Diurnal profile of the CIOA factor normalized to the boundary layer
height for the WAQS-LA 3- and 4-factor CIOA and the CalNexT
CIOA. The WAQS-LA and CalNexT are reproduced from the main
text. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

3.14 Seasonally-averaged diurnal profiles for two SCQMD monitoring
sites, Downtown LA (DTLA) and Riverside, in two seasons, winter
(DJF) and summer (JJA). Traces are colored by the year, starting with
2010 at the lightest intensity and ending with 2023 in the darkest
intensity. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

4.1 All experimental data for the two VOC and oxidative conditions. 𝜅𝑜𝑟𝑔
is inferred by Equation 4.1 and the Organic Volume Fraction (f𝑜𝑟𝑔) is
calculated by Equation 4.2. . . . . . . . . . . . . . . . . . . . . . . . 43

4.2 Individual measurements of hygroscopicity for 𝛽-caryophyllene SOA
as a result of dark ozonolysis for various organic volume fractions
(f𝑜𝑟𝑔) (same as in Figure 4.1). The dashed line represents the intrinsic
hygroscopicty of 𝛽-caryophyllene, taken from the f𝑜𝑟𝑔=1 measure-
ments. The solid line is a fit of the data taken from the compressed
film model. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

4.3 Probability density function (PDF) of densities observed in Hyytiälä
during 2012 inferred from ACSM measurements. SOA densities
observed in this study are overlain. . . . . . . . . . . . . . . . . . . . 47



xii

4.4 On the left axis, the percent error in 𝜅𝑎𝑝𝑝 for a mixed ammonium
sulfate-organic aerosol calculated between a surface-active and non-
surface-active organics case. The data for this study are for 𝛽-
caryophyllene dark ozonolysis, and the data for Forestieri et al are for
oleic acid. PDFs of Mace Head and Hyytiälä 𝑓𝑜𝑟𝑔 data shown in the
background (on the right axis). . . . . . . . . . . . . . . . . . . . . . 48

4.5 Cloud Droplet Number Concentration (CDNC) altitude profile. The
two cases are for runs of Lowe et al. parameters in addition to this
work’s measured 𝜅 values for the 𝛽-caryophyllene dark ozonolysis
case. The surface organics case employs the enhanced 𝜅𝑜𝑟𝑔 inferred
from the lab studies in this work. The "surface tension water" case
employs the intrinsic 𝜅 for the 𝛽-caryophyllene SOA (here measured
as 0.02). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

4.6 Corner plot for 4-parameter MCMC estimation for the 𝛽-caryophyllene
dark ozonolysis data. . . . . . . . . . . . . . . . . . . . . . . . . . . 53

4.7 Corner plot for 4-parameter MCMC estimation for the 𝛽-caryophyllene
photoxidation data. . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

4.8 Corner plot for 4-parameter MCMC estimation for the 𝛼-pinene dark
ozonolysis data. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

4.9 Corner plot for 4-parameter MCMC estimation for the 𝛼-pinene pho-
toxidation data. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

4.10 Corner plot for 5-parameter MCMC estimation for the 𝛽-caryophyllene
dark ozonolysis data. . . . . . . . . . . . . . . . . . . . . . . . . . . 57

4.11 Corner plot for 5-parameter MCMC estimation for the 𝛽-caryophyllene
photoxidation data. . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

4.12 Corner plot for 5-parameter MCMC estimation for the 𝛼-pinene dark
ozonolysis data. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

4.13 Corner plot for 5-parameter MCMC estimation for the 𝛼-pinene pho-
toxidation data. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

4.14 Corner plot for the iso-𝜎 MCMC estimation for the 𝛽-caryophyllene
dark ozonolysis data. . . . . . . . . . . . . . . . . . . . . . . . . . . 61

4.15 Corner plot for iso-𝜎 MCMC estimation for the 𝛽-caryophyllene
photoxidation data. . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

4.16 Corner plot for iso-𝜎MCMC estimation for the𝛼-pinene dark ozonol-
ysis data. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63



xiii

4.17 Corner plot for iso-𝜎 MCMC estimation for the 𝛼-pinene photoxida-
tion data. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

4.18 Representative AMS spectra for the 𝛽-caryophyllene experiments. . . 66
4.19 Representative AMS spectra for the 𝛼-pinene experiments. . . . . . . 67
4.20 Experimental schematic. Monodisperse ammonium sulfate particles

enter CPOT from DMA 1. SOA is generated in CPOT and condenses
onto the seed, creating a polydisperse distribution. These particles
are then size-selected by DMA 2, thus tuning the ratio of inorganic
(seed) and organic (condensate). Bulk CPOT particle properties
are measured by DMA 3 (size distribution) and the AMS (chemical
composition). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67



xiv

LIST OF TABLES

Number Page
4.1 Parameters extracted from MCMC runs on the data in this work, in

addition to parameter extractions for other species in other studies. . . 46



1

C h a p t e r 1

INTRODUCTION

When discussing atmospheric aerosols, we are often explicitly concerned with the
solid and liquid phases of the atmosphere, despite the formal definition of the word
to include the gas-phase in which these particles are suspended. It is not that we
are unconcerned with the gas phase, but to include this phase now concerns the
entirety of the atmosphere, and the scope of the liquid and solid phases provides
ample opportunity for research already. Implicitly, we will concern ourselves with
this gas to the extent that it impacts the formation of the aerosols.

Semantics aside, it is not difficult to justify the study of atmospheric aerosols.
These particles play an important role in the radiative budget of the planet, both
directly, as scatterers of incident solar radiation [and outgoing terrestrial radiation],
and indirectly, as the seeds upon which clouds form (cloud condensation nuclei,
CCN) (Seinfeld & Pandis, 2016). Air pollution, within which particulate matter is a
primary component, is one of the leading contributors to global mortality (Burnett
et al., 2018; Cohen et al., 2017). Further, an understanding of aerosol physics
and chemistry is important in a variety of contexts, such as the transmission of
respiratory diseases (Lednicky et al., 2020) or the occupational risks associated
with the production of fumes in combustion processes (Biswas & Wu, 2005). This
thesis will explore aerosols in both the air quality and climate contexts through a
variety of techniques, both experimental and computational.

1.1 Climate
As alluded to, it has been known for decades that atmospheric aerosols play an
important role in climate by serving both as scatterers of solar radiation and as the
nuclei upon which clouds form (Seinfeld & Pandis, 2016; Twomey, 1974), shown
graphically in Figure 1.1. In the latest report from the Intergovernmnetal Panel
on Climate Change (IPCC), it is estimated that the sum of the direct and indirect
effects exert a radiative impact that masks up to half of the radiative impacts of
CO2 (Intergovernmental Panel On Climate Change, 2023). However, this estimate
is not without uncertainty. It is often a parroted misnomer in the field that "aerosols
represent the highest uncertainty in climate"; this is not true. The climate system
is complex; the turbulence of the flows in the atmosphere are inherently stochastic,
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imparting deep uncertainty to future predictions of climate. Further still, our un-
derstanding of the geopolitical events which will underpin the human response to
climate are unpredictable. What is true is that compared to other radiative forcers
(e.g., greenhouse gases), the uncertainty relative to the magnitude of the aerosol
radiative forcing is one of the highest, in no small part because of our lack of knowl-
edge of the preindustrial atmospheric aerosol burden. Even the sign of the aerosol
forcing remains contentious (Bellouin et al., 2020).

Figure 1.1: Cartoon of Earth’s radiative budget with respect to aerosols.

In this thesis, we are most concerned with the indirect effects of aerosols; that is the
impacts that aerosols exert on the climate system via clouds. The uncertainty asso-
ciated with the indirect effect is multifaceted: the size and availability of aerosols,
water vapor, and various energy fluxes all respond to perturbations both internal and
external to the cloud in highly nonlinear ways (Ghan et al., 2016; Seinfeld et al.,
2016). It is easiest to think about a simple chain rule in trying to tease out these
interactions; for instance this forcing may adjust to aerosols in the following way:

𝐹𝑎𝑐𝑖 = 𝐹𝑠

𝜕𝛼

𝜕 ln 𝑁𝑑

𝜕 ln 𝑁𝑑

𝜕 ln 𝑁𝑐𝑐𝑛

Δ ln 𝑁𝑐𝑐𝑛 (1.1)

where we have related the radiative forcing of aerosol-cloud interactions (𝐹𝑎𝑐𝑖) to
the downward solar radiative flux density (irradiance) above clouds (𝐹𝑠), the cloud
albedo (𝛼), the cloud droplet number concentration (𝑁𝑑), and a CCN descriptor
(𝑁𝑐𝑐𝑛) (Quaas et al., 2020). Of course, we can ask what modulates CCN concentra-
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tions, and for instance expand this chain:

𝐹𝑎𝑐𝑖 = 𝐹𝑠

𝜕𝛼

𝜕 ln 𝑁𝑑

𝜕 ln 𝑁𝑑

𝜕 ln 𝑁𝑐𝑐𝑛

𝜕 ln 𝑁𝑐𝑐𝑛

𝜕 ln 𝐸𝑐𝑐𝑛

𝜕 ln 𝐸𝑐𝑐𝑛

𝜕 ln𝑇
Δ ln𝑇 (1.2)

where now we have modulated the CCN concentration by a temperature-dependent
(𝑇) emission rate (𝐸𝑐𝑐𝑛). Of course, aerosols feedback onto temperature, and there-
fore emissions, and so it becomes apparent that this system is inherently complex,
and begs this question: what is the level of complexity needed for a model to
accurately represent the global aerosol-indirect effects?

One useful model for assessing the impacts of aerosols on clouds is the so-called
𝜅-Köhler model; 𝜅 is a catch-all descriptor of the aerosol which relates the physico-
chemical properties and size to its propensity for water-uptake (Petters & Kreiden-
weis, 2007). Many assumptions are baked into this model, particularly one that the
activation of aerosols into cloud droplets proceeds with a surface tension equiva-
lent to water. However, recent work has suggested that organics on the surface of
aerosols may depress the surface tension (Davies et al., 2018; Lowe et al., 2019),
thereby increasing their CCN activity (add another term to Equation 1.2). A tension
arises: the simplicity of the 𝜅 framework is useful in a modeling context in saving
the computational complexity of describing aerosol properties; at the same time, we
are trading off physically realistic descriptions of the aerosol. Yet, this framework
in its simplest form is still too complex for understanding aerosol-cloud interactions
at a global scale, and so we must acknowledge these trade-offs at the limits of our
current computational capacities.

1.2 Air Quality
Beyond their impacts on climate, the other primary focus of this thesis is the role of
atmospheric aerosols in air pollution, particularly in the Los Angeles Basin. The first
documented case of severe smog in the city is 1943, with visibility reported at only
3 blocks (CARB, 2023); the fact that the problem persists today is evidence of its
complexity. However, the basics of this problem have also long been acknowledged;
indeed, the meteorology, basin topology, and atmospheric chemistry all drive the in-
tense aerosol formation (Haagen-Smit, 1952; Magill, 1949). Landmark legislation,
like the federal Clean Air Act, and stringent local regulations (from the California
Air Resources Board and the South Coast Air Quality Management District) have
decreased all air pollutants significantly over the last decade (CARB, 2023), though
Los Angeles County remains a non-attainment area for PM2.5 (EPA, 2024). This
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non-attainment remains evident even in the foothills of Pasadena, the contrast shown
in a couple photos I took not too far from Caltech’s campus (Figure 1.2).

Figure 1.2: Images stitched together from Pasadena, CA on good and poor visibility
days.

While we have made strides in reducing the most easily understood reactants of
the air quality problem (e.g., NO𝑥), the scale and breadth of the emissions and
transformation we need to understand are vast. In addition to traditional sources,
like those of vehicular and biogenic origin, we are now concerned with those from
nontraditional sources, such as those from volatile chemical products or asphalt
(Khare et al., 2020; McDonald et al., 2018). How these precursors respond to
oxidant levels and temperature additionally influences their SOA formation potential
in highly nonlinear ways (Nussbaumer & Cohen, 2021; Pennington et al., 2021;
Pfannerstill et al., 2024; Seltzer et al., 2021). Much in the same vain of the aerosol
climate question, we are at a crossroads between detailed, process-level descriptions
of the chemistry against the computational cost to constrain the problem (Pennington
et al., 2023).

1.3 Organization of Thesis
Chapters two and three of this thesis deal with the impacts of aerosols on air quality.
While summer has been the most heavily investigated and colloquially discussed
season in terms of urban atmospheric chemistry, we focus on the equinox seasons
and winter. In Chapter 2, we revisit one of LA’s most prominent air pollutants,
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ammonium nitrate, discussing how its formation has changed over decades, and
how it persists as a major problem for LA air regulators. In Chapter 3, we discuss
winter air quality in LA; similar to ammonium nitrate, we make measurements that
seem reminiscent of 20th century air quality issues, discussing the role of primary
organics as a dominant contributor to poor air quality.

In Chapter 4, the focus shifts to the climate impacts of aerosols. Here, we explore
the role that organic aerosol can play in the activation of cloud droplets through
its modification of surface tension, and we apply laboratory results to real world
data to try and chip away at the necessary level of chemical complexity required of
cloud-resolving models to accurately reflect the atmospheric aerosol.

In the appendices, I have included a number of contributions for which I am not the
lead author but contributed to over the course of my PhD. Indeed, if you sampled
my work time at random throughout graduate school, you would more often than not
find me engaged in some campaign in which I was not often the primary scientist;
this is the nature of our work, contributing our skills where the scientific questions
and the policy problems arise. The common thread of aerosols weaves in and out
of all of these papaers. It was not something I expected when I started working in
the field, but knowledge of fundamental aerosol science and engineering equips you
with a skillset to work in a variety of applied topics. While atmospheric chemistry
and physics has been my primary application of aerosol science in this thesis, topics
ranging airborne disease transmission and instrument design are touched in these
papers. It has been an unintentional and very pleasant surprise to be able to work
on such a breadth of subject matter.

References

Bellouin, N., Quaas, J., Gryspeerdt, E., Kinne, S., Stier, P., Watson-Parris, D.,
Boucher, O., Carslaw, K. S., Christensen, M., Daniau, A. L., Dufresne,
J. L., Feingold, G., Fiedler, S., Forster, P., Gettelman, A., Haywood, J. M.,
Lohmann, U., Malavelle, F., Mauritsen, T., . . . Stevens, B. (2020). Bound-
ing Global Aerosol Radiative Forcing of Climate Change. Reviews of Geo-
physics, 58(1), 1–45. https://doi.org/10.1029/2019RG000660

Biswas, P., & Wu, C.-Y. (2005). Nanoparticles and the Environment. Journal of
the Air & Waste Management Association, 55(July 2005), 708–746. https:
//doi.org/10.1080/10473289.2005.10464656

Burnett, R., Chen, H., Szyszkowicz, M., Fann, N., Hubbell, B., Pope, C. A., Apte,
J. S., Brauer, M., Cohen, A., Weichenthal, S., Coggins, J., Di, Q., Brunekreef,
B., Frostad, J., Lim, S. S., Kan, H., Walker, K. D., Thurston, G. D., Hayes,



6

R. B., . . . Spadaro, J. V. (2018). Global estimates of mortality associated
with long-term exposure to outdoor fine particulate matter. Proceedings of
the National Academy of Sciences, 115(38), 9592–9597. https://doi.org/10.
1073/pnas.1803222115

CARB. (2023). California Air Resources Board History. Retrieved October 31,
2023, from https://ww2.arb.ca.gov/about/history

Cohen, A. J., Brauer, M., Burnett, R., Anderson, H. R., Frostad, J., Estep, K.,
Balakrishnan, K., Brunekreef, B., Dandona, L., Dandona, R., Feigin, V.,
Freedman, G., Hubbell, B., Jobling, A., Kan, H., Knibbs, L., Liu, Y., Martin,
R., Morawska, L., . . . Forouzanfar, M. H. (2017). Estimates and 25-year
trends of the global burden of disease attributable to ambient air pollution: An
analysis of data from the Global Burden of Diseases Study 2015. The Lancet,
389(10082), 1907–1918. https://doi.org/10.1016/S0140-6736(17)30505-6

Davies, J. F., Zuend, A., & Wilson, K. R. (2018). Technical Note: The Role of
Evolving Surface Tension in the Formation of Cloud Droplets. Atmospheric
Chemistry and Physics Discussions, 1–30. https:/ /doi.org/10.5194/acp-
2018-1201

EPA. (2024). PM2.5 (2012) Designated Area/State Information. Retrieved June 20,
2024, from https://www3.epa.gov/airquality/greenbook/kbtc.html

Ghan, S., Wang, M., Zhang, S., Ferrachat, S., Gettelman, A., Griesfeller, J., Kipling,
Z., Lohmann, U., Morrison, H., Neubauer, D., Partridge, D. G., Stier, P.,
Takemura, T., Wang, H., & Zhang, K. (2016). Challenges in constraining
anthropogenic aerosol effects on cloud radiative forcing using present-day
spatiotemporal variability. Proceedings of the National Academy of Sciences,
113(21), 5804–5811. https://doi.org/10.1073/pnas.1514036113

Haagen-Smit, A. J. (1952). Chemistry and Physiology of Los Angeles Smog. Indus-
trial & Engineering Chemistry, 44(6), 1342–1346. https://doi.org/10.1021/
ie50510a045

Intergovernmental Panel On Climate Change. (2023, July). Climate Change 2021 –
The Physical Science Basis: Working Group I Contribution to the Sixth As-
sessment Report of the Intergovernmental Panel on Climate Change (1st ed.).
Cambridge University Press. https://doi.org/10.1017/9781009157896

Khare, P., Machesky, J., Soto, R., He, M., Presto, A. A., & Gentner, D. R. (2020).
Asphalt-related emissions are a major missing nontraditional source of
secondary organic aerosol precursors. Science Advances, 6(36), eabb9785.
https://doi.org/10.1126/sciadv.abb9785

Lednicky, J. A., Lauzardo, M., Fan, Z. H., Jutla, A., Tilly, T. B., Gangwar, M., Us-
mani, M., Shankar, S. N., Mohamed, K., Eiguren-Fernandez, A., Stephenson,
C. J., Alam, M. M., Elbadry, M. A., Loeb, J. C., Subramaniam, K., Waltzek,
T. B., Cherabuddi, K., Morris, J. G., & Wu, C.-Y. (2020). Viable SARS-
CoV-2 in the air of a hospital room with COVID-19 patients. International



7

Journal of Infectious Diseases, 100, 476–482. https://doi.org/10.1016/j.ĳid.
2020.09.025

Lowe, S. J., Partridge, D. G., Davies, J. F., Wilson, K. R., Topping, D., & Riipinen, I.
(2019). Key drivers of cloud response to surface-active organics [Publisher:
Springer US]. Nature Communications, 10(1). https : / / doi .org /10 .1038/
s41467-019-12982-0

Magill, P. L. (1949). The Los Angeles Smog Problem. Industrial & Engineering
Chemistry, 41(11), 2476–2486. https://doi.org/10.1021/ie50479a027

McDonald, B. C., De Gouw, J. A., Gilman, J. B., Jathar, S. H., Akherati, A.,
Cappa, C. D., Jimenez, J. L., Lee-Taylor, J., Hayes, P. L., McKeen, S. A.,
Cui, Y. Y., Kim, S. W., Gentner, D. R., Isaacman-VanWertz, G., Goldstein,
A. H., Harley, R. A., Frost, G. J., Roberts, J. M., Ryerson, T. B., & Trainer,
M. (2018). Volatile chemical products emerging as largest petrochemical
source of urban organic emissions. Science, 359(6377), 760–764. https :
//doi.org/10.1126/science.aaq0524

Nussbaumer, C. M., & Cohen, R. C. (2021). Impact of OA on the Temperature
Dependence of PM2.5 in the Los Angeles Basin. Environmental Science &
Technology, 55(6), 3549–3558. https://doi.org/10.1021/acs.est.0c07144

Pennington, E. A., Seltzer, K. M., Murphy, B. N., Qin, M., Seinfeld, J. H., & Pye,
H. O. T. (2021). Modeling secondary organic aerosol formation from volatile
chemical products [Publisher: Copernicus GmbH]. Atmospheric Chemistry
and Physics, 21(24), 18247–18261. https://doi.org/10.5194/acp-21-18247-
2021

Pennington, E. A., Wang, Y., Schulze, B. C., Seltzer, K. M., Yang, J., Zhao, B.,
Jiang, Z., Shi, H., Venecek, M., Chau, D., Murphy, B. N., Kenseth, C. M.,
Ward, R. X., Pye, H. O. T., & Seinfeld, J. H. (2023). An Updated Mod-
eling Framework to Simulate Los Angeles Air Quality. Part 1: Model De-
velopment, Evaluation, and Source Apportionment [Publisher: Copernicus
GmbH]. EGUsphere, 1–27. https://doi.org/10.5194/egusphere-2023-749

Petters, M. D., & Kreidenweis, S. M. (2007). A single parameter representation of
hygroscopic growth and cloud condensation nucleus activity. Atmospheric
Chemistry and Physics, 13(2), 1961–1971. https://doi.org/10.5194/acp-13-
1081-2013

Pfannerstill, E. Y., Arata, C., Zhu, Q., Schulze, B. C., Ward, R., Woods, R., Harkins,
C., Schwantes, R. H., Seinfeld, J. H., Bucholtz, A., Cohen, R. C., & Goldstein,
A. H. (2024). Temperature-dependent emissions dominate aerosol and ozone
formation in Los Angeles. Science, 384(6702), 1324–1329. https://doi.org/
10.1126/science.adg8204

Quaas, J., Arola, A., Cairns, B., Christensen, M., Deneke, H., Ekman, A., Feingold,
G., Fridlind, A., Gryspeerdt, E., Hasekamp, O., Li, Z., Lipponen, A., Ma,
P.-L., Mülmenstädt, J., Nenes, A., Penner, J., Rosenfeld, D., Schrödner, R.,



8

Sinclair, K., . . . Wendisch, M. (2020). Constraining the Twomey effect from
satellite observations: Issues and perspectives. Atmospheric Chemistry and
Physics Discussions, (May), 1–31. https://doi.org/10.5194/acp-2020-279

Seinfeld, J. H., & Pandis, S. N. (2016). Atmospheric Chemistry and Physics: From
Air Pollution to Climate Change. Wiley & Sons.

Seinfeld, J. H., Bretherton, C., Carslaw, K. S., Coe, H., Demott, P. J., Dunlea,
E. J., Feingold, G., Ghan, S., Guenther, A. B., Kahn, R., Kraucunas, I.,
Kreidenweis, S. M., Molina, M. J., Nenes, A., Penner, J. E., Prather, K. A.,
Ramanathan, V., Ramaswamy, V., Rasch, P. J., . . . Wood, R. (2016). Improv-
ing our fundamental understanding of the role of aerosol cloud interactions
in the climate system. Proceedings of the National Academy of Sciences of
the United States of America, 113(21), 5781–5790. https://doi.org/10.1073/
pnas.1514043113

Seltzer, K. M., Pennington, E., Rao, V., Murphy, B. N., Strum, M., Isaacs, K. K.,
& Pye, H. O. T. (2021). Reactive organic carbon emissions from volatile
chemical products. Atmospheric Chemistry and Physics, 21(6), 5079–5100.
https://doi.org/10.5194/acp-21-5079-2021

Twomey, S. (1974). Pollution and the planetary albedo. Atmospheric Environment
(1967), 8(12), 1251–1256. https://doi.org/https://doi.org/10.1016/0004-
6981(74)90004-3



9

C h a p t e r 2

THE PERSISTENCE AND PATHOLOGIES OF AMMONIUM
NITRATE SMOG IN LOS ANGELES

Ryan X. Ward, Haroula D. Baliaka, Benjamin C. Schulze, Gaige H. Kerr, Sina
Hasheminassab, John D. Crounse, Roya Bahreni, Ann M. Dillner, Armistead

Russell, Nga L. Ng, Paul O. Wennberg, Richard C. Flagan, and John H. Seinfeld

[Intentionally redacted.]



10

C h a p t e r 3

PRIMARY ORGANIC AEROSOL IMPORTANT TO
UNDERSTANDING POOR WINTERTIME AIR QUALITY IN

LOS ANGELES

Ryan X. Ward, Haroula D. Baliaka, Benjamin C. Schulze, Sina Hasheminassab,
Paul O. Wennberg, Richard C. Flagan, and John H. Seinfeld

3.1 Abstract
The Los Angeles basin is well known for its historically poor air quality and, despite
strengthening of regulations, declines in particulate matter (PM) concentrations
have stagnated over the last decade. Comprehensive, multi-institutional surveys of
air quality in Los Angeles (e.g., CalNex) have been most frequently performed in
the summer (nominally when routine air quality measurements of PM are high-
est) and have revealed that much of the aerosol pollution is driven by oxygenated
secondary organic aerosol (SOA). In this work, we deploy a suite of aerosol- and
gas-phase instruments to characterize the wintertime atmosphere between January
and March in Pasadena, CA, including a ToF-ACSM with PM2.5 inlet for aerosol
composition. We observe PM loadings that are often comparable to summertime
AMS measurements of organic aerosol, but with a diurnal cycle whose maximum
appears in the evening as opposed to the afternoon. Positive matrix factorization of
the mass spectral data shows that, in contrast to the summer, the aerosol is majority
primary in nature (as opposed to secondary). Further, we compare with routine air
quality measurements of PM, CO, and NO𝑥 , which largely suggests that boundary
layer dynamics play a dominant role in the shifted diurnal profile, and additionally
that this profile is a robust feature of the wintertime atmosphere in Los Angeles.
These results imply that acknowledgment of primary emitters of particulate matter,
such as mobile or cooking sources, is still critical for understanding the aerosol
composition and reducing air pollution in the Los Angeles basin.

3.2 Introduction
In many urban locations across the world, organic aerosol (OA) composes a majority
of the submicron Particulate Matter (PM). Evidence from aerosol mass spectrome-
try, specifically measurements by the Aerodyne aerosol mass spectrometer (AMS),
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suggests this OA is largely secondary in origin, meaning it is produced from chemi-
cal reactions in the atmosphere (SOA), as opposed to primary, meaning it would be
directly emitted (POA) (Jimenez et al., 2009; Zhang et al., 2007). Worth noting, this
delineation between POA and SOA is not so rigid; POA can contain semi-volatile
species which, at atmospheric conditions, may evaporate after emission, undergo
oxidative chemistry, and re-condense to the particle phase (Robinson et al., 2007;
Shrivastava et al., 2006). Semantics aside, having these classifications is important
from a regulatory perspective, as the links between POA and their emission sources
are much clearer than for SOA (Kleeman & Cass, 2001; Seinfeld & Pandis, 2016).
Further, it is likely that toxicity of the PM components are different, some studies
linking the primary component with a higher intrinsic toxicity (Tuet et al., 2017;
Verma et al., 2015), though long-term negative health impacts can likely be ascribed
to all PM components (Wang et al., 2022; Wyzga & Rohr, 2015).

The Los Angeles basin is no exception to this rule, plagued by some of the highest
OA concentrations in the country and often exceeding the EPA’s National Ambient
Air Quality Standards for PM (EPA, 2024). The prevailing narrative around Los
Angeles air quality, like many cities around the world, is that secondary organic
aerosol (SOA) constitutes the majority of the total OA (Hayes et al., 2013; Hersey et
al., 2011; Schulze et al., 2024). While this is not without evidence, it is interesting to
note that in arguably the most seminal urban OA characterization paper, only 3 of the
24 campaigns report winter measurements (Jimenez et al., 2009). Specifically in Los
Angeles, the major contemporary field campaigns using aerosol mass spectrometry
(e.g., CalNex, RECAP, or CalNexT) to characterize the aerosol have all occurred
in the summer, possibly generating a summertime bias to our understanding of
Los Angeles OA. Studies predating aerosol mass spectrometry (circa 1980s/90s)
demonstrated that the majority of fine particle organic mass was associated with
primary emission sources (Kleeman & Cass, 2001; Schauer et al., 1996). It is
worth acknowledging that as we define it now, some fraction of this "primary OA"
could evaporate to form SOA, and so again we must accept that our definitions of
POA/SOA are elastic. Today, a 1:1 mapping of what we source apportion by mass
spectrometry to what we call SOA and POA in bottom-up model studies is not
always possible (Ma et al., 2017).

Studies shave shown that temperature-dependent emissions dominate the secondary
aerosol in LA (Nussbaumer & Cohen, 2021; Pfannerstill et al., 2024), which would
suggest that summertime is indeed the greatest concern for large OA concentrations.
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However, emissions less sensitive to temperature, like mobile sources and volatile
chemical products (VCPs) have also been linked to contributing to the OA, princi-
pally the SOA (Jathar et al., 2017; McDonald et al., 2018; Zhao et al., 2022), which
potentially contradicts this summertime OA narrative. However, this only accounts
for the source of emissions; indeed the rate of aerosol production is a function of
the oxidative condition of the urban air and other meteorological conditions, both
which may favor or disfavor summertime OA production (Hass-Mitchell et al., 2024;
Schulze et al., 2024). Observations from routine monitoring stations in Los Angeles
suggest two important points: (1) the seasonally averaged PM2.5 is roughly constant
throughout the year; and (2) primary emissions, such as those from mobile sources,
make up a larger fraction of the PM in the winter (Hasheminassab, Daher, Saffari,
et al., 2014). Further, total carbon analyses suggest that while the SOA dominates
in the summer, the POA is actually of similar order importance to the SOA, and the
total OA magnitude is comparable across seasons (Ivančič et al., 2022).

In this work, we provide mass spectral measurements of the PM2.5 in Los Angeles
with an Aerosol Chemical Speciation Monitor (ACSM), a type of aerosol mass
spectrometry (Fröhlich et al., 2013). We show that POA, and in particular the
cooking-influenced POA, contribute more than half of the wintertime OA in 2023.
Further, we demonstrate this is likely a robust feature of the Los Angeles basin,
suggesting a seasonal regulatory strategy for the PM in controlling primary aerosol.

3.3 Methods
The Winter Air Quality Study (WAQS-LA) was run from January 26 to March
6, 2023, where air quality measurements were made from the roof of Caltech Hall
(∼40 m above ground level) in Pasadena, CA. The primary particle phase instruments
deployed were an Aerodyne ToF-ACSM with PM2.5 inlet (hereafter ACSM) and a
TSI Scanning Mobility Particle Sizer (SMPS; Classifer Model 3082, water CPC
Model 3789). The ACSM measures the non-refractory chemical composition of
the aerosol (Fröhlich et al., 2013) and is a PM2.5 equivalent size measurement.
Non-refractory is an operational definition for the aerosol which vaporize at 600
◦C, which is thought to represent a substantial portion of the aerosol mass in Los
Angeles (one notable exception being black carbon, which is refractory) (Schulze
et al., 2024). The SMPS infers the size distribution of the aerosol from electrical
mobility measurements and is a PM1 measurement. The sample was drawn at a total
flow rate of 2 lpm through 7 m of 3/8" stainless steel line attached to a Teflon-coated
cyclone (0.6 lpm for the SMPS, 0.1 for the ACSM, and 1.3 lpm in make-up flow).
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The instrument ionization efficiency (IE) and realtive ioniization efficiencies (RIE)
were calibrated with 300 nm ammonium nitrate and ammonium sulfate particles.

The ACSM analysis was performed with Tofware. For this data set, the composition
dependent collection efficiencey is applied (Middlebrook et al., 2012), and the
UMR elemental ratios (O:C and H:C) are estimated from the Improved-Ambient
method (Canagaratna et al., 2015; Ng, Canagaratna, et al., 2011). Aerosol density
is estimated according to the density of non-refractory component species, which
neglects potential other PM components such as black carbon or metals (though
we expect their contribution to the total mass to be low, see results). The organic
aerosol density is inferred from the elemental ratios, and the inorganic components
are lumped with a density of 1.75 g cm−3(Hu et al., 2020; Kuwata et al., 2012).
Positive Matrix Facotrization (PMF) analysis was performed on the OA data to aid
in source identification. Briefly, PMF deconvolves the observed ambient spectra
into components under the constraint of non-negativity, which creates physical
component spectra which can be attributed to real-world sources (Paatero, 1997;
Paatero & Tapper, 1994; Zhang et al., 2011). Detailed explanation of the 3-factor
PMF optimal solution is presented in the Supporting Information.

Trace gas and meteorological measurements were made by the South Coast Air
Quality management District (SCAQMD) at their Pasadena site, roughly 500 m from
Caltech Hall. These measurements include: CO, NO𝑥 , O3, temperature, relative
humidity, and wind speed/direction. Data are available through the Air Quality and
Meteorological Information System (AQMIS). Temperature and relative humidity
measurements were also made on Caltech’s campus at the TCCON station, roughly
500 m from Caltech Hall.

The boundary layer height (BLH) data used in this study are from the ECMWF
reanalysis product (Hersbach et al., 2023). Though we acknowledge there are issues
when comparing mixing heights between reanalysis data and true measurements
(Ware et al., 2016), the seasonal differences reported by the reanalysis data are
consistent with measurements made in Southern California, particularly the relative
heights and phasing of the shallowing of the BLH (Rahn & Mitchell, 2016). We are
concerned here with employing the BLH as a tool to aid in discrimination of PMF
factors and understanding the OA dynamics, as in previous work (L. Xu et al., 2015);
so, its exact magnitude is not as pertinent as is necessary in studies quantifying, for
instance, greenhouse gas fluxes (Schulze et al., 2023).

AMS measurments presented here are from Schulze et al. as part of the CalNexT



14

campaign, and so only a brief descriptions are provided here (Schulze et al., 2024).
Measurements were performed at the same site (Caltech Hall) in the summer of 2022
from 7 July to 14 August. The principle difference between the summer and winter
data arises in the mass spectral measurement; during CalNexT an Aerodyne HR-
ToF-AMS (aerosol mass spectrometer) was used, which, among other differences,
is a PM1 measurement (DeCarlo et al., 2006; Jayne et al., 2000; Jimenez, 2003).
The size range difference between the ACSM and the AMS lies primarily in the
aerodynamic lens, designed in the ACSM for transmission of larger particles (W. Xu
et al., 2017). PMF results from CalNexT are described thoroughly by Schulze et
al., who identify a 4-factor solution for summertime LA compared to our 3-factor
solution (we discuss these differences in the results).

3.4 Results and Discussion
Ambient Measurements and Source Apportionment
A summary diurnal profile of the WAQS-LA measurements is shown in Figure
3.1(a), contrasted with the summertime CalNexT measurements in 3.1(b). A full
time series of the measurements is available in the Supplement (Figures 3.5 and
3.6). When comparing measurements in the winter and spring, we notice that the
diurnal profiles are quite different. While the summertime peak in PM is during
the afternoon, consistent with air masses arriving from downtown (Hayes et al.,
2013), the wintertime peak is in the evening, likely as a result of a shallower evening
boundary layer (see Supplement, Figures 3.7 and 3.8) (P. Sun et al., 2022). Further,
the peaks of these diurnal profiles are of similar order, suggesting that wintertime
PM is just as prominent as summertime (Hasheminassab, Daher, Saffari, et al.,
2014). This is also apparent in the full time series data from each campaign, where
it is clear that the PM maxima across the time series are of similar magnitude and
frequency.

We observe higher nitrate concentrations in the winter than the summer, which we
attribute to inorganic ammonium nitrate production, whose temperature-dependence
favors colder wintertime temperatures (Pusede et al., 2016; Womack et al., 2019).
We observe in the winter that a large fraction of the nitrate is associated with
inorganic nitrate, as there are few departures from the ammonium balance (see
Supplement, Figure 3.9) (Farmer et al., 2010). This contrasts the summertime data,
where anywhere from 30 to 50% of the measured nitrate mass was associated with
organic nitrates (Schulze et al., 2024). We observe lower sulfate concentrations
(76% lower campaign average) in the winter than summer, which is consistent with
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Figure 3.1: Diurnal profile for (a) wintertime Pasadena aerosol measurements by
ACSM and (b) summertime Pasadena aerosol measurements by AMS.

our understanding of the photochemical production of sulfate in Los Angeles. For
the inorganic components, these seasonalities agree with PMF on filter-based data in
Los Angeles (Hasheminassab, Daher, Ostro, & Sioutas, 2014), and also with AMS
observations in other urban locations such as Atlanta (L. Xu et al., 2015).

An important distinction between the summer and wintertime datasets lies in their
measurement size cutoffs. Recall the winter measurement is a PM2.5 measurement
by the ACSM, while the summer measurement is a PM1 measurement by the AMS.
We can constrain the fraction of PM2.5 mass in the PM1 size range through the SMPS
measurement; while the SMPS measures the total volume in the PM1, we infer the
mass through an estimation of the aerosol density (see Methods). For the WAQS-LA
data, the ACSM and SMPS measurements roughly track each other (see Supplement,
Figure 3.10), suggesting that the PM2.5 is nominally PM1. This is also true of the
summertime data, although this need not be true in the LA Basin, as significant
PM mass above 1 micron has been observed, for instance, when ammonium nitrate
concentrations are high (Hughes et al., 2002). Also noteworthy is the y-intercept
of the regression, landing at 0.85 𝜇g m−3; we attribute this to black carbon (BC),
which is a refractory species not measured by the ACSM. 1 𝜇g m−3 daily-average
is as a rough order of magnitude expectation for BC concentrations in the LA basin
(Ivančič et al., 2022).

For the wintertime dataset, we resolve a 3-factor solution for the OA from PMF,
the diurnal profile shown in Figure 3.2(a). Additionally, we provide the UMR
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spectra in the Supporting Information (Figure 3.11). We resolve two POA factors,
a Hydrocarbon-like OA (HOA) and a Cooking-influenced OA (CIOA), and one
SOA factor, which we have called Oxygenated OA (OOA). The two POA factors
presented in this work are similar in source-type to those presented in previous AMS
measurements in Los Angeles (Hayes et al., 2013; Schulze et al., 2024). The diurnal
profile of the CIOA factor, when normalized for the height of the boundary layer
(Figure 3.2(b)), is in good agreement between the two seasons and resolves two peaks
(around lunchtime and dinnertime) which are of similar magnitude between seasons.
Curiously, the CIOA factor resolved during CalNex (2010 LA) demonstrated two
peaks, both later in the day, without needing this BLH normalization (Hayes et al.,
2013). By comparison, the LA summertime CIOA factor exhibits a minimally
pronounced lunchtime peak in 2024 compared to 2010. In other urban locations,
the CIOA factor has also been observed with two peaks around meals (though at
different times) (Crippa et al., 2013; Mohr et al., 2012; Y.-L. Sun et al., 2011; L. Xu
et al., 2015).
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Figure 3.2: Diurnal profile for (a) the OA PMF solution and (b) the CIOA factor
normalized to the boundary layer height for this work and for CalNexT.

Between winter and summer, the OOA, HOA, and CIOA spectra exhibit r2 values of
0.88, 0.63, and 0.43, respectively. These are generally lower than spectra correlations
between 2010 and 2024 AMS observations (minimum r2 of 0.85), though both the
instrument difference (AMS vs ACSM) and seasonality (winter vs summer) may
play some role (Ng, Herndon, et al., 2011). In particular, changes in seasonality can
impart quite large changes to the resolved factors, as been reported for the CIOA
factor in Greece, possibly as a result of cooking type, or a result of different oxidative
conditions of the volatile POA components (Kaltsonoudis et al., 2017).
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The PMF results are summarized in Figure 3.3 for this work and other campaigns in
Los Angeles utilizing aerosol mass spectrometry. It is evident that during the winter
there is a large increase in the POA component of the aerosol, which in winter of
2023 was towards 57% of the measured PM2.5. This wintertime enhancement has
been reported by measurements of Total Carbon in Los Angeles, though is more
subtle than reported here (Ivančič et al., 2022). It is important to note that it is the
amount of POA relative to SOA that is enhanced between the seasons. We expect
that the absolute magnitude of POA production/emission is tied to sources which
lack as much seasonality as the photochemical drivers and thus production of SOA.

1.00.80.60.40.20.0
 Fraction of Organic Mass

CalNex

CalNexT

ASCENT

WAQS LA

 CIOA
 HOA
 OOA

Summer 2010

Winter 2023

Summer 2023

Summer 2022

ACSM PM2.5

AMS PM1]

]

Figure 3.3: Comparison of AMS and ACSM measured PMF factors in Los Angeles
in various seasons and campaigns. CalNex and CalNexT were measured by AMS
in Pasadena, WAQS LA was measured by ACSM in Pasadena, and ASCENT was
measured by ACSM in Pico Rivera (∼10 mi south of Pasadena).

Regulatory Implications
To assess whether the data recorded here are representative of wintertime in Los
Angeles, we performed a harmonic analysis of the diurnal cycle for a variety of
locations, years, and seasons in the South Coast Air Quality Management District
(SCAQMD; LA and Riverside Counties). This technique is quite common in the
climate science literature (e.g., precipitation (Christopoulos & Schneider, 2021)) for
understanding the diurnal cycle processes. Here, we fit seasonally-averaged, hourly
measurements of PM2.5 made by SCAQMD at four sites where hourly measurements
are available: Downtown LA, Rivseride-Rubidoux, Glendora, and Burbank. These
are hourly federal equivalence method data (e.g., by Beta Attenuation Monitor)
available through AQMIS, and we use years in 2010 - 2023 and fit for winter (DJF)
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and summer (JJA). We enforce the constraint that the PM diurnal cycle fit the first
harmonic (that is there is only one maximum and one minimum in a 24 hr cycle),
though we note that this is not necessarily true (e.g., rush hour traffic in the morning
and evening provide peaks which do not track a purely sinusoidal diurnal cycle).

The data are fit to the following function:

𝐶 = 𝐴 sin (𝑡 + 𝜙) (3.1)

where C is the measured concentration [𝜇g m−3], A is the amplitude of the diurnal
cycle [𝜇g m−3], t is the hour of day (converted into radians), and 𝜙 is the phase. From
this fit on the seasonally-average diurnal cycle, we extract two important parameters:
the range of the diurnal cycle (A), and the timing of the PM maximum (calculated
from 𝜙). If a reasonable fit could not be achieved, we discard the fit (again, the data
need not necessarily fit the first harmonic diurnal cycle).

Figure 3.4: First harmonic of the diurnal cycle fit for various years, seasons, and
locations in the South Coast Air Basin. The radial position represents the local hour
and the radial position represents the amplitude of the diurnal cycle.

The results of the harmonic analysis are shown in Figure 3.4. The summertime data,
those points in orange, suggest a variety of timings in the peak of aerosol loading
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for the sites across the basin. This is consistent with both a a variety of chemical
production terms in the summer in addition to our understanding of transport as a
driver of daytime variability in Los Angeles air quality (Hayes et al., 2013; Warneke
et al., 2013). We can draw two important conclusions for the wintertime data. First,
the wintertime data cluster around a nighttime (post-sundown) maximum, which
suggests the importance of meteorology and boundary layer dynamics in driving
poor air quality. Physically, this is intuitive: for a shallower mixing height, the
same emission profile will create a higher concentration. From our data, we can
subsequently infer that primary emissions are important in driving high aerosol
loadings. Second, the range in the diurnal cycle of PM is similar between summer
and winter. This suggests that despite less photo-chemical activity and secondary
aerosol production, wintertime aerosol dynamics are of similar concern from an
air quality and human health perspective. In fact, it could be argued that because
the organic aerosol component in the winter is denominated by POA, targeting its
precursors is more straightforward than for summertime SOA. This work adds to
the growing body of literature which suggests seasonality is an important parameter
in regulatory action for reducing PM pollution (P. Sun et al., 2022).

3.5 Supporting Information
Ambient Measurements
A variety of ambient measurement supporting figures are presented here, including
time series ACSM/AMS data, meteorological data, and other relevatn figures for the
main text.

PMF Intepretation
Positive Matrix Factorization of the data was performed on the dataset, as in previous
AMS studies (Hayes et al., 2013; Schulze et al., 2024; Zhang et al., 2011). A
three and four factor solutions were resolved and interpretable, and we have opted
for the 3-factor solution. These spectra are shown in Figures 3.11 and 3.12. In
both solutions, HOA (hydrocarbon-like organic aerosol, commonly associated with
vehicle combustion and chemically with longer-chain alkanes) and CIOA (cooking-
inlfuenced OA) were resolved. However, between the three and four factor solution,
one or two OOA factors were resolved, OOA in the 3-factor and LO-OOA and
MO-OOA in the 4-factor. Between the 3 and 4-factor solutions, the difference in
campaign averaged POA (sum of CIOA and HOA) is negligible (57% in the 3-factor
and 56% in the 4-factor).
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The 4-factor solution revolves similar factors to those reported in the summertime
2022 measurements. The r2 values for the 4-factor spectra against their CalNexT
counterparts are: 0.62 for HOA 0.62, 0.75 for CIOA, 0.40 for LO-OOA, and 0.91
for MO-OOA. Reprinted from the main text, the 3-factor OOA, HOA, and CIOA
spectra exhibit r2 values of 0.88, 0.63, and 0.43, respectively. The HOA has very
similar r2 between the 3- and 4-factor solutions. While the OOA and MO-OOA
show good correlations (OOA is regressed to sum of LO+MO in the summer), the
LO-OOA does not, possibly as a result of changing emission profiles of S/IVOCs
between seasons. The CIOA factor exhibits worse correlation in the 3 than 4-factor
solution, as discussed in the main text, though both are quite poor when summer
2024 is compared to summer 2010 (CIOA r2 = 0.95). Opting for the 3-factor
largely resulted in the CIOA diurnal profile; we have shown the CIOA profile of
the 3- and 4-factor solutions plus the CalNexT CIOA in Figure 3.13. We note
the dramatic change in the magnitude of the afternoon and evening CIOA peaks
between the 3- and 4-factor solutions as a reason for this decision. Again, we stress
that the magnitude of the difference in the total POA is negligible between the 3-
and 4-factor cases, however, and do not impact the primary results of this paper.

The typical AMS/ACSM RIE for organic aerosol is 1.4, which typically holds for
urban OA dominated by oxygenated OA (L. Xu et al., 2018). In this work, it is
suggested that more than 50% of the OA mass is primary, and so it is possible that
these reduced species have a larger RIE (Nault et al., 2023). Because the detected
concentration is proportional to the inverse of the RIE, underestimating the RIE
would result in an overestimation of the POA concentration. For the case of POA,
this works against the conclusions of this paper. However, because we attribute a
large fraction to cooking OA (CIOA), Katz and coauthors recommend a change in
RIE of less than 10% (1.5 for ambient measurements), which would still leave POA
the dominant contributor to the total OA (Katz et al., 2021). Further, mass closure
is quite good in this study (see Figure 3.10), suggesting that an RIE for total OA of
1.4 is sufficient for the range of observed OA species.

Diurnal Cycle Analysis
When fitting the PM2.5 data to assess the diurnal cycle, we enforce the constraint
that the diurnal profile is a harmonic of order 1. In general, in the summertime
AMS measurements have suggested this to be roughly accurate for PM1 (Hayes
et al., 2013; Hersey et al., 2011; Schulze et al., 2024); while the shape does not
perfectly fit a sinusoidal curve, there is indeed one maximum and one minimum,
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and so this approximation is to first order an accurate depiction of the real world. In
the wintertime, in central LA, this approximation seems good, though in Riverside,
for instance, the presence of a morning peak corresponding to rush hour could bias
the fit (Ivančič et al., 2022). We additionally show this in Figure 3.14; while there is
a slight bump in the morning PM, a first order sine curve can still be fit to this data
to extract the timing of the nighttime maximum.
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C h a p t e r 4

CLARIFYING THE IMPORTANCE OF SURFACE-ACTIVE
ORGANICS IN BIOGENIC CCN

Ryan X. Ward, Benjamin C. Schulze, Yuanlong Huang, Richard C. Flagan, and
John H. Seinfeld

4.1 Abstract
Multiple studies suggest that surface-active organic species can depress the surface
tension of aerosol particles if partitioned to the surface, in turn enhancing their
propensity to serve as CCN. The conventional parameterization of aerosol hygro-
scopicity used for atmospheric modeling, 𝜅-Köhler theory, prescribes a constant
surface tension (equal to that of water), and is thus unable to capture this behavior.
It has been shown that monoterpene and sesquiterpene oxidation products, which
exhibit a range of biogenic SOA hygroscopicities, can depress surface tension of
bulk solutions below that of water, suggesting this phenomenon could be important
in the aerosol phase. Considering the abundance of biogenic SOA and its substantial
contribution to the global CCN budget, the omission of surface tension effects could
pose important impacts to modeling the climate-relevant behavior of these species.
In this work, we first examine surface tension effects with a flow tube reactor; 𝛼-
pinene and 𝛽-caryophyllene SOA seeded by ammonium sulfate are generated, and
by varying particle size, organic mass fraction, and oxidative age, a characterization
of hygroscopicity is made. To capture the surface partioning of the organics, a
thermodynamic compressed film framework is fit to the lab results and is shown to
accurately describe the deviations from 𝜅-Köhler theory, suggesting indirectly the
presence of surface effects. In turn, we contextualize this compressed film frame-
work with ambient data to rationalize the importance of surface tension effects in
understanding real-world aerosol. Our results provide insight into the physicochem-
ical detail needed to accurately represent biogenic SOA CCN activation in regional
and global models.

4.2 Introduction
It has been known for decades that atmospheric aerosols play an important role in
climate by serving both as scatterers of solar radiation and as the nuclei upon which
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clouds form (Seinfeld & Pandis, 2016; Twomey, 1974). To this second point, the
extent to which particle size and composition, and in turn the resulting physcio-
chemical properties, affect an aerosol’s propensity to serve as a cloud condensation
nuclei (CCN) has been the subject of many decades of research. It is common to
parameterize this behavior by hygroscopicity (𝜅), which is a catch-all parameter
describing how the particle’s physicochemical properties influence water uptake
(Petters & Kreidenweis, 2007). In combining this parameter with the physics of
droplet activation, the so-called 𝜅-Köhler framework has been useful for assessing
the impact of aeroosl properties on clouds (Farmer et al., 2015).

One key assumption to the 𝜅-Köhler framework is that that the aerosol, and in turn
the cloud droplet, maintains the surface tension of water over the activation process.
For a dilute aqueous aerosol, primarily of inorganic constituents, this assumption is
reasonable. In the case of organic aerosol, it is possible that organic species may
be surface-active and act as surfactants, lowering the surface tension of the droplet
by up to a factor of two or more (Davies et al., 2018; Ruehl & Wilson, 2014). In
lowering the surface tension, the critical supersaturation of water required to activate
the aerosol is lowered, which enhances the CCN activity of the aerosol. However,
if the organic phase partitions to the surface from the bulk of the aerosol, it is not
unreasonable to think that the increase in water activity may offset this change in
surface tension (see Supporting Information for detailed discussion) (Wang et al.,
2019). Furthermore, the extent to which this interplay affects cloud droplet number
concentration is not clear due to the complexity of this behavior, and creating a
model which can capture the behavior of aerosol thermodynamics at the tens of
nanometer scale while resolving clouds at the meters scale is not trivial.

Despite this physciochemical complexity, ambient observations and model studies
have linked surface-active organic aerosol with increased CCN activity (Ovadnevaite
et al., 2017; Sareen et al., 2017). Consequently, many laboratory and experimental
studies have tried to assess the implications of phase partitioning on CCN activity.
Bulk solution and aerosol-phase measurements have suggested a lower surface
tension (Gray Bé et al., 2017), consistent with an increased CCN activity, but other
work has suggested that organic coatings may actually prevent hygroscopic growth
(Asa-Awuku et al., 2009; Li et al., 2021). This surface behavior is complex; it has
been studied extensively in the context of reactive uptake of organic species and
the ensuing changes in phase state of the particle (Lei et al., 2022; Olson et al.,
2019; Shiraiwa et al., 2013). In the case that the organics depress surface tension
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and enhance CCN activity, modeling studies have shown that the at high organic
fractions, effects on cloud properties may be substantial (Lowe et al., 2019; Sareen
et al., 2013).

One specific case where surface-active organics may be important is in the high
latitude, Northern Hemisphere boreal forests (Lowe et al., 2019). Secondary organic
aerosol of biogenic origin dominates the aerosol population, and therefore the CCN
population, in this region as measured in Hyytiälä, Finland (Heikkinen et al., 2020,
2021). Additionally, recent studies suggest robust feedbacks between the emissions
of biogenic VOCs, secondary aerosol, and cloud formation (Petäjä et al., 2022; Yli-
Juuti et al., 2021). In these regions, monoterpenes are the most abundantly emitted
VOC, particularly 𝛼-pinene (Hakola et al., 2012). Another important class of VOCs
are sesquiterpenes, of which 𝛽-caryophyllene is the most dominant (Hakola et al.,
2006). While it is emitted in smaller quantities than 𝛼-pinene, 𝛽-caryophyllene is
highly reactive with OH and O3, and its SOA mass yield can be substantially higher
than that of 𝛼-pinene (Pathak et al., 2007; Tasoglou & Pandis, 2015; Winterhalter
et al., 2009). Bulk laboratory measurements (i.e., at length scales » than hundreds
of nm) have suggested that oxidation products of 𝛼-pinene and 𝛽-caryophyllene
have surface tensions lower than that of water, priming them both as candidates for
surface-active organic species (Gray Bé et al., 2017).

In this work, we generate and measure the hygroscopicity of SOA derived from the
oxidation of 𝛼-pinene and 𝛽-caryophyllene. Using a thermodynamic compressed
film framework, we find deviations in the 𝜅 measurement consistent with a surface-
active organic phase. Finally, we discuss the implications of this for understanding
cloud processes in the boreal regions.

4.3 Materials and Methods
Aerosol Generation
In broad terms, the goal of the laboratory experiments was to generate mixed
ammonium-sulfate-SOA of varying organic mass fraction by tuning the ratio of the
seed and amount of SOA condensed. An experimental schematic is presented in
the Supporting Information (Figure 4.20). SOA from either 𝛽-caryophyllene or
𝛼-pinene were generated in the Caltech Photooxidation Flow Tube reactor (CPOT),
a steady-state flow tube reactor (Huang et al., 2017). All SOA was seeded by
ammonium sulfate aerosol, which was size-selected by a DMA (TSI Model 3010)
to a monodisperse distribution, deliquesced by a desiccant drier, and injected to
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the reactor. The VOC precursors were injected into the flow tube with the seed,
and oxidized, wherein the oxidation products partitioned to the particle phase (i.e.,
condensed onto the ammonium sulfate seed particles). At the outlet of the reactor,
the particles were size-selected again by a DMA, which allowed control of the ratio
of organic SOA to inorganic seed. The range of influent monodisperse particles was
30 - 50 nm, and the range of effluent coated diameters sElected for was 80 — 110 nm.
The SOA was produced via two oxidative conditions: an ozone initiated oxidation
(herein "dark ozonolysis") or an OH-initiated oxidiation (herein "photoxidation").

For the case of dark ozonolysis, ozone in excess of hundreds of ppb was introduced
to the reactor at RH < 10%. OH was not scrubbed from the reactor, though not
expected to be present in large enough quantities to out-compete the ozone reaction.
For the case of photooxidation, OH was produced in a similar manner: ozone was
introduced to the reactor in the presence of water (RH in excess of 20%), and the
UV lights were used to produce OH.

To measure the hygroscopicity of the generated aerosol, a Droplet Measurement
Technologies (DMT) dual-column streamwise thermal-gradient cloud condensation
nuclei counter (CCNC) was used, and its operating principles have been described
elsewhere (Lance et al., 2006; Roberts & Nenes, 2005; Schulze et al., 2020). To
extract 𝜅, the CCNC and a condensation particle counter (CPC) are used in parallel
to generate the CCN efficiency spectrum, from which the critical supersaturation
can be extracted and used to infer 𝜅. Because the aerosol are composed of only
ammonium sulfate and SOA, the measured hygroscopicity is simply the volume-
weighted average of the particle’s constituents:

𝜅𝑚𝑒𝑎𝑠 = 𝑓𝑜𝑟𝑔𝜅𝑜𝑟𝑔 + (1 − 𝑓𝑜𝑟𝑔)𝜅𝐴𝑆 (4.1)

where 𝜅𝑚𝑒𝑎𝑠 is the measured hygroscopicity, 𝑓𝑜𝑟𝑔 is the volume fraction of organics
in the particle, 𝜅𝐴𝑆 is the hygroscopicity of ammonium sulfate (0.61) (Petters &
Kreidenweis, 2007), and 𝜅𝑜𝑟𝑔 is the hygroscopicity of the SOA. This assumption
of linearity in a multi-component system is known as the Zdanovskii, Stokes, and
Robinson (ZSR) assumption.

SOA Composition

The chemical composition for the various SOA-oxidation conditions was analyzed
through an Aerodyne HR-ToF-AMS (Aerosol Mass Spectrometer) (DeCarlo et al.,
2006; Jayne et al., 2000). Primarily, this measurement was used to determine
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the O:C ratio of the effluent SOA, calculated via the "Improved-Ambient" Method
(Canagaratna et al., 2015). It is important to note that for the scope of this study, we
are not interested in understanding how changes in O:C drive changes in 𝜅, but rather
we are interested in understanding how SOA populations with different chemical
compositions influence surface activity, and in turn how these chemical changes
manifest themselves as physical changes in cloud properties. The mass spectra for
the different oxidative conditions are available in the Supporting Information.

The aerosol density is inferred from the AMS measurements. The organic aerosol
density is inferred from the elemental ratios, and the ratio of ammonium sulfate
(fixed density) to SOA (inferred density) are used to calculate the aggregate aerosol
density (Hu et al., 2020; Kuwata et al., 2012).

Measurement Uncertainty Quantification

To understand the error on the measured hygroscopicity, we need to understand the
contributed errors primarily from the two DMAs (used for setting organic volume
fraction) and from the CCNC (used for determining 𝜅). It is not trivial to propagate
error analytically, so measurement uncertainty is assigned through a Monte Carlo
approach which has been previously employed in this context (Schulze et al., 2020;
Wang et al., 2019). For clarity, we describe this process in detail.

The goal is to assign error to three quantities: the organic volume fraction ( 𝑓𝑜𝑟𝑔), the
hygroscopicity (𝜅), and the inferred organic hygroscopicity (𝜅𝑜𝑟𝑔). However, these
quantities are not explicitly measured, but rather inverted from instrument data and
calculated. So, we must start with more fundamental measurements. In the case of
the DMAs we are interested in the selected diameter and calculate 𝑓𝑜𝑟𝑔 as:

𝑓𝑜𝑟𝑔 =
𝑑3
𝑐𝑜𝑎𝑡 − 𝑑3

𝑠𝑒𝑒𝑑

𝑑3
𝑐𝑜𝑎𝑡

(4.2)

where 𝑑𝑠𝑒𝑒𝑑 is the mean equivalent electrical mobility diameter of the monodisperse,
ammonium sulfate distribution added at the inlet of the flow tube, and 𝑑𝑐𝑜𝑎𝑡 is
the diameter of the SOA-coated aerosol selected from the polydispersed aerosol
population at the outlet of the flow tube. In the case of the CCNC, the quantity we
infer is the critical supersaturation (𝑆𝑐𝑟𝑖𝑡), which we extract from the CCN efficiency
spectrum given by Equation (1) in Rose et al., with corrections made as necessary
(e.g., for doubly charged particle) (Rose et al., 2008). In essence, we will map
these intermediate instrumental uncertainties onto the final reported measurements.
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Each of these quantities (𝑑𝑠𝑒𝑒𝑑 , 𝑑𝑐𝑜𝑎𝑡 and 𝑆𝑐𝑟𝑖𝑡) represent surrogates for the error
introduced from each instrument.

Uncertainty for each data point is calculated individually. For each of our three
‘measured’ quantities, we assign a normal distribution to each data point (each scatter
point in Figure 4.1), taking the mean of the distribution as the measurement and the
full width at half maximum (FWHM) as assigned by the errors associated with the
instrument. For DMAs, the error on the size is related to the DMA resolution, the
error generally goes as 1 over the resolution. For the CCNC, the error on 𝑆𝑐𝑟𝑖𝑡 is
taken from the calibration reported by Schulze and colleagues (roughly 9%), though
the final error appears relatively insensitive to this value compared to the error on
𝑓𝑜𝑟𝑔 (Schulze et al., 2020). It is also of note that this error is more conservative than
that reported by Rose and colleagues (Rose et al., 2008).

From each of these distributions, we draw a value randomly and we calculate the
values that would have been ‘measured’ for 𝑓𝑜𝑟𝑔, 𝜅, and 𝜅𝑜𝑟𝑔. For the purposes of
this error analysis, a more simple calculation for 𝜅 is made to save computational
expense. This is described in Petters & Kreidenweis as:

𝜅 =
4
27

(
4𝜎𝑀𝑤

𝑅𝑇𝜌𝑤

)3 (
𝑑3
𝑑𝑟𝑦 ln2 𝑆𝑐𝑟𝑖𝑡

)−1
(4.3)

where 𝜎 is the surface tension, 𝑀𝑤 is the molecular weight of water, 𝑅 is the ideal
gas constant, 𝑇 is the temperature, 𝜌𝑤 is the density of water, 𝑑𝑑𝑟𝑦 is the particle
size, and 𝑆𝑐𝑟𝑖𝑡 is the critical supersaturation. We are explicitly assuming that the
spread in hygroscopicities would match that if we inverted the full parameterization.
We repeat this process 10,000 times, which gives us distributions for each of our
final independent measurements, and to these distributions we can use a Gaussian
Fit to extract the variance. We take this to be the total instrument error for each
measurement, and we use this error in our Markov Chain Monte Carlo fits to the
compressed film model (described later).

The standard error on the data are also calculated. For each mesasurement of 𝑓𝑜𝑟𝑔,
there are two independent measures of 𝜅 (the CCNC in this study has two columns).
The data are then binned by 𝑓𝑜𝑟𝑔 and the standard error of the bin is assigned. These
discrete bins allow us to compare the representatives of the measurement data across
the spectrum of organic volume fractions measured, and further allow us to explore
the measurement errors relative to each other.
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Thermodynamic Model
To model the influence of surface-partitioning on surface tension and, in turn,
hygroscopicity, a compressed film framework was fit to the experimental results
(Forestieri et al., 2018; Ruehl et al., 2016). In short, this model applies an equation-
of-state and an isotherm to determine the partitioning of organics between the bulk
(dissolved) phase of the aerosol, and a surface film. This allows for two important
features: (1) a direct calculation of surface tension assuming organics, not water, are
at the surface of the particles, and (2) a direct calculation of water activity given that
not all organics are dissolved into the bulk phase. The latter point is important: it has
been suggested that the effects of a depressed surface tension may be countered by
Raoult’s effect (Salameh et al., 2016; Seinfeld & Pandis, 2016; Wang et al., 2019),
but here we can account quantitatively for these compensating effects. The model
parameters are fit for four cases (𝛽-caryophyllene or 𝛼-pinene SOA generated by
either ozonolysis or photooxidation) by Markov Chain Monte Carlo. The relevant
equations and description of the optimization are provided in the supplement.

Field Data
We provide atmospheric context for our data from field measurements of aerosol
in two locations: a boreal forest location (Hyytiälä, Finland) and a remote marine
location (Mace Head, Ireland). In the former case, measurements were made by an
Aerosol Chemical Speciation Monitor (ACSM), and in the latter by AMS (Dall’Osto
et al., 2010; Heikkinen et al., 2020). From these data, we infer relevant quantities,
such as aerosol density, from the techniques already described.

Parcel Modeling
To provide atmospheric context to the data, the experimental results were embedded
into a cloud parcel model to assess their impact on cloud properties. In particular,
we are interested in a model which can not only capture the aerosol population, but
also allows for surface-partitioning of organics. In the simplest case, we employ an
adiabatic parcel with a fixed updraft velocity, aerosol size distribution, and specified
chemical composition, and this model is described elsewhere (Schulze et al., 2020;
Seinfeld & Pandis, 2016). To induce surface tension effects, we increase 𝜅 by the
measurements here (see Results for discussion).
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Figure 4.1: All experimental data for the two VOC and oxidative conditions. 𝜅𝑜𝑟𝑔
is inferred by Equation 4.1 and the Organic Volume Fraction (f𝑜𝑟𝑔) is calculated by
Equation 4.2.

4.4 Results and Discussion
Hygroscopicity Measurements
Presented in Figure 4.1 are the hygroscopicity measurements for all the experiment.
The 𝛽-caryophyllene SOA data are lumped for their oxidative conditions, which do
not show distinct hygroscopicity differences, and the 𝛼-pinene SOA data are shown
for their respective oxidative conditions. Each data point represents an individual
experiment (that is, one combination of a monodisperse seed particle injected to
the reactor, and one size-selected SOA-coataed particle at the outlet). So, for each
data point, a CCN efficiency spectrum is calculated (see Methods). While the
hygroscopicity of the mixed ammonium sulfate SOA was measured, we have shown
the inferred 𝜅 of the organic component (inferred via equation (4.1)). For reference,
for a single species this is an intensive property of a material, meaning it should not
change depending on the amount of the substance present, contradicting this data
set. While in our case we do not have a single species, as SOA contains a variety of
species, we do have a constant composition that is uniform across the experiment,
and so 𝜅 should still be a constant (a volume-weighted average of the individual 𝜅’s
for each species present).
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Figure 4.2: Individual measurements of hygroscopicity for 𝛽-caryophyllene SOA
as a result of dark ozonolysis for various organic volume fractions (f𝑜𝑟𝑔) (same
as in Figure 4.1). The dashed line represents the intrinsic hygroscopicty of 𝛽-
caryophyllene, taken from the f𝑜𝑟𝑔=1 measurements. The solid line is a fit of the
data taken from the compressed film model.

Most prominently, we observed large enhancements in 𝜅𝑜𝑟𝑔 at large organic volume
fractions, where the expected value of hygroscipicity is enhanced by more than a
factor five over the value expected by the ZSR mixing assumed in the 𝜅-Köhler
framework. We observed this trend for both VOC and oxidation types, shown in
Figure 4.1. We highlight the 𝛽-caryophyllene dark ozonolysis data in Figure 4.2; of
note is the a discontinuity in the 𝜅𝑜𝑟𝑔 data at an organic volume fraction of 1. For
reference, the intrinsic hygroscopicity of pure 𝛽-caryophyllene SOA is plotted as
𝜅 = 0.02 (dashed), which is based on our own measurements and agrees well with
previously reported values. This is likely an upper bound, as it has been reported
as low as 0.001 (Frosch et al., 2013), and so we attribute the discontinuity a lack
of water uptake with no electrolytes present in the particle to foster hygroscopic
growth.

For the OH-initiated oxidation of 𝛽-caryophyllene, the SOA do not produce a sub-
stantially different trend than the SOA generated from dark ozonolysis. This con-
trasts the results of 𝛼-pinene, where there is a notable increase in the inferred organic
hygroscopicity under the OH-initiated SOA compared to the ozone-initiated SOA.
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Thermodynamic Modeling
The laboratory data were fit to the compressed film model for each of the 4 oxida-
tion/VOC combinations, extracting the parameters A0 (critical molecular area), m𝜎

(surface interaction parameter), log C0 (bulk concentration), and 𝜎𝑚𝑖𝑛 (effectively,
the surface tension of the organics). The fits inferred an apparent 𝜅 (and therefore
𝜅𝑜𝑟𝑔) from the critical supersaturation of an aerosol particle exhibiting surface ten-
sion effects over the course of its activation. Three cases were fit: (1) the Molecular
Weight (MW) was not a free parameter (see Supporting Information for SOA MWs);
(2) the MW was a free parameter, and (3) MW and minimum surface tension were
fixed. These results are shown in Table 4.1. Corner plots of results are included in
the Supporting Information.

Briefly, MW is scaled by O:C, a calculation parameterized by the results of 𝛼-pinene
chamber studies (Claflin et al., 2018). MW is taken as monotonic in O:C, thereby
increasing with oxidation, which may not be the case. The minimum surface tension,
when fixed, was set to 40 mJ m−2, which would be a lower bound suggested by bulk
measurements (Gray Bé et al., 2017).

In general, the fits suggest the model is overparameterized to the data: the fits
do not always generate Gaussian posterior parameter distributions, instead showing
multimodal parameter solutions. Nonetheless, the fits, an instance of which is shown
in Figure 4.2, track the data well. That the compressed film model can accurately
represent the hygroscopicty measurements in the data suggests that surface tension
depression is a possible mechanistic explanation for the enhanced 𝜅𝑜𝑟𝑔. Again, it
should be stressed that this is an indirect link; surface tension was not measured in
the aerosol-phase in this study.

There is likely a lot to be learned by comparison of these parameters, which are
related to fundamental aerosol parameters (e.g., surface tension), for various com-
pounds. For instance, oleic acid, a C-18 aliphatic compound, was reported by
Forestieri and coworkers to have a critical molecular area (A0) of 48.5, which is
substantially lower than any of the fit parameters in this work. Recall that our work
covers C-10 and C-15 precursor VOCs, and to the extent that the SOA is not dom-
inated by fragmentation, we should expect a large fraction of the SOA to retain a
Carbon number near those two values. Though we recommend caution in compar-
ing to our fit results, it is surprising that the oleic acid fit is even smaller than what
Ruehl and colleagues report for the critical area of malonic acid, a C-3 compound
(Forestieri et al., 2018; Ruehl et al., 2016). While uncertainties are reported in these
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Figure 4.3: Probability density function (PDF) of densities observed in Hyytiälä
during 2012 inferred from ACSM measurements. SOA densities observed in this
study are overlain.

studies (of order < ±5 Å for A0), it is unclear how these are calculated in either
study, and based on our work, the convergence of this model is not trivial.

Interestingly, when MW is a free parameter in our study, the fitted MW is lower
at both higher O:C conditions, contrasting our expectation based on parameterized
relationship between O:C and MW. However, the lack of convergence in our MCMC
suggests this may not be the true value. We find, on the whole, that log C0 expresses
a large degree of control on the system, and further work should target an array of
optimizations on this parameter to try and ascertain its true value.

Atmospheric Implications
To test the representativeness of the lab-generated SOA, we compared with real-
world data from a boreal region. In Figure 4.3, we have overlain the estimated
densities of the lab-generated SOA with a PDF of ambienntly observed OA density
from Hyytiälä, Finland. We observe that between the four cases, our SOA generally
fall within the range of observed OA, suggesting that the chemical identities of the
lab and ambient OA are similar.

With this in mind, we sought to compare the utility of the compressed film framework
in understanding errors in 𝜅 in the case that surface tension depression is occurring.
In other words, are there sufficient errors in 𝜅 generated when surface-active organics
are or are not taken into account? For a variety of combinations of inorganic and
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Figure 4.4: On the left axis, the percent error in 𝜅𝑎𝑝𝑝 for a mixed ammonium sulfate-
organic aerosol calculated between a surface-active and non-surface-active organics
case. The data for this study are for 𝛽-caryophyllene dark ozonolysis, and the data
for Forestieri et al are for oleic acid. PDFs of Mace Head and Hyytiälä 𝑓𝑜𝑟𝑔 data
shown in the background (on the right axis).

organic ratios, we calculated the percent difference in the ZSR-estimated 𝜅 and
the apparent 𝜅 with surface-active organics for two cases: the compressed film
parameters of the 𝛽-caryophyllene dark ozonolysis in this work, and the oleic acid
parameters from Forestieri and colleagues. These results are shown in Figure
4.4. Across the range of organic volume fractions considered, oleic acid shows no
discernible differences in 𝜅, while for 𝛽-caryophyllene SOA we observe more than
80% error in apparent 𝜅 at the highest volume fractions (f𝑜𝑟𝑔). Note that for oleic
acid, at f𝑜𝑟𝑔 > 0.9, the errors trend to 0. Interestingly, when we overlay the ambient
data PDFs, we can see that where the most error in 𝜅 is observed is also well within
the observed ambient species, suggesting that for boreal forest OA, there may be a
substantial impact of surface-partitioning on the CCN population. This is not the
case for the marine environment, where low ambient organic fractions are observed,
and the impacts of surface partitioning on 𝜅 appear to be minimal.

As a final test of potential impacts, we performed an adiabatic parcel study. The
parcel model is that described by Seinfeld and Pandis, and all other relevant pa-
rameters (e.g., size distribution, updraft velocity, organic volume fraction) are taken
from Lowe et al. Table 1 for the Hyytiälä boreal forest case (Lowe et al., 2019;
Schulze et al., 2020; Seinfeld & Pandis, 2016). We vary 𝜅 as such: for the base
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Figure 4.5: Cloud Droplet Number Concentration (CDNC) altitude profile. The
two cases are for runs of Lowe et al. parameters in addition to this work’s measured
𝜅 values for the 𝛽-caryophyllene dark ozonolysis case. The surface organics case
employs the enhanced 𝜅𝑜𝑟𝑔 inferred from the lab studies in this work. The "surface
tension water" case employs the intrinsic 𝜅 for the 𝛽-caryophyllene SOA (here
measured as 0.02).

case ("surface tension water") we use 𝜅 = 0.02 for the organic fraction; for the
surface-active organics case ("surface organics") we take the corresponding mea-
sured 𝜅𝑜𝑟𝑔 inferred by our data (see Figure 4.2). The parcel simulations are shown
in Figure 4.5. Above cloud base, we can observe a 30% enhancement in CDNC in
the surface-active case. Of note, the parameterized organic fraction is 0.67, which
is a modest organic fraction by ambient standards (see Figure 4.4); therefore, we
can expect this to be a lower limit impact on the CDNC. However, we acknowledge
that this model is not a representation of the true scenario; here we have not had a
dynamic activation process, rather just used the surface tension of water as opposed
to a depressed surface tension. In future work, we will analyze the full impacts in a
parcel-based model framework for better representativeness (De Jong et al., 2023).

Nonetheless, it is important to acknowledge that impacts to the cloud properties
shown by this data do suggest potential implications for cloud formation processes,
and are in line with other modeling studies (Lowe et al., 2019). However, it is also
worth noting that, from a global modeling perspective, it is interesting that these
parameters for sea spray mimics do not show significant implications for marine
CCN. Marine clouds make up a substantially larger fraction of clouds than those
impacted by boreal forests (just by surface area arguments alone), and so it does
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raise the question of whether or not this level of detail is worth incorporating in
model settings. Indeed, the key utility of the 𝜅 framework is not that it is a complete
physciochemical descriptor of the aerosol, but in fact the opposite; its power lies in
its simplicity.

4.5 Supporting Information
Compressed Film Framework Expanded
The framework used to describe the surface partitioning in this study, called here
the compressed film model, has been presented elsewhere (Forestieri et al., 2018;
Ruehl et al., 2016; Vepsäläinen et al., 2022). We re-describe its important features
here for clarity. This model essentially allows for two particle phases: a bulk phase
and a surface phase. For the purposes of this work, the surface phase is the SOA
coating and the bulk phase is a ternary water-inorganic-organic solution. As water
uptake occurs, the organic coating slowly decreases in diameter until a monolayer is
achieved (i.e., a layer with thickness of one molecule), and finally a phase transition
occurs at this two-dimensional interface where the surface phase becomes gaseous.
Correspondingly over this growth, the particle surface tension is that of the organic
coating at large thicknesses, and relaxes towards that of water as water is taken up.
After the phase transition (or monolayer breakup), the surface tension is taken as
that or water.

Mathematically, we are interested in describing how the concentration of the organic
partitions between the two phases (surface and bulk) during water uptake. The
organic concentration in the bulk phase is described as:

𝐶𝑏𝑢𝑙𝑘 = (1 − 𝑓𝑠𝑢𝑟 𝑓 )
(𝑑3

𝑐𝑜𝑎𝑡 − 𝑑3
𝑠𝑒𝑒𝑑

)𝑣𝑤
𝑑3
𝑤𝑒𝑡𝑣𝑜𝑟𝑔

(4.4)

where 𝑓𝑠𝑢𝑟 𝑓 is the concentration of organic molecules adsorbed to the surface, 𝑑𝑠𝑒𝑒𝑑
is the diameter of the ammonium sulfate seed aerosol, 𝑑𝑐𝑜𝑎𝑡 is the diameter of the
SOA-coated particle, 𝑑𝑤𝑒𝑡 is the diameter of the droplet at some point during the
activation process, 𝑣𝑤 is the molar volume of water, and 𝑣𝑜𝑟𝑔 is the molar volume
of the SOA. Notice that this term (𝐶𝑏𝑢𝑙𝑘 ) is non-dimensional and is the ratio of the
moles of organic to moles of water in the bulk. The molar volume of the SOA is
in this work assumed, as SOA is not a single species (which would correspond to a
single molecular weight); see later discussion on molecular weight estimation. The
amount of organic at the surface (A) is described not in terms of a concentration,
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but rather the average surface area per adsorbed molecule:

𝐴 =
6𝑣𝑜𝑟𝑔𝑑2

𝑤𝑒𝑡

𝑓𝑠𝑢𝑟 𝑓 (𝑑3
𝑐𝑜𝑎𝑡 − 𝑑3

𝑠𝑒𝑒𝑑
)𝑁𝐴

(4.5)

where 𝑁𝐴 is the Avogadro constant. While it may seem odd to use the adsorbed
area instead of a concentration (which is the quantity we are effectively seeking
to calculate), this description holds physically across the transition from a three
dimensional coating through two dimensional phase change. Intuitively, a smaller
adsorbed area per molecule (aka a smaller value of A), suggests a thicker coating of
SOA (which scales inversely with 𝑑𝑤𝑒𝑡 , as we would expect).

To relate the surface and bulk concentrations, we use the isotherm of the equation
of state, calculated as:

ln
(
𝐶𝑏𝑢𝑙𝑘

𝐶0

)
= (𝐴2

0 − 𝐴2)𝑚𝜎𝑁𝐴

2𝑅𝑇
(4.6)

where 𝐶0 is the bulk concentration at which half the surface sites are occupied, 𝐴0

is the critical molecular area (i.e. the area taken up by one molecule at the surface),
𝑚𝜎 parameterizes interactions between surfactants at the interface, 𝑅 is the ideal
gas constant, and 𝑇 is the temperature. These surface parameters are in turn used to
calculate the surface tension (𝜎), which is defined as:

𝜎 = min(𝜎𝑚𝑖𝑛, 𝜎𝑤 − (𝐴0 − 𝐴)𝑚𝜎) (4.7)

where 𝜎𝑚𝑖𝑛 is the minimum surface tension and 𝜎𝑤 is the surface tension of water.
In this work, 𝜎𝑚𝑖𝑛 is the surface tension of a pure SOA layer, which is assumed
to be less than that of water. This has been shown for pinene and caryophyllene
derivatives in bulk solution measurements (Gray Bé et al., 2017).

Importantly, this model allows us to dynamically calculate two terms: the surface
tension and the water activity. So, we can reformulate our calculation of the
saturation vapor pressure of our particle as:

𝑆 =
𝑛𝑤

𝑛𝑤 + 𝜙𝑖𝑛𝑜𝑟𝑔𝑛𝑖𝑛𝑜𝑟 + 𝜙𝑜𝑟𝑔𝑛𝑜𝑟𝑔
exp

(
4𝜎𝑀𝑤

𝑅𝑇𝜌𝑤𝑑𝑤𝑒𝑡

)
(4.8)

where 𝑛𝑤, 𝑛𝑖𝑛𝑜𝑟𝑔, and 𝑛𝑜𝑟𝑔 refer to the number of moles of water, inorganic, and
organic present in the bulk solution, 𝜙𝑖𝑛𝑜𝑟𝑔 and 𝜙𝑜𝑟𝑔 are the the Vant Hoff factors
for the inorganic and organic constituents, and 𝜎 is the surface tension calculated
by equation (4.7). The first fraction on the RHS of equation (4.8) is the water
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activity, which is calculated dynamically based on the amount of organics actually
dissolved in the bulk vs the amount partitioned to the surface (recall this is modulated
by the 𝑓𝑠𝑢𝑟 𝑓 term in previous equations). This allows the generation of a Köhler
curve with a saturation ratio calculated from the dynamic surface tension and water
activity terms. Form this Köhler curve, we can extract an apparent hygroscopicity
(𝜅𝑎𝑝𝑝), which is essentially the 𝜅 that corresponds to the critical supersaturation and
activation diameter of an aerosol not undergoing surface partitioning. In general,
because the critical supersaturation is lowered, the 𝜅𝑎𝑝𝑝 should be higher than what
you expect for the pure species. These 𝜅 values (and all 𝜅’s in this work) are
estimated through a gradient-descent algorithm solving Equation 6 in the work of
Petters and Kreidenweis (Petters & Kreidenweis, 2007).
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Figure 4.6: Corner plot for 4-parameter MCMC estimation for the 𝛽-caryophyllene
dark ozonolysis data.
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Molecular Weight Estimation
An understanding of the true molecular weight of SOA would require the knowledge
of (1) the identity of every species present in the SOA, and (2) the relative abundances
of those species. We are not privy to either of these. In general, the oxidation process
adds oxygen(s) to a precursor VOC, and so the resulting species partitioning to the
SOA are heavier than their parent compound. However, processes like fragmentation
can also reduce the molecular weight of the resulting species. Again, we are not
privy to the relative chemical pathways of the SOA generated in this work.

So, we generate a proxy for the molecular weight of SOA based on the chamber
studies reported by Claffin et al., who measured the nominal molecular weight of
SOA based on spectroscopic measurements of the relative amounts of functional
groups present in 𝛼-pinene SOA (Claflin et al., 2018). From their data, we generate
a crude parameterization:

MW = 153.33 × O:C + 138.72 (4.9)

where MW is the molecular weight and O:C is reported by the AMS measurements.
From our data, we identify the following four molecular weights: 298.6 g mol−1

for 𝛽-caryophyllene + O3, 359.9 g mol−1 for 𝛽-caryophyllene + OH, 209.3 g mol−1

𝛼-pinene + O3, and 264.9 g mol−1 𝛼-pinene + OH. In general, there is an assumption
that oligermization is dominating fragmentation, so the molecular weight scales as
O:C. While this parameterization is likely not a great representation of the SOA
condition, it is only in service of data fits.

Mess Spectral Data
Presented in Figures 4.18 and 4.19 are AMS spectra from the representative cases.
These are time-averaged, steady-state spectra generated in the flow tube, and their
normalized values are shown to facilitate comparison. As one would expect, in
the photoxidation cases, where the extent of oxidation is higher as measured by the
oxygen-to-carbon ratio, there are enhancements at m/z 44, corresponding to CO+

2 .
This is a bulk measurement of the aerosol population, though, and does not represent
the changing chemical compositions which may exists across the size range of the
SOA in this study (Tu & Johnston, 2017). In other words, each 𝜅 measurement
reported in this study is from a monodisperse distribution, but the AMS measures
everything generated in the flow tube (the monodisperse mass loading was often too
small to reliably measure the elemental composition). For the scope of attributing
chemical effects to CCN activity in this study, we explicitly assume that across the
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Figure 4.18: Representative AMS spectra for the 𝛽-caryophyllene experiments.

size range of importance (50 nm - 110 nm), processes such as fragmentation and
oligomerization, which may alter the partitioning or particle-phase composition, are
uniform to the extent that the surface-effects are uniform.

Experimental Set-up

Presented in Figure 4.20 is the experimental set-up. sVOCs, oxidants, and seed
aerosol were injected at the inlet side (left of the schematic) of the flow tube
(CPOT). The seed, ammonium sulfate, was size-selected in the range of 30 and
50 nm; so, a monodisperse distribution was always injected. The SOA resulting
from the precursor VOC condensed onto the seed, which generated a polydisperse
size-distribution inside of CPOT. The bulk properties of this process, including the
size distribution and the chemical composition, were measured at the outlet by DMA
and AMS. Another DMA was also used to select a monodisperse size at the outlet;
thus with a known seed size and known classified coated size, the organic volume
fraction was calculated.
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Figure 4.19: Representative AMS spectra for the 𝛼-pinene experiments.
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Figure 4.20: Experimental schematic. Monodisperse ammonium sulfate particles
enter CPOT from DMA 1. SOA is generated in CPOT and condenses onto the
seed, creating a polydisperse distribution. These particles are then size-selected by
DMA 2, thus tuning the ratio of inorganic (seed) and organic (condensate). Bulk
CPOT particle properties are measured by DMA 3 (size distribution) and the AMS
(chemical composition).
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