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ABSTRACT OF THE DISSERTATION 

Volatile Organic Compounds: The Connection Between the Ocean and Atmosphere  

by 

Alexia Nicole Moore 

Doctor of Philosophy in Chemistry 

University of California San Diego, 2024 

Professor Kimberly Prather, Chair 

 

The oceans cover 71% of the world and are a large contributor of volatile organic 

compounds (VOCs) and aerosols. Marine VOCs can be produced from marine microbiology and 

emitted from the atmosphere to undergo oxidative processing to form secondary marine aerosols 

(SMA). Dimethyl sulfide (DMS) has been studied extensively because of phytoplankton and 

bacteria’s ability to produce it in large quantities and because of its ability to form sulfate aerosol 

and contribute to the earths global radiative budget. However, only studying DMS has left many 

uncertainties on the contribution of marine VOCs on SMA formation. To better understand the 



 

 

xxiv 

impact of marine VOCs, this dissertation utilized phytoplankton bloom experiments to quantify 

VOC emissions from seawater and oxidation experiments to assess the role of VOCs on the 

number, size, and composition of secondary marine aerosols. Throughout this dissertation, 

dimethyl disulfide (DMDS) was found to be produced in larger quantities than expected and play 

a significant role in impacting aerosol number concentrations. Overall, this dissertation highlights 

the importance of other VOCs, with and without sulfur, contributing to the overall composition of 

the atmosphere.  

 



 

 

1 

Chapter 1. Introduction 

Oceans emit particles, known as primary marine aerosols, and gases, typically volatile 

organic compounds (VOCs), which contribute significantly to the dynamics of the atmosphere. 

(Carpenter and Nightingale, 2015) Chemical processes control the lifetime, composition, and 

concentrations of these marine aerosols and VOCs. Both primary aerosols and VOCs can react 

with oxidants, such as hydroxyl radicals and ozone, to generate secondary marine aerosols (SMA). 

Primary aerosols and SMA can contribute to earth’s radiative budget directly by absorbing and 

scattering light and indirectly by acting as cloud condensation nuclei (CCN), changing the clouds’ 

albedo and lifetime. (Carpenter et al., 2012; Twomey, 1974) The following sections will discuss 

VOCs and SMA more thoroughly and the tools used to analyze them throughout this dissertation.  

1.1 Volatile Organic Compounds 

Marine volatile organic compounds are a result of biological activity and abiotic processes 

such as photochemical reactions at the sea surface microlayer (SSML) (Carpenter and Nightingale, 

2015). The oceans are made up of a diverse and complex mixture of VOCs, many of which have 

not been identified (Yu and Li, 2021a). Of that mixture, the most abundant marine compound is 

dimethyl sulfide (DMS), contributing 28 Tg of sulfur a year to the atmosphere. Given its 

abundance, DMS has been one of the most studied marine VOCs. One of the major findings of 

research on DMS is the CLAW hypothesis, which proposed that increased emissions of DMS from 

phytoplankton resulted in non-sea salt sulfate (nss-sulfate) aerosols that acted as CCN, increasing 

cloud albedo and thereby creating a climate feedback loop (Charlson et al., 1987). Although DMS 

has been the focus of marine VOC production research, other compounds such as isoprene and 

amines can be emitted from the ocean as well. Isoprene has been shown to be produced 
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biologically, as well as photochemically through the excitation of dissolved organic matter in the 

SSML (Ciuraru et al., 2015; Dani and Loreto, 2017).   

1.2 Biological production of VOCs 

Most marine VOCs are a result of interactions between marine microbes and 

photodegradation of organic matter. Marine organisms can utilize VOCs as a source of nutrients 

or produce them as a stress response, influencing the availability of VOCs to be transferred through 

the air-sea interface. Through various interactions, known as the microbial loop, phytoplankton 

will release a plethora of compounds that make up a pool of dissolved organic matter (DOM), 

which is then consumed by bacteria that release gases and nutrients upon consumption. One of the 

most abundant liable compounds found in DOM is dimethyl sulfoniopropionate (DMSP), which 

is an osmolyte produced by phytoplankton for regulatory and antioxidative purposes (Wolfe et al., 

2002). Sulfur containing compounds such as DMS and methanethiol (MeSH) are all derived from 

DMSP when cleaved by heterotrophic bacteria to form either DMS or MeSH. The switch between 

the production of DMS and MeSH production, termed the “bacterial switch” is determined by the 

carbon and sulfur needs of local bacteria. Dimethyl disulfide (DMDS), is known to be produced 

from abiotic dimerization of MeSH and thought to have some biological production from DMSP, 

although the pathways are currently unknown (Cozic et al., 2008; Perraud et al., 2016). Other 

compounds, such as isoprene and monoterpenes, historically known as terrestrial emissions, are 

also found in marine systems from phytoplankton emissions (Shaw et al., 2010). In some 

biologically active marine regions, isoprene has been measured in the same magnitude as DMS, 

emphasizing the need to study the production and reaction pathways of other VOCs (Dani and 

Loreto, 2017). Both laboratory and field measurements have found correlations between 

chlorophyll a (chl. a), a proxy for measuring biological activity, and VOC emissions (Kim et al., 
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2017). Furthermore, satellite measurements have found that biologically produced VOCs 

attributed 35-80% of CCN  in the Southern Ocean (Vallina et al., 2006). While it has been shown 

there is a connection between biological activity and clouds, further studies are needed to 

determine which VOCs contribute and the processes involved in the formation of aerosols.  

1.3 Marine Aerosols  

With oceans covering 71% of the earth’s surface, marine aerosols constitute a large source 

of particle mass to the atmosphere, including being the most significant contributor in remote 

marine regions (Mansour et al., 2020). Primary marine aerosols are emitted from wave breaking 

and bubble bursting and can be composed of many compounds including sea salt, organics, and 

biological material (Lewis and Schwartz, 2004; Facchini et al., 2008; Prather et al., 2013). Primary 

aerosols can undergo oxidation or experience heterogeneous reactions which alter their chemistry 

and ultimately their ability to form clouds or ice. Field studies have proven challenging to separate 

primary and secondary aerosols and assess each of their contributions to the climate. Therefore, 

laboratory studies have been used to isolate primary and secondary aerosols (Mayer et al., 2020). 

1.4 Secondary Marine Aerosols  

Secondary marine aerosols (SMA) are formed from the oxidation of VOCs by hydroxyl 

radical (OH) or ozone (O3) to form low volatile products that can condense onto existing aerosols 

or can nucleate to form new particles (Yu and Li, 2021b). SMA are composed of sulfate, ammonia, 

nitrate, and organics. The oxidation of DMS occurs through two pathways, abstraction and 

addition, to form sulfate and methanesulfonic acid (MSA). Sulfate is known to contribute to 

nucleation and MSA is known to promote condensation onto existing particles thereby 

encouraging particle growth (Hodshire et al., 2019). While sulfate is generally the largest 
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contributor to SMA during periods of high biological activity, the organic fraction plays a 

significant role in shaping the aerosol size distributions and determining an aerosol’s ability to act 

as a CCN. A field study in the north Atlantic detected the presence of organics in newly formed 

nucleation mode particles and concluded they likely derived from biological activity (Vaattovaara 

et al., 2006). In a laboratory experiment utilizing an oxidative flow reactor to oxidize a mixture of 

VOCs with isoprene, a shift in the particle size distribution to larger diameters was measured 

(Ahlberg et al., 2017).  With secondary marine aerosols contribution to clouds strongly dependent 

on their number, size, and composition, it is imperative to study the impact organic compounds 

have on the formation of aerosols.  

1.5 Mass Spectrometry 

Mass spectrometry is a technique that is used to generate ions to measure the mass to charge 

(m/z) ratio and abundance of compounds. It is a frequently used technique that can operate on-line 

or off-line and measure VOCs or aerosols. In this dissertation, three mass spectrometers were used: 

Aerosol Time-of-Flight Mass Spectrometer (ATOFMS), High Resolution Orbitrap Mass 

Spectrometer, and a Chemical Ionization Time-of-Flight Mass Spectrometer (CI-TOF-MS). The 

ATOFMS is the first on-line single particle mass spectrometer that is used to conduct size-resolved 

chemical analysis. This powerful instrument works by using two continuous wave lasers to 

determine the size of the particle, triggering a Nd:YAG desorption ionization laser producing 

positive and negative ions for each particle (Gard et al., 1997). The ATOFMS is size limited below 

100 nm, so a matrix assisted laser desorption ionization method was deployed to grow SMA 

particles  60 nm and below to 400 nm, allowing them to be detected by the ATOFMS (Li et al., 

2023). 
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Some advantages of on-line instruments are continuous real time monitoring and lack of 

sample preparation, making them useful for marine and atmospheric studies. However, some 

limitations like lower mass resolution can make complimenting on-line techniques with off-line 

instruments extremely beneficial. High resolution instruments, such as the Orbitrap Mass 

Spectrometer, provide highly accurate and precise m/z ratios for all detected ions. These 

instruments use electrospray ionization, which is a soft ionization technique to reduce 

fragmentation, allowing for detection of the parent ion. In this dissertation, Orbitrap Mass 

Spectrometry was used to measure the composition of secondary marine aerosols. This has been 

proven to be one of the best instruments for measuring organics in aerosols because most on-line 

aerosol instruments fragment the organic compounds  (Cui et al., 2019).  

1.6 Chemical Ionization Mass Spectrometer  

The CI-TOF-MS measures the m/z and abundance of gas phase compounds in both positive 

and negative modes (Benson et al., 2010; Brophy and Farmer, 2015; Yuan et al., 2016). CI-TOF-

MS provides advantages over other mass spectrometers because it provides soft ionization leading 

to limited fragmentation and selective ionization. This means depending on the ionization source, 

a complex or simplistic spectra can be generated. Chemical ionization works by selecting a reagent 

gas (e.g., benzene, water clusters, acetate) to generate ions using a Po-210 source. The reagent ions 

then react with the analyte gas in the ion-molecule reaction (IMR) chamber (Bertram et al., 2011). 

Reactions will occur between the reagent ion and analyte gas, producing analyte ions, if the 

chemical energies of the reagent and analyte permit. The reactions will  primarily occur through 

charge transfer, only if the ionization energy of the analyte is lower than that of the reagent ion 

(Kim et al., 2016). A charge transfer reaction using benzene is shown below:  
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𝐶6𝐻6
+ +𝑀 →  𝑀+ + 𝐶6𝐻6         Charge Transfer 

In this dissertation, the reagent ion benzene (C6H6
+) was used because it is selective to 

marine biogenic VOCs, due to it having an ionization energy of 9.25 EV (Allgood et al., 1990; 

Kim et al., 2016; Lavi et al., 2018). Specifically, it is efficient at measuring organosulfur 

compounds, amines, monoterpenes, and isoprene. Additionally, benzene’s ionization efficiency is 

in the middle of the range, so it creates a more simplified spectra than something like water clusters 

where many compounds can be ionized with it. CI-TOF-MS has been used as an on-line instrument 

for many atmospheric measurements because it can be run consistently for long periods of time 

and the fast-sampling rate of 10 Hz has also allowed it to be effective at measuring rapid changes 

in gas concentrations (Kim et al., 2016) .  

1.7 Potential Aerosol Mass Oxidative Flow Reactor  

Oxidative flow reactors have been used for years to generate OH radicals as a means to 

replicate the oxidative processes occurring in the atmosphere. Oxidation with OH radicals is one 

of the most important and significant reactions in the atmosphere. Not only has the hydroxyl radical 

been termed the “detergent” of the atmosphere because of its ability to remove trace gases, it is 

one of the most reactive gases in the atmosphere, oxidizing a plethora of VOCs, leading to the 

formation of SMA (Gligorovski et al., 2015). 

The Potential Aerosol Mass Oxidative Flow Reactor (PAM-OFR, Aerodyne Inc.) is a 

reactor that generates OH radicals from water vapor using 185 nm or 254 nm low pressure Hg 

lamps (E. Kang et al., 2007). In this dissertation, 185 nm lamps were used to generate OH radicals 

from the photolysis of H2O through the following reactions:  

𝑂2
185
→ 𝑂3

254
→  ·𝑂𝐻 
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𝐻2𝑂
185
→  ·𝑂𝐻 

 

The PAM-OFR was created to generate high concentrations of OH radicals with low residence 

times in the reactor. Using the global tropospheric concentration of hydroxyl radicals 1.5x106 

molecules cm-3, a calculation can be used to determine the approximate days of aging in the PAM-

OFR. Compared to large reaction chambers that produce low concentrations of OH radicals with 

residence times of hours to days and only simulate minutes to hours of aging, the PAM-OFR 

shortens the residence time to minutes and simulate days to weeks of aging by generating high 

concentrations of OH radicals. While the PAM-OFR operates best with 100 to 1,000 times higher 

the daily tropospheric oxidant concentrations, the ratios between OH/HO2 and OH/O3 are the same 

(E. Kang et al., 2007). The advantages of having real time oxidation measurements in a matter of 

minutes has made the PAM-OFR a highly utilized and well characterized flow reactor for 

simulating atmospheric reactions (Ahlberg et al., 2017; Lambe et al., 2015; Zhao et al., 2021). 

Very limited studies have used the PAM-OFR to look at marine systems and more analysis is 

needed to characterize the atmospheric fate of these systems in the PAM (Mayer et al., 2020; 

Trueblood et al., 2019).  

1.8 Dissertation Objectives 

This dissertation focuses on understanding the emissions of organosulfur compounds from 

marine biological activity and uncovering the impact different gas mixtures have on secondary 

marine aerosol production. Mass spectrometry techniques are used to measure VOC 

concentrations and to identify the composition of secondary aerosols to assess the impact marine 
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emissions and atmospheric oxidation has on clouds and the environment. The questions that will 

be addressed in this dissertation include:  

1. How does biological activity impact the production of non-DMS organosulfur 

compounds during phytoplankton blooms?  

2. How do mixtures of volatile organic compounds change the size, number 

concentration, and composition of secondary marine aerosols compared to single 

VOC studies?  

3. How do changes in biological production of sulfur and non-sulfur volatile organic 

compounds change the production of secondary marine aerosols?  

1.9 Dissertation Synopsis  

Chapter 2 of this dissertation analyses the emissions of VOCs during three phytoplankton 

blooms to assess the connection between biological activity and organosulfur compounds. This 

study showed that dimethyl disulfide and methanethiol can be produced in concentrations that 

exceed that of dimethyl sulfide. Modeling these results uncovered that non-DMS compounds can 

contribute, more than expected, to the formation of sulfate aerosols.  

Chapter 3 compares oxidation of single VOC and VOC mixtures to address a lack of studies 

observing secondary aerosol formation of complex mixtures and to understand how mixtures affect 

the number, size, and composition of these aerosols. This study determined that isoprene mixed 

with DMS and DMDS significantly impacted the aerosol yield of sulfate and methanesulfonic 

acid. Notably, this is the first reported aerosol yield measurement of DMS and DMDS in a PAM-

OFR.  
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Chapter 4 describes the production of secondary marine aerosols from VOCs emitted from 

phytoplankton blooms to examine how realistic and complex mixtures change the aerosol 

formation. This study further solidifies the importance of dimethyl disulfide in enhancing the 

number concentration of aerosol particles as shown in Chapter 3. Additionally, changes in the size 

distributions determined that even at low concentrations, isoprene and monoterpenes can 

contribute significantly to the composition of aerosols.  
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Chapter 2. Factors Controlling Production of Dimethyl Sulfide, Methanethiol, and 

Dimethyl Disulfide During Controlled Mesocosm Experiments 

2.1 Abstract 

The oceans cover 71% of the Earth’s surface, yet we understand far less about biogenic 

volatile organic compounds (BVOCs) derived from the ocean compared to those over land. 

Dimethylsulfide has been the most studied oceanic BVOC due to its role in the production of 

sulfate aerosols which seed marine clouds and impact climate. Compared to DMS, less 

measurements exist of other reactive organosulfur compounds due in part to their more reactive 

nature and shorter atmospheric lifetimes. Here we measured the temporal evolution of DMS, 

methanethiol (MeSH) and dimethyl disulfide (DMDS) in isolated Marine Aerosol Reference 

Tanks (MARTs) over the course of three phytoplankton-bacterial blooms. Notably, the 

concentrations of MeSH and DMDS can rival or even exceed those of DMS. Furthermore, MeSH 

and DMDS display different temporal trends, peaking after DMS. These differences can be 

explained by the growth dynamics of phytoplankton and an increase in heterotrophic bacteria 

concentrations. Lastly, a model comparison using experimental (MeSH+DMDS)/DMS) 

production ratios with existing measurements from studies in the literature supports that under 

certain conditions MeSH and DMDS production can in fact dominate in marine environments, 

especially in coastal waters. This study highlights the necessity of considering additional reactive 

sulfur species in marine environments to fully account for the impact of ocean emissions on clouds 

and climate, as secondary aerosols produced by more than just DMS may significantly contribute 

to the marine atmosphere. 
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2.2 Introduction 

Ocean emissions of organosulfur compounds (OSCs) play an important role in regulating 

clouds and climate. Marine dimethylsulfide (DMS), contributing 28 Tg(S) yr-1 to the atmosphere, 

has been the most studied organosulfur compound to date (Lana et al., 2011). Methanethiol 

(MeSH) and dimethyl disulfide (DMDS) are also emitted from the ocean but have been far less 

studied, leading to gaps in our understanding on the drivers of their emissions and subsequent role 

in atmospheric processes and climate. DMS and MeSH are produced from the multifunctional 

osmolyte dimethylsulfoniopropionate (DMSP) (Simó, 2001) DMSP can be degraded by 

heterotrophic bacteria either through enzymatic cleavage to form DMS or, preferentially, DMSP 

can undergo demethylation and demethiolation to form MeSH (Kiene et al., 2000). The production 

of DMS and MeSH from DMSP has been shown to be highly dependent on the bacterial species 

present, the relative expression of the two pathways, and structure of the microbial community 

found in the surface ocean waters (Stefels et al., 2007). Dimethyl disulfide (DMDS) in marine 

surface waters is thought to be from abiotic MeSH oxidation, although kinetics and details on the 

factors that control this process in seawater are not understood (Masdeu-Navarro et al., 2024). 

Even with a significant effort being placed on quantitatively constraining marine biogenic 

emissions of OSCs, further targeted studies are needed to elucidate the microbial connection to 

OSC production.  

Heterotrophic bacteria play an important role in sulfur cycling in the marine environment 

by degrading and producing OSC compounds (Simó, 2001). As mentioned previously, bacterial 

enzymes can convert DMSP through two different pathways leading to DMS through cleavage 

and MeSH from demethylation. One of the main functions of heterotrophic bacteria is degrading 

and/or utilizing organic matter which include proteins, lipids, amino acids, and humic substances 
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(Moran and Durham, 2019). While interacting with dissolved organic matter, heterotrophic 

bacteria can also release sulfur-containing compounds (Sun et al., 2016).  In contrast, bacteria can 

utilize dissolved sulfur compounds as a source of carbon and energy, creating a sink of both DMS 

and MeSH (Boden et al., 2010). 

In the marine boundary layer, the lifetimes of DMS, MeSH, and DMDS are relatively short, 

33h, 4.1h, and 0.7h respectively (Wine et al., 1981). As a result of its longer lifetime, DMS is more 

commonly detected and has been reported in far more studies than MeSH and DMDS. Aqueous 

purge and trap measurements have been able to provide more insight into these highly reactive 

sulfur species. In Kettle et al. (2001), field measurements transecting the Atlantic Ocean, they 

observed higher aqueous MeSH concentrations in coastal regions and using the aqueous 

concentrations, their calculated (MeSH/(MeSH+DMS)) flux ratios resulted in some periods with 

higher MeSH to DMS relative fluxes (Kettle et al., 2001). More recent measurements of dissolved 

MeSH in the North East Pacific and atmospheric MeSH in the southwest Pacific have generally 

agreed with these findings, with MeSH:DMS aqueous concentration ratios of 0.19-0.50 and 

(MeSH/(MeSH+DMS)) flux ratios of 0.14-0.24 in each of these regions of the Pacific  (Lawson et 

al., 2020). Limited field measurements have shown DMS to be the dominant marine OSC, with 

MeSH occupying the remainder of the balance with trace levels of DMDS. However, in some 

cases, this picture changes in more productive zones with MeSH taking a greater role. To better 

understand the emissions of MeSH and DMDS, laboratory measurements providing better time 

resolution are needed. 

Once in the atmosphere, DMS, MeSH, and DMDS are rapidly oxidized by OH radicals to 

produce lower volatility products that can partition into the aerosol phase either by condensation 
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onto existing aerosols, or through new particle formation. The main oxidation products of DMS 

and DMDS, sulfate and methanesulfonic acid, have been shown to enhance new particle formation 

and particle growth. DMDS is more reactive and leads to 2x more sulfate than DMS, potentially 

having more of an impact on cloud formation. Laboratory yield experiments have shown that 

DMDS can have aerosol yields that exceed those of DMS, leading to similar or even higher 

atmospheric concentrations (Moore et al., 2024; Van Rooy et al., 2021). While the oxidation 

products of MeSH are not well understood, they are expected to be similar to those of DMS (Lee 

and Brimblecombe, 2016). Novak et al. (2022), modeled the emissions of MeSH and showed that 

MeSH oxidation by OH radicals produces SO2, a precursor to sulfate aerosols, at roughly 99% 

yield (Novak et al., 2022). 

To address the complexity of OSC production and the impact on the composition of the 

marine atmosphere, we utilized controlled laboratory bloom experiments to study the underlying 

processes driving OSC formation. In this study, three mesocosm incubation experiments were 

conducted to measure the temporal evolution of the production of OSCs during a phytoplankton-

bacterial bloom. Through a combination of atmospheric and seawater measurements, the evolution 

of the OSC concentrations were measured over the bloom lifetime. We observed DMS, MeSH, 

and DMDS concentration ratios similar to those measured in oceanic field studies, further 

substantiating the significant contribution of MeSH and DMDS to sulfate aerosol production. The 

findings in this study highlight the need to avoid focusing exclusively on DMS, as it may merely 

serve as a proxy for more reactive sulfur species that have already undergone reactions to form 

sulfate and other aerosols. 
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2.3 Methods  

2.3.1 Preparation of Mesocosm Incubation Experiments 

Seawater was pumped from an inlet 5 meters below the ocean surface on the Ellen 

Browning Scripps Pier (La Jolla, CA; 32°51´56.8"N: 117° 15´38.48"W). The seawater was filtered 

with a 50 µm nitex mesh to remove larger debris and zooplankton before addition to an outdoor 

2400 L PTFE tank. To protect the water sample from larger falling leaves and insects, a thin 

polyethylene sheet was suspended ~1 m above the outdoor mesocosm tank reservoir. Natural 

sunlight irradiated the water surface over the course of the experiment. The seawater was 

periodically monitored for temperature to ensure conditions remained consistent with coastal San 

Diego conditions in mid-summer. The tank was aerated and mixed using bubbled air passed 

through HEPA-filters at ~10 LPM into Tygon tubing held ~0.5 m below the water line. For all 

three sequential mesocosm incubation experiments, the outdoor tank was acclimated overnight 

after initial filling, before nutrient addition the following morning. Seawater was supplemented 

with f/2 algal growth medium (Nutrient Medium Composition in Table 2.2: Proline, Aquatic Eco-

Systems, Apopka, FL, Guillard and Ryther, 1962; Andersen at al., 1997), diluted 50x with added 

9 µM sodium metasilicate to induce a phytoplankton diatom dominated bloom. Bloom progress 

was tracked using a handheld fluorometer (Aquafluor, Turner Designs, San Jose, CA) daily. For 

all three mesocosm experiments (Figure 2.1) water was transferred each morning from the outdoor 

tank reservoir to three marine aerosol reference tanks (MARTs) (Stokes et al., 2013). 

Subsequently, each morning after the first day, the water was transferred back from the MARTs 

into the outdoor tank before the MARTs were re-filled for that morning. After the phytoplankton 

peak in each bloom, as indicated by daily fluorescence measurements, the water was kept in all 
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three MART tanks with no further transfers until the end of the experiments. This methodology 

was implemented due to gradual shearing of phytoplankton biomass by the MART centrifugal 

pump which can prematurely halt phytoplankton blooms.  

2.3.2 Marine Aerosol Reference Tank Operation 

The Marine Aerosol Reference Tank (MART) systems were filled with ~110 L of seawater 

and a plunging sheet of water over a 10 cm free-falling distance. The MART systems produce 

atmospherically representative SSA in terms of size and composition (Stokes et al., 2013). The 

size distribution of the resultant bubble plume acquired by hydrophone (ITC 1089d) was 

referenced to pre-existing size distributions to ensure the proper physical production pathways of 

SSA. The waterfalls in the MARTs were plunged using a 4 second cycle with the centrifugal pump 

on, and 10 seconds of no pumping to permit flume degassing and foam creation. Clean air obtained 

continuously from a zero-air generator (Sabio 1001) was introduced into the MART headspace at 

a flow rate of 6.6 standard liters per minute (SLPM). The temperature of each MART was 

maintained at ~26 °C by circulating water through a 316 stainless steel chiller coil immersed in 

the tank water.  

2.3.3 Heterotrophic Bacterial Abundance and Community Structure 

Bulk seawater was collected in 5 ml cryovials from the MARTs via a stainless steel side 

port ~10 cm from the bottom (see (Stokes et al., 2013) for MART details). For bacteria abundance, 

samples were preserved with glutaraldehyde at 0.05% final concentration and stored at -80oC after 

flash freezing (Noble and Fuhrman, 1998). Samples were analyzed at The Scripps Research 

Institute (TSRI) Flow Core Facility with a BIO-RAD, ZE5 Cell Analyzer flow cytometer. Briefly, 
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samples were diluted (1:10) in 1×TE buffer (pH 8), then stained with SYBR Green I at room 

temperature for 10 min in the dark (Gasol and Giorgio, 2000). For 16S rDNA gene amplicon 

sequencing, 400 µL seawater was sampled every day from the MART and immediately frozen at 

-80 oC to preserve microbiome integrity (Song et al., 2016). Samples were processed following 

the Earth Microbiome Project protocols (http://wwwearthmicrobiome.org), V4 region for primer, 

with modifications for low biomass input. (Caporaso et al., 2012) The DNA was extracted from 

samples using the KatharoSeq low biomass methodology, ((Minich et al., 2019, 2018b). 

Specifically, water samples were thawed on ice for 30 minutes, vortexed, and then 400 μl was 

transferred into individual bead beating tubes. After extraction, 50 μl of eluted DNA was 

transferred to 384 well plates. The miniaturized PCR protocol was used to generate libraries with 

a final reaction volume of 5 μl (0.2 ul gDNA, 0.2 μl barcoded primers),(Minich et al., 2018a). For 

sequencing, an equal volume of amplicon was pooled across all samples, followed by a cleanup 

using the QIAquick PCR purification kit (Qiagen, Cat# 28106). The obtained raw reads were 

processed performing quality control by fastQC (Andrews, 2010), they were then loaded into 

QIIME2 ((Bolyen et al., 2019; Gonzalez et al., 2018). to obtain the Amplicon Sequence Variants 

(ASV) table and the taxonomic assignment. ASV table, taxonomy and metadata (including OSCs 

measurement) were then analyzed by a custom R (4.2.1) script exploiting the packages microeco 

(Liu et al., 2021), indicspecies (De Cáceres et al., 2012), phyloseq (McMurdie and Holmes, 2013), 

vegan (Dixon, 2003) and mecodev. Detailed information is reported in the section “Bioinformatics 

and statistics” in Supplementary Information. 

http://wwwearthmicrobiome.org/
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2.3.4 BVOC Measurements  

BVOC measurements were made using a chemical ionization time-of-flight mass 

spectrometer (CI-TOF-MS) using benzene cluster ion chemistry, as described in (Kim et al., 2016). 

Benzene ion clusters were chosen as the reagent ion due to the high sensitivity towards the 

detection of reactive sulfur species. Briefly, ~300 ppm benzene gas is prepared via a flow of 10 

standard cubic centimeters per minute (sccm) medical grade N2 over a cylinder of liquid benzene 

(LCMS Grade, Sigma Aldrich). Benzene vapor was then diluted by N2 and passed through a 20mCi 

Po-210 ionizer. Through N2 collisions with alpha particles produced by Po-210, benzene cluster 

cations are generated and delivered into the ion-molecule region (IMR) of the CI-TOF-MS 

instrument via an inline critical orifice (O’Keefe) at a flow of 1.8 SLPM (Veres et al., 2008). 

Sample headspace was pulled into the IMR through another orifice at 1.8 SLPM. A secondary 

bypass pump was utilized to increase sample flow to 2.6 SLPM to reduce the gas residence time 

in the ~2 m (3.175mm ID) fluorinated ethylene propylene (FEP) tubing which connected the 

headspace of each MART to the CI-TOF-MS. A sintered glass RH probe (Vaisala) was connected 

in-line between a sampling tee near the CI-TOF-MS inlet and bypass pump to continuously 

measure the relative humidity and temperature of the MART headspace. The IMR, based on the 

design by Kercher et al., 2009, was maintained at empirically derived conditions, 50 °C via heat 

tape, a pressure of 60 Torr, and 250V DC (Kercher et al., 2009). Analyte ions produced via 

chemical ionization with benzene cluster cations were passed into a custom-built electrodynamic 

ion funnel which collects and focuses the ion beam and gently de-clusters ions that may have 

excess benzene or water molecules attached. A commercial RF-only quadrupole (TOFWERK) 

transfers the ions into an orthogonal extraction time of flight mass spectrometer. Data acquisition 

was performed using ToFDAQ software (TOFWERK), with co-summed spectra saved at a rate of 
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~1 Hz. Data analysis was performed in TOFWARE, (TOFWERK) a graphical interface plugin for 

IGOR (Wavemetrics), in which mass calibration and baselining procedures were applied to the 

raw data. Daily ion intensities from each MART tank were normalized to the summed intensity of 

benzene and its dimer (m/z 78, 156) and averaged for quantitation. During sampling periods in 

which analyte ion intensity exceeded more than 10% of reagent ion intensity, the sampled MART 

headspace was diluted by humidified zero air at a tee before the CI-TOF-MS inlet. On each day, 

at least 30 minutes of mass spectra were averaged from each MART tank. For both DMS and 

DMDS, external calibrations of each gas using permeation tubes (VICI Metronics) were performed 

across the humidity range to account for the humidity-dependent sensitivities of each compound. 

For MeSH, an external calibration was performed after the mesocosm experiments using a 1 ppm 

MeSH in N2 calibrated gas canister (Airgas) in dry and humid conditions diluted between 0.1 – 

80 ppbv matching the MART experiments. The sensitivity for DMS at the water vapor mixing 

ratio of the MART tanks (17.0 g/kg) was found to be 9.8 normalized counts per second (ncps)/pptv, 

DMDS 21.2 ncps/pptv, and MeSH 0.3 ncps/pptv. DMS was measured as [M]+ as m/z 62, MeSH 

as a benzene adduct [M+78]+ at m/z 126, and DMDS as [M]+ at m/z 94. Given the lower-mass 

resolution of the CI-TOF-MS (<1200 full width at half maximum) ion assignments were made 

using unit mass resolution leading tothe possibility of unknown ions contributing to ion intensity 

at the same unit mass. During periods of high OSC ion intensity, isotope ratios for 34S were used 

to verify the identity of each OSC compound. All three MART tanks daily mass spectra were 

averaged for phytoplankton blooms 1 and 2. For mesocosm 3, only one MART was used.   
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2.4 Results and Discussion  

Each bloom progressed through three distinct phases, exponential growth, peak bloom, and 

senescence as indicated by changes in the bulk fluorescence (Figure 2.2). Notably, all three blooms 

reached different levels of peak fluorescence, equating upon calibration to values ranging from 2.3 

– 11.5 µg L-1. These values fall within previous measurements of Chl. a made at the current 

sampling location (La Jolla, CA), ranging from 0.1 -20 µg L-1, where the 95% quantile resides 

below 7.73 µg L-1 (McGowan et al., 2017). At the start of each experiment, heterotrophic bacteria 

(HB) counts decreased after the first day, likely in response to the water transfer and adaptation to 

new conditions (Figure 2.2D-F). After the initial decline, HB counts increased steadily during the 

bloom lifecycle reaching a max 3.3-9.4 times their minimum concentrations until decreasing 

during the senescence phase. Daily average measurements of headspace DMS, MeSH, and DMDS 

(Figure 2.2A-C) showed significant concentration variations over the bloom lifetimes. The 

observed peak headspace concentrations of each OSC are higher than marine field measurements, 

due to the lack of reactive species in the tanks, ventilation caused by the plunging waterfall of the 

MART, and the relatively low flow of zero air through the MART headspace (Davis et al., 1998). 

The Henry’s Law solubility constants for DMS, DMDS, and MeSH, 5.0×10-3 mol m-3 Pa-1, 7.0×10-

3 mol m-3 Pa-1 and 3.8×10-3 mol m-3 Pa-1 respectively, are similar, indicating that the measured 

headspace ratios of DMDS and MeSH to DMS are not likely caused by disproportionate 

ventilation effects (Sander, 2015).  

During all three blooms, DMS peak coincides with the peak in Chl. a. Furthermore, the 

magnitude of DMS concentration correlates with the intensity of the Chl. a concentration, with 

Bloom 1 exhibiting the highest concentrations of both species. Blooms 2 and 3 display lower Chl. 
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a intensities, resulting in smaller DMS peak concentrations. This result is consistent with global 

satellite and field measurements that have shown Chl. a serves a strong indicator for the 

concentration of DMS (Galí et al., 2018; Gros et al., 2023; Wang et al., 2020). In contrast, MeSH 

and DMDS both peak after Chl. a. In the case of blooms 2 and 3, the maximum concentrations of 

MeSH and DMDS surpass that of DMS. Notably, heterotrophic bacteria concentrations in the 

water track MeSH and DMDS, peaking during the death phase of each bloom. We hypothesize 

that in our setting the interactions among the different bacteria and the bacterial communities were 

responsible for the production of MeSH and subsequently DMDS.  

Measured concentration ratios of MeSH:DMS for all three experiments span two orders of 

magnitude ranging from values of ~0.2-30 (Figure 2.3A-C). Compared to literature values, the 

upper end of these values is significantly higher, likely due to the combination of the rich bloom 

conditions in a laboratory (non-reactive) setting coupled with the coastal seawater microbial 

community (Leck and Rodhe, 1991). Specifically, Lawson et al. (2020), found the ratio of 

MeSH:DMS in the gas phase to range from 0.03 to 0.36 during high biological activity in the 

southwest Pacific Ocean (Lawson et al., 2020). MeSH:DMS concentration ratios were still 

comparatively high (~10) at the onset of each bloom before the growth phase, suggesting the 

concentration ratio of MeSH:DMS can reach surprisingly high levels in coastal environments, 

consistent with ratios observed in marine sediments (Sørensen, 1988; Visscher et al., 1991). Gros 

et al. (2023), found that the MeSH fraction in relation to the total concentration of DMS + MeSH 

in the aqueous phase reached a maximum of 50% in the north Atlantic (Gros et al., 2023). In our 

bloom experiments, the MeSH:DMS ratio peaked during the senescence of the algal bloom, 

moreover heterotrophic bacteria are known to peak at the expense of senescent phytoplankton 

biomass (Biddanda and Pomeroy, 1988; Seymour et al., 2017). Our data suggest similar dynamics, 
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more evident in Bloom 1 and 2 (Figure 2.3A-B). Abundant heterotrophic bacterial communities 

possibly led to a MeSH:DMS peak, with both MeSH and DMS production mediated by microbes, 

and DMS possibly being highly utilized by bacteria. However, in Bloom 1 the peaks of 

heterotrophic bacteria and MeSH:DMS were simultaneous, whereas in Bloom 2 and 3 the sulfur 

species peaked a few days after the bacteria (Figure 2.3B-C), possibly due to the diversity in the 

intensity of the phytoplankton bloom. The difference between the MeSH:DMS in bloom 1 vs 

blooms 2 and 3 can be a result of the changes in the bacterial community and their associated gene 

expression. We cannot rule out the possibility that the differences among the blooms are driven by 

the bacterial and phytoplankton production pathways and bacterial degradation processes.  

The high levels of DMDS observed in these mesocosm experiments were unexpected given 

the lack of previous field study observations for DMDS (Leck and Rodhe, 1991; Tanzer and 

Heumann, 1992). DMDS has been shown to be produced from the conversion of MeSH on 

stainless steel surfaces (Perraud et al., 2016). To assess whether DMDS was artificially being 

produced by oxidation in the ~20 cm stainless CI-TOF-MS inlet, several control experiments were 

performed (Figure 2.7). These controls found as much as ~35% of MeSH could be converted to 

DMDS in the instrument inlet (Figure 2.8). After changing the CI-TOF-MS inlet to PFA, the 

conversion ratio was decreased to ~11-15% (Figure 2.8). This indicates the additional DMDS was 

created by upstream dimerization in the gas regulator, used in the control experiment, or by 

conversion on the walls of the CI-TOF-MS IMR chamber itself. To contextualize these controls 

within the mesocosm experiments, the control-obtained conversion ratio (35%) was utilized to 

calculate the expected MeSH and subsequent DMDS concentrations under the expectation that 

only the CI-TOF-MS inlet was responsible for MeSH dimerization. We found that on 9 of the 27 

days of the mesocosm experiments, DMDS concentrations were 50% higher than those that could 
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be explained by MeSH dimerization on the inlet alone, indicating that DMDS was indeed being 

formed naturally during the experiments (Figure 2.10). The submerged stainless steel chiller coil 

in the MART was found to not contribute to MeSH to DMDS dimerization (Figure 2.9a,b). Our 

findings agree with recent investigations of OSC measurements which highlight the importance of 

using materials which limit MeSH conversion to DMDS on instrument and sampling vessel 

surfaces (Perraud et al., 2016). 

  The dynamics of the phytoplankton communities and correlations to OSCs were 

studied over the course of three blooms (Moran and Durham, 2019; Reisch et al., 2011). By gas 

intensity and similarity of microbial bacterial community, bloom 1 was different than bloom 2 and 

3. In all three blooms (Figure 2.4, Figure 2.11 for genus level dynamics), five main families were 

common and shifted over time. Microbes, especially heterotrophic bacteria, were tightly linked to 

the source of dissolved organic matter that phytoplankton (and bacteria via microbial loop) 

produce over the bloom dynamic (Riemann et al., 2000; Teeling et al., 2016, 2012). 

Flavobacteriaceae, a family characterized by microbes that degrade complex polymers (Cottrell 

and Kirchman, 2000) and commonly found to be associated with phytoplankton bloom and bloom 

demise displaying high hydrolytic activities targeting polysaccharides and proteins (Buchan et al., 

2014; Nowinski et al., 2019), increased in terms of relative abundance over time. 

Alteromonadaceae family dominated the community in the early phase and bloom peak. 

Alteromonadaceae are opportunistic bacteria that are capable of utilizing a wide range of organic 

species associated with phytoplankton primary production (Pontiller et al., 2022; Bergauer et al., 

2017). Rhodobacteraceae are found often associated with the phytoplankton bloom dynamic with 

taxa that are able to take up organic matter produced by the growing phytoplankton and 

establishing symbiotic relationship with the microalgae ((Luo and Moran, 2014; Pontiller et al., 
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2022). Saprospiraceae play a major role in organic matter degradation in the demise of the 

phytoplankton bloom due to their enzymatic repertoire mostly proteases (Pontiller et al., 2022; 

Sakami et al., 2016). Finally, Pseudohongiellaceae (Francis et al., 2021) were consistently present 

over the bloom dynamics and it is known that they have adaptive strategies to degrade complex to 

simple algal polysaccharides (Francis et al., 2021).  

Based on the OSC species measured, it was possible to link the communities from high to 

low gas production for all gases measured. High gas production communities were rather diverse 

in terms of taxonomic composition, thus suggesting the redundancy of the microbial metabolic 

potentials in transforming the OSCs.  While dissolved and particulate DMSP were not measured 

during these experiments, the distinct temporal shifts in measured OSCs (Figure 2.2) and 

prokaryotic communities (Figure 2.4 and Figure 2.11) indicate putative relationships between 

microbes and DMS, DMDS and MeSH. A Mantel test was performed between the distance matrix 

from the ASV table and distance matrix based on gas metadata for all three blooms combined. The 

test highlighted a moderate, highly significant, positive correlation (Spearman coefficient 0.352 p 

< 0.001) when DMS, DMDS and MeSH were included (regardless of the presence or the absence 

of the Chlorophyll a data). DMS and Chlorophyll a were indeed highly auto-correlated (Pearson 

coeff. = 0.691, p < 0.001) (Figure 2.12), contributing in a similar way to the overall correlation. 

This is consistent with the knowledge that DMSP, the precursor of DMS, is produced by 

phytoplankton. When considering heterotrophic bacterial and/or viral abundances (which are 

positively autocorrelated) the positive correlation was slightly weaker (0.261-0.273, p < 0.001). 

Among the OSCs, DMS had the highest correlation with the diversity distance matrix (Spearman 

coefficient of 0.304, adjusted p < 0.001). DMDS and MeSH did not show a highly significant 

correlation with the diversity distance matrix (Spearman coefficient of 0.102, p < 0.05 and 0.169, 
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p < 0.01, respectively). This is possibly due to the diversity being driven by the autotrophic 

component of the community, which contributes to DMS production in seawater (Kiene et al., 

2000), at the beginning of each bloom, as shown by the relative abundance of ASVs assigned to 

chloroplast (Figure 2.4).   

We further analyzed the microbial community data in order to determine if some ASVs 

were correlated with high OSCs data over the bloom dynamics. The PCoA analysis highlights the 

temporal dynamic of the blooms. We didn’t observe a strong segregation of the bacterial 

communities according to the OSC concentration (Figure 2.13). Despite this, by using the Indicator 

Species analysis (Table 1), we found 17 taxa putatively correlated with the highest  emission of 

the three OSCs. Two ASVs characterized the sample with the highest concentration of all three 

gasses (Winogradskyella and ASV2363 in Rhodobacteraceae); three ASVs were identified in 

sample with the highest concentration of two gasses (Aestuariibacter, ASV530 in 

Rhodobacteriaceae and ASV1192 in Saprospiraceae), while the rest of indicator ASVs were 

suitable indicators in only one OSC. Among these 5/17 ASVs belonged to Rhodobacteriaceae, 

3/17 ASVs to Flavobacteriaceae, 3/17 ASVs to Alteromonadaceae, 3/17 ASVs to 

Cryomorphaceae, 2/17 ASVs to Saprospiraceae and finally 1/17 ASV to Pseudohogiellaceae. As 

expected most of the ASVs being indicators for high DMS samples were taxonomically assigned 

to chloroplasts (data not shown). Based on the taxon finding, we have searched within the bacterial 

genomes annotated in the KEGG database (Kanehisa and Goto, 2000; 

https://www.genome.jp/kegg/) OSCs related genes. We found a handful of genes for 

Winograskiella, Formosa, Pseudohongiella, but no complete pathways were present in the 

annotations. Moreover the genera Pseudophaeobacter and Aestuariibacter were not annotated in 

https://www.genome.jp/kegg/
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KEGG, highlighting the need for more comprehensive marine bacteria reference genome and 

annotations. 

  It needs to be stressed that such analyses using ASVs and their taxonomic identification 

could miss important relationships which are linked more to the ecological role of a taxa rather 

than to its name, as pointed out in the context of symbiosis, with a concept which is relevant for 

any ecological relationship (Doolittle and Booth, 2017). Among the most abundant indicator 

species ASVs, Rhodobacteraceae are known to be important in sulfur cycling in the ocean (Moran 

and Durham, 2019). Sulfur is intertwined with the carbon biogeochemical cycle since microbes 

can use it for energy production and also as starting substrates for the synthesis of vitamins, 

cofactors, signaling compounds and antibiotics. Rhodobacteraceae possess both DMSP 

demethylation and cleavage pathways (Moran and Durham, 2019 and references therein). 

Pseudophaeobacter and Alteromonas were tested in a study for their ability to use DMSP  (Liu et 

al., 2022) as a carbon and energy source. Furthermore, Alteromonas presents in its genome genes 

related to the DMSP demethylation and cleavage pathways (Zhang et al., 2022).  

Over the course of the three blooms, the shift from DMS production to MeSH is 

hypothesized to primarily be the result of a change in bacterial degradation of DMSP. A 

phenomenon termed “bacterial switch” is theorized to be a change in the processing of DMSP that 

influences the production of DMS and MeSH (Simó, 2001). Bacteria will switch from the cleavage 

pathways to the demethylation pathways depending on their demand for carbon or sulfur from 

DMSP and the availability of other substrates in the water (Simó, 2001). Previous work has shown 

that the bacterial switch does not necessarily require a change in the bacterial communities because 

many heterotrophic bacteria contain both genes needed to produce DMS and MeSH. In addition, 
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the marine bacterium Pelagibacter has been shown to simultaneously produce DMS and MeSH 

(Sun et al., 2016). While we didn’t detect Pelagibacter, further work looking at the dominant 

marine bacterium in the blooms that contain both pathways, Rhodobacteraceae, should also 

include testing for the simultaneous production of DMS and MeSH. With the increase of 

Rhodobacteraceae over the course of the blooms, its presence during high periods of MeSH 

concentrations, and the knowledge of it containing the demethylation gene, we hypothesize 

Rhodobacteraceae played an important role in the production of MeSH. Other factors may also 

have an impact on the production of MeSH and subsequent loss of DMS, such as the 

transformation of DMS and DMSO from marine bacteria (González et al., 1999).  

OSCs in the atmosphere play a major role in the production of secondary marine aerosols, 

which can act as cloud condensation nuclei, thereby significantly impacting cloud properties and 

Earth’s radiative budget. To assess the potential contribution of DMDS and MeSH to sulfate 

aerosol production, we calculated the fraction of particulate sulfate formed from DMS, MeSH, and 

DMDS as a function of the emission ratios of MeSH+DMDS relative to DMS. Estimates of the 

emission ratios of (MeSH+DMDS)/DMS for ocean conditions (< 0.1)  were calculated from the 

simultaneous measurements of DMS, MeSH, and DMDS aqueous concentrations measured in the 

North Atlantic (Leck and Rodhe, 1991), using a two-film air-sea transfer model (Johnson, 2010). 

The (MeSH+DMDS)/DMS emission ratios for this study were reported for both peak Chl. a (0.2 

– 0.8) and peak bacteria concentrations (30). By assuming that the aerosol sulfate yield for DMS 

and MeSH oxidation is 1 and the sulfate yield of DMDS oxidation is 2, the fraction of OSC-derived 

particulate sulfate is calculated that formed from MeSH + DMDS. As shown in Figure 2.5, for 

conditions relevant to the North Atlantic, MeSH and DMDS may account for as much as 10% of 

the non-sea salt sulfate produced from OSC emissions. For the conditions discussed in this study, 
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MeSH and DMDS emissions would account for over 40% of the non-seasalt sulfate produced from 

OSC emissions. This represents a potentially significant unappreciated source of OSC and by 

extension sulfate aerosols in marine environments.  DMS to MeSH ratios have been measured to 

be 2:1 in a coastal environment and 10:1 in a remote environment in the Pacific Ocean (Lawson 

et al., 2020; Novak et al., 2022). More studies are needed to understand the factors controlling the 

ratios of non-DMS OSC species.  

2.5 Conclusion 

During three laboratory phytoplankton-bacteria blooms, MeSH and DMDS were shown to 

have different temporal behavior and be produced in higher amounts relative to DMS. DMS 

tracked phytoplankton abundance as indicated by Chl. a concentrations during each bloom. In 

contrast, both MeSH and DMDS peaked after phytoplankton maxima when heterotrophic bacteria 

began to increase. This study highlights the impact highly diverse bacterial communities can have 

on the production of non-DMS OSCs. Bloom 1 had a larger phytoplankton biomass (higher Chl. 

a concentrations), thus creating in a more intense algal senescence phase, leading to high 

concentrations of DMS, but low MeSH and DMDS. Whereas, during less intense blooms (blooms 

2 and 3)   MeSH and DMDS concentrations were higher than DMS.  

During the intense senescent phase, we hypothesize that the DOM was highly enriched 

with sulfur species (eg., methionine, cysteine, sulfur lipids, and coenzyme A) (Pohlabeln and 

Dittmar, 2015), therefore bacteria did not need to produce MeSH and DMDS to fulfill their sulfur 

needs. Whereas we hypothesize high MeSH and DMDS concentrations during less intense bloom 

2 and 3 were attributed to DMS or DMSP enzymatically modified by bacteria through lysis and 

demethylation pathways in order to satisfy their S quota (Zhang et al., 2019).  
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We also observed DMDS at unexpectedly high concentrations; no field observations of 

ambient DMDS exist for comparison. While we attribute some (up to 35%) of the DMDS detected 

in the MART experiments to dimerization of MeSH on the instrument inlet, multiple periods of 

high DMDS significantly exceeded values (>50%) predicted by MeSH conversion indicating 

production occurred through natural processes in seawater. The faster reactivity and shorter 

lifetime of DMDS compared to DMS could explain the lack of ambient observations. Based on 

the consistent observation of DMDS in these blooms, further investigations of MeSH dimerization 

in natural seawater should be investigated as an additional pathway.  

With the production of MeSH occurring over short time periods coupled with the higher 

reactivity of MeSH and DMDS, few ambient measurements exist of these other important sulfur 

species. Through modeling, we compare these mesocosm OSC production ratios with 

measurements from the field. Particularly in coastal regions where heterotrophic bacteria can be 

highly active, non-DMS OSCs may represent a significant fraction of reactive sulfur species. These 

additional gas phase sulfur species could result in more secondary marine aerosols which has 

significant implications for air quality in coastal marine environments. These results highlight the 

insights that can be gained from complex laboratory experiments by being able to detect reactive 

compounds that are difficult to detect in the highly reactive atmosphere.  
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2.7 Figures  

 

Figure 2.1: Schematic diagram of the experimental setup used to measure the organic sulfur 

compounds emitted from the three Marine Aerosol Reference Tanks. 
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Figure 2.2: Mesocosm 1 (left panel), 2 (middle panel), and 3 (right panel) headspace organosulfur 

compounds plotted with bulk water chlorophyll a and heterotrophic bacteria cell abundances. Error 

bars on organosulfur concentrations in A and B reflect ±1σ obtained from averaging three MARTs 

. Bloom 3 only had one replicate MART. 
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Figure 2.3: MeSH:DMS ratio versus Chl. a and Heterotrophic Bacteria over the course of Blooms 

1, 2, and 3 in panels A, B, and C, respectively.  
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Figure 2.4. Temporal dynamic of the microbial communities during the bloom experiments. The 

top fourteen families (including chloroplast) by relative abundance are shown, all other families 

are grouped in “Others”.  Replicate MARTs are aggregated in the same bar, identified by the date 

(mm_dd). 
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Figure 2.5. Fraction of sulfate produced from combined DMDS and MeSH compared to DMS 

compared between laboratory mesocosm peak chl. a and peak HB with the only known field 

measurement of DMDS, MeSH, and DMS. 
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2.8 Tables  

Table 2.1: Taxa identified on high concentration (4th quartile) of the three gases by Indicator 

Species Analysis (p < 0.001) 
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2.10 Supplementary Information 

2.10.1 Supplementary Information Tables 

Table 2.2: Medium Nutrient Concentrations 

Nutrients  Concentrations 

NaNO3 75 gL-1 

NaH2PO4 5 gL-1 

Na2H2EDTA 4.36 gL-1 

FeCl3*6H2O 3.15 gL-1 

MnCl2*4H2O 180 mgL-1 

ZnSO4 22 mg 
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2.10.1 Supplementary Information Figures 

  

Figure 2.6: Methanethiol dimerization controls: arrangement of CI-TOF-MS sampling apparatus 

Compressed MeSH at 1ppm, balanced in N2, was obtained commercially from Airgas and 

dispensed using a clean 316 stainless steel diaphragm dual-stage regulator. Before analysis, MeSH 

was purged through the regulator manifold and calibration setup to remove residual DMDS which 

had accumulated on the walls. All sample tubing used was 0.25” Fluorinated Ethylene Propylene 

(FEP) tubing attached with FEP compression connectors (Swagelok) used where MeSH was 

present. Humidified air was produced through bubbling zero air into borosilicate bottles, 

previously combusted at 500C, filled with Milli-Q H2O (Millipore). Humified zero air was mixed 

with MeSH to produce concentrations in the range measured by the CI-TOFMS. Sample flow rates 

were maintained at 2.7 SLPM, and passed through the same tubing used during the mesocosm 
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experiments. An inlet bypass pump was utilized to increase total “pull” flow and deliver sample 

air past a RH probe (Vaisala). Two inlets were utilized in these experiments, the 20cm SS inlet 

used during the bloom experiments as well as a PFA inlet that significantly reduced the amount of 

stainless steel encountered by the gas stream before entering the IMR of the CI-TOFMS. 
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Figure 2.7: DMDS formed on the CI-TOF-MS inlet from introduced MeSH 

Controls were performed to assess the quantitative conversion of MeSH to DMDS on the 

CI-TOF-MS inlet. 1 parts per billion mass MeSH in N2 was diluted by zero air either at 0-5% RH 

or ~17.0 g*kg-1 water vapor mixing ratio. The resultant air flowed through the same length of 

tubing used for sampling during BEAST 2018 and was measured for gas composition by the CI-

TOF-MS. Shown in Figure S2, the concentration of DMDS increased as more MeSH was added 

in a highly linear fashion until added [MeSH] > 60 ppbv. 

Here we define the “actual” MeSH concentration detected by the CI-TOFMS using SI Equation 

1: 

1. [𝑀𝑒𝑆𝐻𝑎] = [𝑀𝑒𝑆𝐻𝑖] − 2 ∗ [𝐷𝑀𝐷𝑆]   
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Where [MeSHi]is the expected concentration introduced from the calibrated MeSH gas cylinder 

to the CI-TOFMS and [DMDS] is the measured DMDS concentration calculated from the ion 

signal and humidity-dependent calibration factors (19.2ncps/pptv @ low humidity, 

21.2ncps/pptv @ high humidity). Through obtaining MeSHa, calibration factors were calculated 

for MeSH and found to be 0.3 ncps/pptv at a mixing ratio of ~17.0 g/kg. 

Lastly, in SI equation 2, the MeSH conversion ratio (CRMeSH) is defined as: 

2. 𝐶𝑅𝑀𝑒𝑆𝐻 = 1 − [𝑀𝑒𝑆𝐻𝑎]/[𝑀𝑒𝑆𝐻𝑖] 
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Figure 2.8: Conversion Ratio for DMDS formed on the CI-TOF-MS stainless steel (SS) and 

perfluoroalkoxy alkane (PFA) inlets from introduced MeSH  

Shown in Figure 2.8, the conversion ratios for 4 separate inlet and humidity conditions 

were obtained across a range of introduced MeSH concentrations. It was found that the presence 

of the 20 cm stainless steel inlet significantly enhanced conversion of MeSH to DMDS before 

analysis by the CI-TOF-MS. Despite a fairly high flow rate through the SS inlet (1.8 SLPM), 

conversion ratios of 0.3-0.4 were observed throughout the concentration range of MeSH measured 

during the bloom experiments.  In both the PFA and SS inlets, the influence of humidity did not 

seem to affect the conversion ratio significantly. Notably, at lower introduced MeSH 
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concentrations (<1ppb) for the wet SS condition, the MeSH conversion rate was 1, which could be 

an artifact of the low MeSH flow rate from the gas cylinder. Nevertheless, the MeSH 

concentrations encountered in bloom experiments for this work remained above 1ppbv. 
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Figure 2.9: a) Purging of organosulfur gases from seawater directly sampled from the outdoor 

tank, b) MeSH:DMDS concentration ratio obtained from seawater purged with zero air 
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Figure 2.10: Time series gas concentrations of DMS, MeSH, and DMDS for mesocosms 1, 2, 

and 3 with the calculated conversion ratio assuming all DMDS was formed from MeSH observed 
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Figure 2.11: Barplots which highlight the temporal dynamic of the microbial communities 

during the Bloom experiments. The top thirty genera (or ASV, where taxonomic assignment did 

not reach the genus level) by abundance are shown, all other genera are grouped in “Others”.  

Replicate MARTs are shown aggregated in the same bar, identified by the date (mm_dd).  
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Figure 2.12. Metadata auto-correlation (Pearson correlation coefficient; * p < 0.05; ** p < 0.01; 

*** p < 0.001) 



 

 

59 

 

Figure 2.13: PCoA ordination based on Bray-Curtis matrix from the ASV table. Samples are 

colored according to the concentration of (a) DMS (b) DMDS and (c) MeSH divided into 

quartiles. Bloom experiments are identified by different shapes. 
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Figure 2.14.  Robust Aitchison PCA. Samples are colored according to the concentration of (a) 

DMS, (b) DMDS and (c) MeSH.  Circles, rectangles and rings identify Bloom1, Bloom2 and 

Bloom3, respectively 
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Figure 2.15: Boxplots which show alpha diversity of each Bloom experiment by Shannon and 

Inverse Simpson indices (* p < 0.05; ** p < 0.01; *** p < 0.001, Kruskall-Wallis test) 

Bioinformatic methods 

Reads quality and adapter content were assessed by fastQC (Andrews, 2010) and multiQC 

(Ewels et al., 2016)  Raw paired reads were loaded into the QIIME2 (Bolyen et al., 2019; Gonzalez 

et al., 2018) environment, they were demultiplexed, residual adapters were removed with cutadapt 

(Martin, 2011), they were denoised, merged and quality trimmed with DADA2 (-p-trunc-q 20, --

p-min-overlap 8, --p-n-reads-learn 3000000; Callahan et al., 2016). Once the Amplicon Sequence 

Variants (ASV) table was produced, accumulation curves of diversity were built by rarefaction. 

Samples with a sequencing depth lower than 5000 were discarded. Taxonomy was assigned with 

sklearn using a Naive Bayes classifier trained with SILVA database (release 138; 99% similarity, 

16S 515F–806R; Quast et al., 2012). ASV table was used for subsequent diversity analyses and 

hypotheses testing using R (4.2.1) with packages microeco (Liu et al., 2021; bar plots, Principal 

Coordinate Analysis (PCoA) ordination, alpha diversity), indicspecies (De Caceres et al., 2016; 

Indicator Species Analysis) , phyloseq (McMurdie & Holmes, 2013), vegan (PERMANOVA; 
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Dixon, 2003) and mecodev. Alpha diversity distributions were compared by the non-parametric 

Kruskal-Wallis test with Dunn’s post-hoc. Autocorrelation among metadata was assessed by 

Pearson correlation. Additionally, Mantel test between the distance matrices from metadata (OSCs 

concentration, chlorophyll a, total bacterial abundance, virus abundance) and distance matrix from 

AVS table was performed using the Spearman’s rank correlation. In order to compare the widely 

applied Bray-Curtis based PCoA ordination method with the recently established robust  Aitchison 

PCA (Martino et al., 2019), which for sparse highly diverse compositional data, showed less 

artifactual sample grouping. This method was also applied to the ASV table using the QIIME2 

Deicode plugin. When categorical metadata were required, the distribution of the measured OSCs 

was partitioned into quartiles (Q1-Q4). 
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Chapter 3. Secondary Aerosols Formation from Mixtures of Marine Volatile Organic 

Compounds in a Potential Aerosol Mass Oxidative Flow Reactor 

3.1 Abstract:  

Increasing recognition of the significant contributions secondary organic aerosols can 

make in marine environments has led to an increase in research focused on understanding the 

reactions controlling their formation. Most marine laboratory studies to date have focused on the 

oxidation of individual volatile organic compounds (VOCs), particularly dimethyl sulfide (DMS). 

Thus, a lack of understanding exists in how complex marine VOC mixtures affect secondary 

marine aerosol formation and composition. To address this gap, we conducted controlled lab 

experiments that compare the effects of oxidizing single common marine VOCs versus VOC 

mixtures on secondary marine aerosol production. We used a potential aerosol mass oxidative flow 

reactor to investigate marine-relevant VOCs, including DMS, dimethyl disulfide (DMDS), and 

isoprene. Ion chromatography, chemical ionization mass spectrometry, aerosol time-of-flight mass 

spectrometry, and particle sizing instruments were employed to study how these mixtures 

influence the overall composition of marine aerosols. Our findings reveal that mixtures 

significantly alter the production and composition of secondary marine aerosols. Specifically, we 

found that isoprene, when oxidized in the presence of DMS and DMDS, affects methanesulfonic 

acid (MSA) and sulfate ratios, as well as overall aerosol yields. These insights suggest further 

studies on realistic marine VOC mixtures will help understand and predict the dynamics of 

secondary marine aerosol formation, therefore improving air quality and climate models and 

enabling more accurate predictions of marine aerosol impacts on cloud formation and properties.  
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3.2 Environmental Significance 

Secondary marine aerosols (SMA) have been shown to significantly contribute to the marine 

atmosphere by affecting the formation and lifespan of clouds. Prior research has focused on single 

VOC studies, leading to a gap in understanding SMA. In this work we look at how mixtures of 

marine relevant gases impact SMA formation by analyzing the aerosol yields and composition.  

We found that mixtures of VOCs impacted the production of sulfate and methanesulfonic acid, 

two species that play a key role in aerosol formation and growth. These results can be used to 

improve the parametrization of SMA in climate models and their predictive power of future Earth 

scenarios.  

3.3 Introduction  

Dimethyl sulfide (DMS) has been estimated to account for more than half of the natural 

gas-phase sulfur emissions (Dani and Loreto, 2017). Oxidation of DMS has been shown to produce 

secondary aerosols comprised primarily of sulfate and methanesulfonic acid (MSA) formed 

through H abstraction and OH addition reaction pathways (Bates et al., 1992; Ye et al., 2022). 

These oxidation products have atmospheric significance with MSA playing a major role in particle 

growth, and sulfuric acid enhancing new particle formation (Berresheim et al., 2002; Kulmala et 

al., 2014; Saltzman et al., 1983; Zhang et al., 2012). Sulfate aerosols can offset the warming effect 

of greenhouse gases by scattering solar radiation and influencing cloud albedo and lifetime 

(Lohmann and Feichter, 2005; Twomey, 1974). In the marine environment, secondary aerosols 

have significantly different cloud forming potential from primary marine aerosols (Mayer et al., 

2020). Knowing the factors controlling the production of secondary marine aerosols and their 

physicochemical properties is required to predict the formation, lifetime, and properties of marine 
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clouds. For instance, it has been shown that the aerosol mass needed to achieve a similar cloud 

albedo is 5 times larger for sulfate than for MSA-formed clouds (Hodshire et al., 2019). In the 

Arctic Sea region, the highest daily concentration of MSA was found to be associated with new 

particle formation event days over summer (Dall’Osto et al., 2017). Meanwhile, studies along the 

Antarctic coast have not only estimated the branching ratio between MSA and non-sea salt sulfate 

from DMS oxidation to be 0.84, but also showed an enrichment of non-sea salt sulfate with respect 

to MSA for aged air masses with low DMS content (Becagli et al., 2022). However, in areas with 

higher anthropogenic activity, DMS conversion to MSA was found to be inhibited, thus 

highlighting that a more complex picture of gaseous emissions will likely lead to differences in 

secondary marine aerosol particle composition and concentrations (Jiang et al., 2021). 

Laboratory studies have examined the oxidation of reduced sulfur compounds over a range 

of conditions. Van Rooy et al. oxidized DMS and dimethyl disulfide (DMDS) in a smog chamber 

with relative humidity ranging from 35 to 40%, using hydroxyl radical, nitrate radical, and O(3P) 

to examine the yields and formation mechanisms of sulfuric acid and MSA (Van Rooy et al., 

2021a). Using these conditions, they determined a higher humidity was necessary for the 

enhancement of MSA formation. Sulfate and MSA yields from DMS oxidation varied among 

experiments depending on the environmental conditions and overall ratio and type of gas phase 

species present. In the past, MSA yields have ranged from 0.5% to 45% with the highest 

concentrations occurring under high NOx conditions. Van Rooy et al. estimated 25% of the aerosol 

mass from DMS oxidation by O(3P) and NOx were explained by MSA formation, but this number 

was much lower only in the presence of the hydroxyl radical. Other authors have also examined 

DMS oxidation reactions by OH radicals over a range of NOx concentrations, as well as changes 

in RH (Ye et al., 2022). However, few studies have considered the impact of other non-sulfur 
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volatile organic compounds (VOCs) on the products and aerosol yield of DMS oxidation. For 

example, isoprene, another relatively less studied contributor to marine gas emissions, has been 

reported as a secondary organic aerosol (SOA) precursor in both terrestrial and marine 

environments (Ahlberg et al., 2017; Claeys et al., 2004; Lambe et al., 2015). Isoprene SOA 

potential increases in the presence of acidic particles (Claeys et al., 2004; Lambe et al., 2015). 

Chen and Jang conducted a study examining the photooxidation of DMS and isoprene in a chamber 

under various NOx and humidity conditions and reported a substantial increase in the isoprene 

yield in the presence of DMS at atmospherically relevant RH. This discovery has significant 

implications for the marine environment as the oxidation of DMS can provide acidic seed particles 

that promote isoprene aerosol formation. However, they found that isoprene decreased the MSA 

yield from 48% to 25.8% (Chen and Jang, 2012). Controlled laboratory experiments are needed to 

further understand the mechanisms and processes that control the formation of secondary aerosols 

in marine environments. Herein, we use simplified mixtures comprised of several marine-relevant 

VOCs to help elucidate secondary marine aerosol properties and yields. 

In this study, a flow reactor was used to oxidize mixtures of DMS, DMDS, and isoprene 

with hydroxyl radical simulating periods ranging from 0.7 to 19.1 days of equivalent oxidation to 

determine the impact on aerosol yields and sulfate to MSA ratios. To our knowledge, this is the 

first reported study of reduced sulfur oxidation reactions in a Potential Aerosol Mass Oxidative 

Flow Reactor (PAM-OFR) (E Kang et al., 2007; Peng and Jimenez, 2020). Aerosol yield and 

composition were probed as a function of precursor gases (DMS, DMDS, isoprene, and mixtures 

of DMS/isoprene, DMDS/isoprene, DMS/DMS, and DMS/DMDS/isoprene) and extent of OH 

exposure. 
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3.4 Methods 

3.4.1 Experimental setup 

The experimental setup used in this study is shown in Figure 3.1. Dry zero air was 

generated using the Model 1001 Zero Air Source (Sabio Environmental). DMS and isoprene 

concentrations were adjusted using a G-Cal permeation device at room temperature (VICI 

Metronics) to give a permeation rate of 300 ng min-1 (± 5% at 25°C) and 247 ng min-1 (± 5% at 

25°C), respectively. DMDS concentrations were adjusted by flowing air through a Dynacal 

permeation tube (VICI Metronics) housed inside a custom-built permeation oven. Permeation rate 

was 150 ng min-1 (± 25% at 50°C). Mass flow controllers (Alicat Scientific) were used to adjust 

the flows and calibrated against a Defender 520 volumetric primary flow standard (Mesa Labs). 

Humidified zero air was introduced to make up a total flow of 5 L min-1. The final concentrations 

are shown in Table 3.1. The gas phase mixture was sent through a potential aerosol mass oxidation 

flow reactor (PAM-OFR, Aerodyne Inc.) at relative humidity ranging between 50-70%. 

The PAM-OFR uses UV lamps with wavelengths of λ = 185 and 254 nm (OFR185 mode) 

to produce a high concentration of OH radicals (E Kang et al., 2007). Calibration of OH exposure 

in the OFR was determined by introducing carbon monoxide (initial concentration ≈ 1 ppm) to the 

OFR at the same airflow rate and relative humidity used during the experiments and measuring 

the CO decay as a function of lamp voltage using a CO analyzer (APMA-370, Horiba Ltd.). The 

change in CO concentration yielded the OH exposure versus lamp voltage relationship using the 

known CO + OH rate coefficient kOH+CO, 298K = 1.5⨯10-13 cm3 molec−1 s−1 (Chen and Marcus, 

2006). Calibration results are shown in Figure 3.6. The residence time of gases in the OFR was 2.7 

min. A diffusion ozone denuder (Carulite-200, Ozone Solutions) was located after the OFR to 

remove ozone and avoid further oxidation of reaction products. A custom-built silica drier (length: 
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28 in, diameter: 4 in) was used to dry the aerosols under 25% RH before they were introduced into 

the particle sizing instrument.  

Aerosol yield and characterization were conducted using two experimental approaches. In 

aerosol yield experiments, lamp voltage was changed every 40 minutes to produce more OH 

radical and increase the equivalent days of aging. Seven OH exposures were used, ranging from 

9.6⨯1010 to 2.5⨯1012 molecules s cm-3, equivalent to 0.7 to 19.1 days of aging assuming typical 

tropospheric conditions ([OH] = 1.5×106 molecules cm-3). For aerosol characterization 

experiments, a single OH exposure of 3.8×1011 molecules s cm-3 was used, equivalent to 2.9 days 

of aging. Each filter was collected for 22 hours to ensure enough aerosol mass was collected for 

detection of MSA and sulfate with ion chromatography (see below). More details about yield and 

aerosol characterization experiments are included in Tables 3.1 and 3.2. 

3.4.2 Quantification of VOCs 

During the aerosol yield experiments, VOCs (DMS, DMDS, and isoprene) were quantified 

after the PAM-OFR in real time using a chemical ionization time-of-flight mass spectrometer (CI-

TOF-MS), with benzene as the reagent ion (Kim et al., 2016; Lavi et al., 2018). A concentration 

of 300 ppm benzene vapor was generated by passing 10 standard cubic centimeters per minute 

(sccm) of ultrahigh-purity N2 gas over a cylinder of liquid benzene further diluted to concentration 

with added N2. Benzene vapor was passed through a 20 mCi Po-210 α-source to generate benzene 

cluster cation reagent ions, and further drawn through an inline critical orifice at 1.8 standard liters 

per minute (slpm) into the ion-molecule region (IMR) of the CI-TOF-MS. Sample analyte was 

similarly drawn into the IMR at the same flow rate as analyte. The IMR pressure was maintained 

at 60 Torr and voltage at 60 V for all analyses. Analyte ions generated through charge transfer and 



 

 

71 

ligand switching reactions with benzene cluster cations were focused by a radio frequency ion 

funnel, and subsequently transferred by an RF-only quadrupole into an orthogonal extraction time-

of-flight analyzer (Tofwerk). Co-summed mass spectra from 5–500 m/z were obtained at 1 Hz and 

analyzed using the Tofware plugin for Igor Pro 8 software. External calibrations were run for 

DMS, DMDS, and isoprene using the G-cal permeation tubes (DMS and isoprene) and Dynacal 

permeation tube (DMDS). In addition to the external calibration, the experimental setup was 

constructed to minimize stainless steel by using a Teflon-coated OFR and reducing the number of 

stainless-steel fittings to limit reactions on metal surfaces. The supplier for both the Dynacal and 

G-cal devices (VICI Metronics) assures these standards consist of pure compounds. To ensure this 

purity, we verified the absence of contaminating species using the CI-TOF-MS spectra.   

3.4.3 Quantification of sulfate and methane sulfonic acid 

To quantify sulfate and MSA produced by VOC oxidation, filters were collected after the 

PAM-OFR at 3.5 L min-1 for 22 hours (Figure 3.1). Pallflex Tissuquartz filters (Pall) were 

combusted for 6 hours at 500°C to reduce background contamination signal. After collection, 

filters were stored at -20°C until the time they were processed. 5 mL of Milli-Q water (Millipore, 

resistivity of 18.2 MΩ cm at 25°C and total organic carbon below 5 ppb) and 30 minutes of 

sonication were used to extract the filters. The extracts were analyzed using a Dionex ICS-2000 

ion chromatography (IC) system. The ICS-2000 was equipped with an eluent generator (23 mM 

KOH isocratic run), a Dionex IonPac AS18 2⨯250 mm column, an AG18 2⨯50 mm guard column, 

and an AERS 500 2 mm electric suppressor. The DS6 conductivity detector was held at 35°C. The 

sample injection volume was 25 µL and the flow rate was 0.25 mL min-1. Under these conditions, 

MSA was eluted at 3.97 min and sulfate at 6.27 min. MSA (Alfa Aesar, purity > 98%) and sulfate 
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(Inorganic Ventures, [SO4
2-] = 1001±4 µg mL-1) standard solutions were prepared in Milli-Q 

water, and calibration solutions were run in the IC along with the filter extracts.  

3.4.4 Particle size distribution measurements 

During all experiments, particle size distributions of the aerosol produced in the PAM-OFR 

were measured using a scanning mobility particle sizer (SMPS) at a RH below 25%. The SMPS 

consists of a differential mobility analyzer (DMA) Model 3081, an electrostatic classifier Model 

3082, and a water-based condensation particle counter Model 3787 (TSI, Inc.) and was operated 

at a sample flow rate of 0.6 L min-1 and a sheath flow rate of 3.0 L min-1. Each SMPS scan was 5 

minutes over electrical mobility diameters ranging between 14-750 nm. Electrical mobility 

diameters are assumed to be equal to physical diameters, and thus size and volume distributions 

presented in Figure 3.2 are shown with physical diameters. 

3.4.5 Real-time composition of secondary aerosols 

The compositions of 20 and 60 nm secondary aerosols were measured using an aerosol 

time-of-flight mass spectrometer (ATOFMS) (Gard et al., 1997; Pratt and Prather, 2010). Particles 

were size selected at 20 nm using a DMA and then passed through a sublimation-deposition growth 

tube at a flow of 200 sccm, where they were grown with 1,8-bis(tetramethylguanidino)-

naphthalene (TMGN) at 100℃ (Li et al., 2023). Particles were then size-selected post growth at 

400 nm using a second DMA. This newly developed MALDI method was used because the 

standard ATOFMS cannot detect particles below 100 nm. After the second size selection, particles 

were sent into the ATOFMS for size-resolved chemical analysis. In the ATOFMS, the particle 

beam is first collimated using an aerodynamic lens before measuring the speed of each particle 

between two continuous wave lasers to determine their size. The signal from the continuous 
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scattering lasers triggers a Nd:YAG desorption ionization laser at 266 nm which produces positive 

and negative ions from each individual particle. Since the oxidized products preferentially form 

negative ions, only the negative ion mass spectra are displayed here.  

3.5 Results and Discussion 

3.5.1 Particle size distributions for the oxidation of single VOCs 

Figure 3.2 presents aerosol size distributions resulting from the oxidation of DMS and 

DMDS at varying OH exposures. Panels A to C show particle number distributions while D to F 

show particle volume distributions. The total number and volume concentrations and the median 

number-weighed and volume-weighed diameters for these distributions are presented in Figure 

S3.7. At low OH exposures, equivalent of 1.66×1011 molecules s cm-3 (as shown in Figure 3.2A 

and 3.7), oxidation of DMDS generates more aerosols than DMS, consistent with DMDS having 

a faster initial OH rate constant (20×10-11 cm3 molecules-1 s-1) compared to DMS (0.44×10-11 cm3 

molecules-1 s-1) (Atkinson et al., 2009, 1992). At this low OH exposure, DMDS also produced 

more aerosols by volume than DMS. However, at medium and high exposures, despite DMDS 

producing more particles than DMS, the total volume concentration is higher for DMS than for 

DMDS (Figure 3.2D and 3.7). In their DMDS oxidation chamber experiments, Van Rooy et al. 

observed that aerosol mass continued to increase even after complete consumption of DMDS (Van 

Rooy et al., 2021a). This led them to hypothesize that slower secondary reactions also contribute 

to aerosol mass. In our study, this hypothesis provides an explanation for the differences between 

DMS and DMDS. At the lowest OH exposure, where the fastest DMDS initial oxidation rate is 

dominant, DMS produced fewer aerosols by number and volume than DMDS. As the OH exposure 

increased, DMDS was quickly consumed and the products of this initial oxidation led to slower 
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secondary reactions compared to those of DMS, therefore yielding a lower total aerosol volume. 

Consistent with this, the median number-weighted diameters from Figure 3.7 show that DMDS 

produced smaller particles and higher number concentrations than DMS, which again is expected 

based on the faster DMDS initial oxidation rate. Typically, particles below 100 nm are dominated 

by nucleation processes, whereas particles above 100 nm are dominated by condensation 

processes. In this study, we found that reactions in the PAM-OFR were primarily dominated by 

nucleation (Figure 3.7). Despite the short residence times in the PAM-OFR, we found that about 

5% of DMS total aerosol production occurred above 100 nm. In contrast, the DMDS experiments 

showed less than 1% of particles above 100 nm, suggesting that secondary oxidation reactions 

with DMS occur faster than those with DMDS, allowing both nucleation and condensation 

processes to take place. The median volume-weighed diameter for the DMS experiment is around 

69 nm at the lowest OH exposure and shifts to 95 nm at the highest OH exposure, further 

highlighting the particle growth observed in the number size distributions. The volume size 

distributions for the DMDS experiment peak around 63 nm on average at all OH exposure times. 

Increasing the OH exposure does not result in a shift in the volume size distribution, indicating 

that DMDS oxidation is dominated by new particle formation. 

3.5.2 Particle size distributions for the oxidation of mixtures 

The particle number size distributions for the mixture of DMS and isoprene, DMDS and 

isoprene, and DMS and DMDS are shown in Figure 3.2, A to C. An additional experiment using 

a mixture of all three VOCs is also shown. In Figure 3.2 and 3.7, the median number-weighed 

diameter for the DMS and isoprene mixture, particle size distribution shifts to larger sizes 

compared to DMS alone, showing that larger particles are being formed in the presence of 

isoprene. The addition of isoprene not only shifts the distribution but also impacts the production 
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of aerosols by decreasing the number of secondary aerosols in the DMS experiment. Isoprene also 

seems to decrease the number of aerosols produced when mixed with DMDS at high OH exposure 

(Figure 3.7). In contrast to DMS, the presence of isoprene with DMDS enhances the median 

number-weighed diameter of the distribution in the smaller size range.  

The aerosol volume size distributions for the mixtures are shown in Figure 3.2, D to F. 

Larger total volumes were obtained for the DMS and isoprene mixture compared to DMS alone 

while the opposite occurs for the combination of DMDS and isoprene (Figure 3.7). Ahlberg et al. 

found in organic mixture experiments that isoprene shifted the size distribution to larger particles 

while also reducing the number of particles, a similar behavior to that is observed for DMS 

(Ahlberg et al., 2017). Since isoprene has a faster reaction rate with OH than DMS and a slower 

reaction rate than DMDS (Table 3.1), we hypothesize isoprene had a greater impact on the initial 

DMS aerosol production. Because of the slower initial DMS oxidation and the lower partition 

coefficient of isoprene PAM-OFR oxidation products to the aerosol phase,  fewer particles undergo 

condensation and growth, yielding larger total volume concentrations for the DMS and isoprene 

experiment (Figure 3.7) (Lambe et al., 2015). As shown in Figure 3.2A-C, the mixture between 

DMS, DMDS, and isoprene resulted in a slight decrease in aerosol number production compared 

to the mixture between DMS and DMDS. This behavior reflects the trends that DMS and DMDS 

have shown in their individual experiments. Number concentrations decrease both for DMS and 

DMDS upon the addition of isoprene, therefore explaining the decrease in number concentrations 

for the DMS, DMDS and isoprene mixture. On the other hand, volume concentrations increase 

upon the addition of isoprene for DMS and decrease for DMDS. Aerosol volume showed a slight 

increase upon the addition of isoprene to DMS and DMDS together, which resembles DMS 
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behavior and suggests again that condensation and growth might become the dominant process 

when DMS is present. 

3.5.3 Aerosol yields for the oxidation of single VOCs versus mixtures 

Figure 3.3A presents the aerosol yields for DMS, DMDS, and isoprene, each measured 

independently. Aerosol yield, calculated from the amount of reacted gas and aerosol mass formed, 

was highest for DMS, followed by DMDS, and then isoprene. The aerosol yield from DMS 

oxidation increased consistently with OH exposure, reaching a peak yield of 90%. This is higher 

than the 50% yield found by Chen and Jang in a chamber study at 45% RH (Chen and Jang, 2012). 

Other chamber studies reported lower estimates for DMS and DMDS aerosol yield due to the 

absence of a steady state of aerosol mass with yields of 12% and 25% (Van Rooy et al., 2021a). 

In this study, DMS and DMDS had similar aerosol yields at low equivalent days of aging. 

However, DMS aerosol yield surpassed that of DMDS for 2.9 days and longer aging times. 

Interestingly, the non-reacted gases produced noteworthy results (Figure 3.8). At 1.3 days of aging, 

less than 4% of the initial DMDS gas phase concentrations remained, and by 19.1 days of aging, 

less than 1% was left. Despite DMDS being almost completely reacted at the highest OH exposure, 

the aerosol yield was only 61%, suggesting the formation of smaller more volatile gas phase 

products that did not condense on the secondary aerosols. 

For DMS, the non-reacted gas phase concentrations were 52% and 9% at 1.3 and 19.1 days 

of aging. However, at the highest OH exposure, DMS aerosol yield was 85%. As anticipated, 

isoprene had the lowest aerosol yield, reaching a maximum yield of 10% at the highest OH 

exposure. At 1.3 days of aging, 11% of isoprene remained unreacted and 8% at 19 days of aging. 

Despite most of isoprene being reacted, isoprene oxidation in the PAM-OFR resulted in low yields 
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due to the absence of isoprene epoxy diols (IEPOX) aerosol formation and no enhancement of 

acidic seed particles (Hu et al., 2016). These results suggest that the majority of isoprene degraded 

to form volatile gas phase compounds (Kroll et al., 2009; Lambe et al., 2015). 

Figure 3.3B shows aerosol yields from mixtures of DMS and isoprene, DMDS and 

isoprene, DMS and DMDS, and DMS, DMDS, and isoprene. The overall yield from the oxidation 

of DMS and isoprene together was lower than that of DMS oxidation only. While the formation 

of isoprene SOA has been shown to be enhanced in the presence of acidic particles, such as DMS 

oxidation products (sulfate and MSA), the mixture with isoprene decreased sulfate formation from 

DMS, as shown in Figure 3.4 and discussed in the next section (Lambe et al., 2015). We 

hypothesize that isoprene and DMS oxidation products are competing for atmospheric oxidants. 

These results are consistent with previous chamber studies that have shown lower DMS yields in 

the presence of isoprene (Chen and Jang, 2012). A similar behavior was observed in the case of 

the DMDS and isoprene mixture in our study; aerosol yield substantially decreased compared to 

DMDS alone. In this case, at the highest OH exposure, the aerosol yield experienced a 3-fold 

decrease, leading to a value close to the yield of isoprene alone. For DMS, this decrease was not 

as dramatic (1.3-fold).  

Oxidation of DMS and DMDS mixtures resulted in the highest aerosol yield of any 

combination, yielding 94%. This result was surprising although we hypothesize that rapid 

oxidation of DMS to sulfate helped provide the aerosol seeds for the DMDS oxidation products to 

condense upon leading to a higher yield. Isoprene added to the mixture of DMS and DMDS 

resulted in a small decrease in the aerosol yield of 89%. The impact of the addition of isoprene on 

the overall yield of the oxidation of the DMS and DMDS mixture is minimal compared to the 

impact on DMS or DMDS oxidation alone. We hypothesize the inhibitory effect of isoprene on 
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aerosol yield is minimized due to the fast oxidation mechanism mentioned above. This behavior 

also corresponds with the small shift to larger particle sizes in the volume size distribution. 

Figure 3.10 shows aerosol yields for VOCs and mixtures plotted against the increase in 

aerosol mass (ΔM, µg m-3). To gain more knowledge on the properties of the particle phase species, 

these data were fitted to an absorptive partitioning model (Odum et al., 1996; Slade et al., 2017). 

At first glance, no dramatic differences were observed between the experiments. This is not 

surprising given that for all of them except isoprene alone, MSA and sulfate were the main 

products, and therefore, the most abundant particle phase species. As seen in the top panel of 

Figure 3.10, DMS yields increased at a faster rate than DMDS, at least for ΔM lower than 20 µg 

m-3. Again, this agrees with what was suggested above; DMS oxidation products may partition to 

the aerosol phase at a higher rate than DMDS. Interestingly, the mixture with isoprene seemed to 

affect the absorption properties only if DMDS was present (Figure 3.10, bottom panel). This could 

also support the idea that some of the products from DMDS oxidation partition to the particle 

phase at a lower ratio than for DMS. No differences were observed between the DMS alone and 

DMS and isoprene curves. 

3.5.4 MSA and sulfate ratios in bulk secondary aerosol 

The major DMS oxidation products found in the secondary aerosols were MSA and sulfate, 

which has been shown previously (Bates et al., 1992). Figure 3.4 shows a comparison of the 

concentrations of these products measured using ion chromatography. Product molar fractions 

were calculated as the ratio between moles of sulfate or MSA extracted and the initial amount of 

DMS and/or DMDS over the duration of the filter sampling experiments. For comparison, Figure 

3.12 shows aerosol concentrations of sulfate and MSA in µg m-3 for each experiment. 
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Although dominant, the concentration of sulfate showed a significant decrease for DMS 

oxidation in the presence of isoprene (Figure 3.12, p < 0.05 for a paired t-test). The concentration 

of MSA remained unchanged with and without isoprene (Figure 3.13). This leads to the conclusion 

that isoprene might interfere with the DMS oxidation pathway that forms sulfate. In the DMDS 

experiment, we also found sulfate to be the dominant oxidation product. When isoprene was added, 

both sulfate and MSA increased, but the change was significant for the latter (Figure 3.13, p < 0.01 

for a paired t-test). As opposed to what occurred during the DMS experiment, isoprene does not 

appear to inhibit either oxidation pathway for DMDS. 

Formation of MSA in these experiments is consistent with previous experiments. The 

reactions were run between 50-70% RH and without addition of NOx. Barnes et al. found little 

MSA formed under similar low NOx and high RH conditions (Barnes et al., 2006). Van Rooy et 

al. suggested that NOx and high RH were required to produce a significant amount of MSA (Van 

Rooy et al., 2021a). We found low concentrations of MSA due to the low NOx concentration. 

However, adding a non-sulfur compound increased the MSA product concentrations. In contrast 

to previous chamber work that suggested high concentrations of NOx (in the order of hundreds of 

ppb) were required for the oxidation pathway of DMS to MSA, our results suggest that in a PAM-

OFR this is not the case.  

The MSA and sulfate results obtained for mixtures of DMS and DMDS and DMS, DMDS, 

and isoprene did not show significant changes between each experiment or when compared to 

DMS alone. This could possibly be attributed, again, to the faster aerosol production exhibited by 

DMS that outcompeted slower reactions in the DMDS oxidation pathway.  
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3.5.5 MSA and sulfate ratios in individual secondary aerosols 

Online single particle analysis via ATOFMS produced consistent chemical composition 

results to those found using ion chromatography. Figure 3.14 shows the average mass spectra of 

60 nm particles produced by the various VOCs and mixtures after they have been coated with 

matrix 1,8-bis(tetramethylguanidino)naphthalene (TMGN) for real-time analysis using ATOFMS 

(Li et al., 2023). Similar to offline results, the most abundant peaks present in the 60 nm single 

particle spectra are sulfate and MSA. The ability of the ATOFMS to detect MSA and sulfate ions 

has been previously demonstrated by Gaston et al., which validates the peak assignments provided 

here (Gaston et al., 2010). In addition, sulfuric acid (195H2SO4HSO4
-) is present as well (Pratt and 

Prather, 2010). Figure 3.5 shows the fraction of particles containing sulfate, MSA, and sulfuric 

acid along with their respective peak areas after subtracting the background from the matrix. Since 

ATOFMS cannot determine mass concentrations, the peak area of the ions provides insight on the 

particle composition. While DMS alone produced the greatest number of particles containing MSA 

(92%), the VOC mixture of DMS, DMDS, and isoprene combined produced particles with the 

highest peak area of MSA present. DMDS, both individually and in the presence of isoprene, 

produced the lowest amount of MSA out of all the mixtures, though there is a slight increase in 

the number of particles with MSA present once isoprene is added (4.9% to 5.6% with the addition 

of isoprene). DMS, on the other hand, shows a decrease in the number of particles containing MSA 

when DMDS or isoprene are added. When comparing the single-particle and bulk data for MSA, 

while both the DMS and DMDS experiments produced similar amounts of MSA in the bulk, there 

is significantly less MSA present at 60 nm for DMDS. It appears either MSA produced from 

DMDS is concentrated in a smaller number of particles than in the DMS experiment or the MSA 



 

 

81 

fraction is lower for this size of particles. We hypothesize particle growth rates and different 

oxidation mechanisms impact the MSA fraction.  

All single particle experiments showed that over 75% of the particles contained sulfate, 

with DMS producing the greatest number of particles containing sulfate. This number decreases 

with the addition of DMDS and/or isoprene. The highest sulfate peak area was present in the 

DMDS experiment, while a larger fraction of sulfate-containing particles was produced by the 

oxidation of DMDS and isoprene together. While the sulfuric acid peak areas were relatively low 

for all experiments, the highest values were found in particles produced from the oxidation of 

DMDS; notably these peak areas increased with the addition of isoprene. To determine if there 

were any differences in the composition of smaller particles, 20 nm particles were also measured 

(Figure 3.15). Compared to 60 nm particles, the 20 nm particles show no presence of sulfuric acid 

but similar trends for sulfate and MSA (Figure 3.16). Increased content of sulfuric acid in single 

particles has been attributed to longer particle lifetime and cloud processing (Pratt and Prather, 

2010). The higher fraction of sulfuric acid in the DMDS particles is likely due to its faster OH 

reaction rate compared to DMS; sulfuric acid formation has been shown experimentally in a recent 

flow reactor study (Berndt et al., 2023). In addition, the particles with the smallest fraction of 

MSA, those produced from DMDS oxidation, have the largest fraction of sulfuric acid. 

3.6 Conclusion  

The oxidation processes of reduced marine sulfur gas phase compounds have been 

previously studied in both field and laboratory experiments. In marine environments, sulfur species 

have been shown to produce secondary marine aerosols that play a critical role in cloud formation. 

This represents the first laboratory experiment looking at the oxidation of DMDS in a PAM-OFR, 
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as well as the oxidation of mixtures of DMS, DMDS, and isoprene, three major marine VOCs with 

a crucial role in the atmosphere. We report aerosol yields of reduced sulfur compounds in a PAM-

OFR that have not been measured before. We found that DMDS forms more aerosols than DMS 

at equivalent aging times. DMS particle phase products grow faster than those produced by DMDS 

oxidation. In the case of DMS, there was enough time in the OFR for condensation to occur without 

preexisting aerosols added. This shows that, although particle formation processes in PAM-OFR 

are dominated by nucleation, fast reactions can allow for condensation processes to also occur. 

In this study, we determined that oxidation of DMS results in a higher aerosol yield than 

DMDS and isoprene. At the highest exposure time, almost 90% of DMS is oxidized to the aerosol 

phase and only 60% and 10% for DMDS and isoprene, respectively. Although DMS had the 

highest yields, DMS loss was slower than DMDS loss resulting in 52% and 4%, respectively, of 

unreacted gas at the lowest OH exposure. The remaining 39% of DMDS oxidation products in the 

gas phase (versus only 6% from DMS) adds a substantial amount of gas phase products that have 

the potential to alter the composition of the atmosphere impacting further oxidation reactions and 

enhancing condensation on existing aerosols. This impact has been shown in our DMS and DMDS 

mixture experiment, which led to a higher yield likely because of gas phase DMDS oxidation 

products condensation on recently produced aerosols. With DMDS having a lower yield but still 

producing more particles in number, the mixing ratios of DMDS in marine environments could 

have a significant impact on the cloudiness over the oceans by increasing the number of cloud 

condensation nuclei present, potentially influencing marine cloud cover. Interestingly, when 

mixing DMDS and DMS, the fraction of particles containing MSA, sulfate, and sulfuric acid 

concentrations decreased compared to DMS alone, for 60 nm particles. These results suggest a 

potential enhancement of other oxidation products when these two sulfur species are mixed. The 
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presence of DMDS considerably alters the composition, number, and size of secondary aerosols, 

supporting the need to study other marine-relevant sulfur species, including methanethiol. In 

addition to marine-derived sulfur compounds, anthropogenic sulfur species, such as benzothiazole, 

should also be studied as they have been shown to be present in marine environments (Franklin et 

al., 2021).  

DMS and DMDS are known to produce similar OH oxidation products as shown in 

previous chamber experiments (Van Rooy et al., 2021a, 2021b). We found that for both VOCs the 

main oxidation product was sulfate followed by MSA and, when mixed, the product ratio between 

the two was altered. Although the comprehensive characterization of all oxidation products, e.g. 

by untargeted methods, is outside the scope of this work, on-going experiments using electrospray 

ionization coupled to high-resolution Orbitrap mass spectrometry have confirmed MSA and sulfate 

as main oxidation products, followed by a plethora of sulfur-containing organic compounds in low 

concentrations. Figure 3.17 shows positive and negative mode Orbitrap spectra from the mixture 

of DMS, DMDS, and isoprene. Our results also suggest that the production of MSA in a humid 

environment did not require the addition of NOx into the system. The introduction of isoprene to 

the mix exhibited a contrasting effect on these sulfur compounds: while it reduced sulfate 

concentration in DMS oxidation, it enhanced both sulfate and MSA levels in DMDS. Furthermore, 

the different composition of the single particle aerosols from mixtures of these VOCs will likely 

impact the composition of the atmosphere. The combination of the three intensified the amount of 

MSA and sulfate present compared to each individual gas, leading to a potential increase of acidity 

in the atmosphere. This emphasizes the complex interactions between trace gases in atmospheric 

systems. Even a single compound like isoprene can markedly alter DMS and DMDS oxidation 

pathways. This study underscores the importance of examining mixtures to comprehend alterations 
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in oxidation products and relative concentrations. Future work will expand the complexity of these 

mixtures by sampling marine air in coastal environments through the PAM-OFR to explore the 

impact on aerosol production, thus complementing recent studies carried out by our group and 

collaborators on marine VOC emissions from laboratory mesocosms (Kilgour et al., 2022). 

Moreover, while experiments were always performed at a humidity close to 70%, the present work 

did not explore the influence of relative humidity and is certainly a point to be addressed in future 

studies. Going forward, further research is required to unravel the mechanisms that govern the 

impact of marine organic compounds on the oxidation of reduced sulfur compounds, as well as the 

presence of oxidants other than OH (e.g. NOx, Cl), thus shedding light on the behavior of secondary 

marine aerosols and their influence in cloud formation and lifetime. 
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3.10 Figures 

 

 

 

Figure 3.1: Schematic diagram of experimental setup used for secondary marine aerosol reaction 

studies. 
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Figure 3.2: Particle number (top) and volume (bottom) distributions for low, medium and high 

OH exposure (VOCs and mixtures combined on each panel). 
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Figure 3.3: Aerosol yields for VOCs and mixtures. (A) Pure compounds. (B) Mixtures. Error bars 

represent the standard deviation of three trials. 
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Figure 3.4: MSA and sulfate molar fractions for DMS, DMDS, and mixtures with isoprene. Error 

bars represent the standard deviation of four trials. 
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Figure 3.5: Fraction of 60 nm particles produced by the different VOCs and mixtures that contain 

MSA, sulfate, and sulfuric acid. Colors represent the fraction of particles that present peak areas 

falling in specific ranges. 
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3.11 Tables  

 

Table 3.1: Experimental conditions for aerosol yield experiments. (1): (Atkinson et al., 

1992), (2): (Atkinson et al., 1989), (3): (Burkholder et al., 2020).  

Experiment VOC source 

VOC 

concentration 

(ppb) 

OH exposure 

(molecules s cm-3) 

OH reaction rate 

constant 

(cm3 molecules-1 

s-1) 

DMS G-cal 16 

9.6⨯1010 – 

2.5⨯1012  

0.44×10-11 (1) 

DMDS Permeation tube 9 20×10-11 (2) 

Isoprene G-cal 15 10×10-11 (3) 

DMS + 

isoprene 
G-cal 

15 (DMS) 

11 (isoprene) 

 

 

DMDS + 

isoprene 

Permeation tube 

(DMDS)  

G-cal (isoprene) 

6 (DMDS) 

15 (isoprene) 

DMS + 

DMDS 

G-cal (DMS) 

Permeation tube 

(DMDS)  

18 (DMS) 

9 (DMDS) 

 

DMS + 

DMDS + 

isoprene 

G-cal (DMS) 

Permeation tube 

(DMDS) 

G-cal (isoprene) 

15 (DMS) 

9 (DMDS) 

12 (isoprene) 
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3.13 Supplementary Information  

3.13.1 Supplementary Information Figures  

 

 

[CO] (ppm) Lamp voltage (V) 
OH exposure 

(molecules cm-3 s) 
Days of aging 

0.9967 0 0 0 

0.9825 1.7 9.57E+10 0.7 

0.9722 1.9 1.66E+11 1.3 

0.9418 2.2 3.78E+11 2.9 

0.9080 2.5 6.21E+11 4.8 

0.8372 3.0 1.16E+12 9.0 

0.7659 4.0 1.76E+12 13.5 

0.6880 6.0 2.47E+12 19.1 

 

Figure 3.6: Calibration curve for PAM-OFR lamps 
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Figure 3.7: Particle number and volume distribution parameters for low, medium and high OH 

exposure (VOCs and mixtures).  
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Figure 3.7: Particle number and volume distribution parameters for low, medium and high OH 

exposure (VOCs and mixtures).  
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Figure 3.8: Percent non-reacted gas for DMS, DMDS and isoprene yield experiments.  
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Figure 3.9: Non-reacted gas (in %) for mixture yield experiments (left: DMS and isoprene, right: 

DMDS and isoprene). 
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Figure 3.10: Aerosol yields vs. aerosol mass increase for individual VOCs and mixtures. A. Pure 

compounds. B. Mixtures. Dashed lines correspond to the fitting of the absorptive partitioning 

model from Odum et al. (1996). Error bars represent the standard deviation of three trials. 
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Figure 3.11: MSA and sulfate aerosol concentrations molar fractions for DMS, DMDS, and 

mixtures with isoprene. Error bars represent the standard deviation of four trials. 

 



 

 

104 

 

Figure 3.12: Sulfate molar fraction for DMS, DMDS, DMS/isoprene and DMDS/isoprene 

experiments. P-values under 0.01 and 0.05 are shown for a paired t-test (two tails). Error bars 

represent the standard deviation of four trials. 
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Figure 3.13: MSA molar fraction for DMS, DMDS, DMS/isoprene and DMDS/isoprene 

experiments. P-values under 0.01 are shown for a paired t-test (two tails). Error bars represent the 

standard deviation of four trials. 
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Figure 3.14: Average mass spectra of 60 nm particles produced by various VOCs and mixtures 

after they have been coated with matrix TMGN (red lines). Black lines represent the average 

spectra of homogeneously nucleated TMGN particles 
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Figure 3.15: Average mass spectra of 20 nm particles produced by various VOCs and mixtures 

after they have been coated with matrix TMGN (red lines). Black lines represent the average 

spectra of homogeneously nucleated TMGN particles. 
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Figure 3.16: Fraction of 20 nm particles produced by the different VOCs and mixtures that contain 

MSA and sulfate. Colors represent the fraction of particles that present peak areas falling in 

specific ranges. 
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Figure 3.17: Positive and negative mode Orbitrap spectra from the mixture of DMS, DMDS, and 

Isoprene. Sulfate, MSA, and dimethyl sulfoxide (DMSO) have been identified. 
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3.13.2 Supplementary Information Table 

Table 3.2: Experimental conditions for aerosol filter experiments 

 

Experiment VOC source 
VOC concentration 

(ppb) 

OH exposure 

(molecules s cm-3) 

DMS G-cal 16 

3.8⨯1011  

                                    

DMDS Permeation tube 9 

Isoprene G-cal 15 

  DMS + isoprene G-cal 
   15 (DMS)   

   11 (isoprene) 

  DMDS + isoprene 

   Permeation tube 

(DMDS) 

G-cal (isoprene) 

   6 (DMDS)   

   15 (isoprene) 

   DMS + DMDS   

G-cal (DMS) 

Permeation tube 

(DMDS) 

18 (DMS) 

9 (DMDS) 

   DMS + DMDS + 

isoprene 

   G-cal (DMS) 

Permeation tube 

(DMDS) 

G-cal (isoprene) 

15 (DMS) 

9 (DMDS) 

12 (isoprene) 
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Chapter 4. Secondary Marine Aerosol Formation from Volatile Organic Compounds 

Emitted from Phytoplankton Blooms  

4.1 Abstract  

Emissions of volatile organic compounds (VOCs) from oceans can contribute significantly 

to the marine atmospheric composition. VOCs can be produced biologically from marine 

phytoplankton and transferred to the atmosphere, where they can interact with other atmospheric 

oxidants, such as OH radicals, to undergo chemical reactions that result in the formation of 

secondary marine aerosols (SMA). Coastal and remote ocean field studies have examined the 

formation and composition of secondary marine aerosols, however the complexity have proved 

challenging to separate primary and secondary aerosols. Few laboratory experiments have looked 

at the formation of SMA but there still remains many uncertainties. To address this gap, three 

phytoplankton blooms were conducted to analyze changes in VOC concentrations and SMA 

formation as a function of biological activity. VOC measurements identified distinct changes of 

dimethyl sulfide, dimethyl disulfide, and isoprene over the course of the bloom. Dimethyl disulfide 

concentrations significantly exceeded the other VOC concentrations. Further, dimethyl disulfide 

was found to have a large contribution to secondary marine aerosol number concentrations and 

isoprene was found to impact the aerosol size distributions. This study highlights the significant 

impact of both non-sulfur and sulfur containing compounds on the formation of secondary marine 

aerosols.     

4.2 Introduction  

Oceanic emissions of primary aerosols and VOCs contribute significantly to the dynamics 

of the atmosphere, leading to changes in aerosol properties; directly and indirectly impacting the 
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global radiative budget. VOCs can be oxidized to form lower volatile compounds that can nucleate 

to form new particles or condense on existing particles, forming secondary marine aerosols (SMA). 

Both primary and secondary aerosols can act as cloud condensation nuclei (CCN), though they 

have different cloud forming potential (Mayer et al., 2020). To date, research has shown that 

correlations between CCN and marine biological activity are driven by SMA produced from 

biogenic VOCs. In the Southern Ocean, marine biological VOCs have been attributed to 35-80% 

of CCN (Vallina et al., 2006). In addition, Mayer et al., conducted a laboratory experiment and 

found that during realistic phytoplankton bloom conditions SMA controlled cloud properties 

(Mayer et al., 2020). Although a few studies have found connections between marine biogenic 

VOCs and SMA, the processes constraining their emissions and formation are still poorly 

understood. Specifically, the impact biological activity has on the number, size, and concentration 

of SMA remains unknown.  

Marine phytoplankton and bacteria are the main contributors of VOCs emitted from the 

ocean, especially sulfur compounds and hydrocarbons, such as isoprene (Dani and Loreto, 2017). 

Dimethyl sulfide (DMS), the most abundant sulfur species emitted from the ocean, is a biological 

VOC that originates from the bacterial cleavage of the marine osmolyte dimethyl 

sulfoniopropionate (DMSP) (Charlson et al., 1987). Methanethiol is also produced from DMSP 

through the demethylation pathway, and subsequently, the abiotic dimerization of methanethiol 

forms dimethyl disulfide (DMDS) (Kiene, 1996; Perraud et al., 2016). Marine isoprene is thought 

to be a result of phytoplankton response to environmental conditions, such as temperature and 

acidification (Dani and Loreto, 2017). Although isoprene is primarily considered a terrestrial VOC, 

in the marine boundary layer it can have concentrations ranging in the same order of magnitude as 

DMS (Dani and Loreto, 2017). Once emitted to the atmosphere, sulfur compounds and isoprene 
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can contribute significantly to SMA. Laboratory studies have shown that changes in simplistic 

mixtures of VOCs can impact the number, size, and composition of secondary aerosols 

(Bougiatioti et al., 2020; Moore et al., 2024). Knowing how marine VOCs contribute to SMA is 

imperative to providing a better understanding of these aerosol’s contributions to the global climate 

system.  

Secondary marine aerosol impact on climate is determined by their number, size and 

composition (Mansour et al., 2020). They are largely comprised of sulfate, nitrate, ammonium, 

and organics (Mayer et al., 2020). The oxidation of sulfur VOCs leads to the formation of sulfate 

and methane sulfonic acid (MSA), which impacts new particle formation and aerosol growth, 

respectively (Bates et al., 1992; Ye et al., 2022). A model of marine secondary organic aerosols 

suggested that DMS oxidation can account for 78% of secondary aerosols (Li et al., 2020). In 

addition, in the China Sea, it was determined that sulfate was the most abundant compound of PM 

2.5 (Li et al., 2020). While the DMS oxidation product, sulfate, can dominate the composition of 

secondary marine aerosols, the organic fraction has a strong impact on the water uptake of an 

aerosol, as organics change the kappa value (Rosati et al., 2022). These changes will impact an 

aerosols effectiveness to act as a CCN. The interchange between organic and sulfur compound 

underscores the importance of examining marine VOC emissions and their oxidative processes.  

In this study, three phytoplankton blooms were conducted to measure the temporal 

evolution of the biogenic VOC production and assess the changes in the formation of the secondary 

marine aerosols. The VOCs emitted from the seawater were oxidized in a potential aerosol mass 

oxidative flow reaction to measure the size and number of the aerosols as a function of marine 

biological activity.  
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4.3 Methods 

4.3.1 Experimental Setup  

Three 20-L Nalgene bottles were filled with seawater collected from Ellen Browning Pier 

at Scripps Institute of Oceanography (La Jolla, CA; 32°51´56.8"N: 117° 15´38.48"W). To remove 

debris and zooplankton, the seawater was filtered with 50 um nitex mesh during collection. A 

phytoplankton bloom was induced by adding f/2 algal growth medium (Proline, Aquatic Eco-

Systems, Apopka, FL) and 245 mg sodium metasilicate to induce a phytoplankton diatom 

dominated bloom. The progression of the blooms was measured daily with a handheld fluorometer 

(Aquafluor, Turner Designs, San Jose, CA). Each bottle contained submerged Teflon tubing with 

holes to bubble in zero air from a zero air generator (Sabio Environmental) at various flow rates 

depending on the sampling condition. The three sampling conditions, shown in Figure 4.1, were 

using the Potential Aerosol Mass Oxidative Flow Reactor (PAM-OFR, Aerodyne) (Kang et al., 

2007) to generate aerosols and gather sizing information with a scanning mobility particle sizer 

(SMPS), sampling with a chemical ionization time-of-flight- mass spectrometer (CI-ToF-MS) to 

measure VOCs, and no sampling. The bubbling flow rates with zero air were 5.5 standard liters 

per minute (slpm), 2.2 slpm, and 1 slpm, respectively. The headspace of each bottle was sampled 

for VOCs every day for 30 minutes. This ensured enough time for a steady concentration to be 

reached.  

A flow rate of 5 LPM was sent to the PAM-OFR to oxidize the VOCs. Each bottle was 

sampled for 20 hours through the PAM-OFR to measure the secondary aerosol size distribution 

and collect the aerosols on filters. The PAM-OFR was operated in 185 nm mode, which uses UV 

lamps with wavelengths of = 185 and 254 nm to generate OH radicals. To calibrate the OH 
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exposure in the OFR, 1 ppm of carbon monoxide was introduced into the PAM, at the same flow 

rate and relative humidities as the experiment, to measure the CO decay as a function of lamp 

voltage using a CO analyzer. The CO + OH rate coefficient KOH+CO, 298k = 1.5x10^-12 cm3 

molec-1 s-1 was used to determine the OH concentration and equivalent days of aging at each 

voltage. The PAM-OFR was operated at 2.2 V, equivalent to 2.9 days. The calibration is shown in 

Figure 4.5. To remove ozone and prevent further oxidation reactions, a diffusion ozone denuder 

was placed after the OFR prior to the sizing instrument. A custom-built silica drier was used after 

the denuder to dry the aerosols before they reached the SMPS.  

4.3.2 Quantification of VOCs  

VOCs from the carboys were analyzed using a real time CI-ToF-MS (Kim et al., 2016). 

Benzene was used as the reagent and generated by flowing 10 standard cubic centimeters per 

minute of ultrahigh purity N2 gas through a cylinder of liquid benzene and diluted to with N2 to a 

final concentration of 300 ppm. A 20 mCi Po-210 alpha-source was used to generate benzene 

cluster cation reagent ions that are then carried to the ion molecule region (IMR) through a 1.8 

standard liter per minute (slpm) critical orifice. The analyte was also drawn to the IMR with a 

critical orifice at 1.8 slpm. In the IMR, the pressure and the voltage were held at 60 Torr and 60V 

throughout the entire experiment. Analyte ions generated through chemical ionizations reactions 

with benzene cluster cations were transferred to the ion funnel, which is used to focus the ion beam 

and decluster the ions. The ion beam is then transferred by an RF-only quadrupole to the 

orthogonal time of flight mass analyzer. A TOFWARE plugin for Igor 8 was used to perform the 

data analysis of the co-summed mass spectra collected at 1 Hz. External calibrations were 

performed for DMS, DMDS, and isoprene using Dynacal Permeation Tubes. 



 

 

116 

4.3.3 Particle Size Distribution Measurements 

The particle size distributions of the aerosols generated in the PAM-OFR were measured 

using a SMPS. The SMPS combines a differential mobility analyzer (DMA) Model 3081, an 

electrostatic classifier Model 3082, and a water-based condensation particle counter Model 3787 

(TSI, Inc.). It was operated with a sample flow rate of 0.6 L min-1 and a sheath flow rate of 3.0 L 

min -1. The SMPS scanned the electrical mobility diameters between 14-750 nm every 5 minutes. 

With the electrical mobility diameters assumed to be equal to physical diameters, the size and 

volume distributions presented are shown with physical diameters.  

4.4 Results and Discussion  

 Marine VOC emissions are largely driven by changes in biological activity. Figure 4.2 

presents the VOC concentrations (DMS, DMDS, and isoprene) and Chlorophyll a (Chl. a) 

concentrations over the course of three phytoplankton blooms. Chl. a is used as a proxy for 

biological activity in seawater and is used to track the progression of phytoplankton blooms 

through three phases: growth, exponential, and senescence (Behrenfeld et al., 1997). The Chl-a 

values, measured by fluorescence, range from 0.4 – 19.8 µg L-1 which falls within the detected 

range found in the same sampling location (McGowan et al., 2017). Blooms 1 and 2 peak at 13.8 

and 19.8 µg L-1 respectively, while bloom 3 only reaches a maximum of 4.2 µg L-1. The changes 

in the concentrations of DMS, DMDS, and isoprene over the course of the bloom were measured 

daily as shown in Figure 4.2. For all three blooms the concentration of DMS remained relatively 

low ranging from 20-100 ppt and peaking to 172, 323, and 15 for blooms 1, 2, and 3 respectively. 

DMS reaches its peach during the death phase of bloom 1 and 2 and peaks at the same time as Chl. 

a for bloom 3. This trend is similar to what has been shown in another laboratory phytoplankton 
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bloom experiment (Kilgour et al., 2022). The concentration of DMDS significantly exceed that of 

DMS with concentrations surpassing 1000 pptv during the death phase. In this experiment, the 

formation of DMDS is primarily attributed to the conversion of MeSH to DMDS on the surfaces 

of stainless steel (Perraud et al., 2016). The experimental design included stainless steel fittings 

inside of the carboy to allow for bubbling. A pervious experiment found in a similar experiment 

that 35% of MeSH can be converted to DMDS on stainless steel surfaces (Sauer et al., in prep).  

While the concentration of MeSH wasn’t measured, the trend as shown in Figure 4.7, follows the 

same trend as DMDS, leading to the hypothesis that a majority of DMDS produced was from the 

dimerization of MeSH. In addition, the R2 values for the correlation between MeSH and DMDS 

(Figure 4.6) were 91, 88, and 86 for blooms 1, 2, and 3 respectively. Isoprene had concentrations 

in the low pptv range throughout the bloom and peaked during the death phase for all 3 blooms. 

The trend of monoterpenes was also measured, as shown in Figure 4.7, and follows a similar trend 

to that of isoprene. 

 While DMS, DMDS, isoprene, MeSH, and monoterpenes were the only compounds 

identified and/or quantified, the complexity of the mass spectra indicates the presence of other 

VOCs that were not identified. The benzene CI-TOF-MS is a selective ionization instrument that 

limits the ability to measure the breadth of compounds that can be emitted from seawater. 

Therefore, other compounds that contribute to SMA formation could have been present, such as 

amines, oxygenated VOCs, and hydrocarbons. Although this study focuses on the primary 

compounds known to contribute to SMA, it’s important to acknowledge that other compounds 

may have been present. For example, coastal seawater experiments have shown that anthropogenic 

compounds, such as benzothiazole, can be emitted and contribute to SMA formation (Franklin et 

al., 2021). 
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Figure 4.3A-C shows the particle number distributions over the course of each bloom. For 

bloom 1 the mode of the number distribution shifts to a lower diameter, from 23 µm to 16 µm, as 

the bloom progresses. Blooms 2 and 3 do not exhibit a distinctive change in the mode of the size 

distribution, however, the mode for all three blooms is the highest on the first day size distributions 

were measured for each bloom. During the exponential growth phase of each bloom, the percent 

of isoprene to the total concentration of DMS, DMDS, and isoprene was the largest, ranging from 

20 to 50 percent, leading to the hypothesis that isoprene and other non-sulfur organics were 

contributing to the growth of the secondary marine aerosols during that time period. Laboratory 

oxidation studies have shown that isoprene can shift the size distributions to larger size modes by 

the oxidation products condensing onto existing particles. Vaattovaara et al., has suggested that 

isoprene oxidation products do not participate in nucleation but are contributors to particle growth 

of particles above 5 nm (O’Dowd and de Leeuw, 2007; Vaattovaara et al., 2006). They determined 

this to be a result of the Kelvin effect impacting the condensation of organics on smaller size 

particles (Vaattovaara et al., 2006). The PAM-OFR oxidation primarily dominates in nucleation 

but the fast reaction of DMS with OH can produce particles that act as seed particles to allow the 

condensation of isoprene oxidation products to occur. Although isoprene was the only non-sulfur 

compound quantified, monoterpenes were measured and possibly contributed to the SMA 

formation as well. Zhao et al., conducted an OFR experiment oxidizing α-pinene at various 

concentrations resulting in a shift of the number size distribution to larger particles as they 

increased the α-pinene concentration (Zhao et al., 2021). They attributed this to an enhancement 

of condensation and particle growth (Zhao et al., 2021). Atmospheric models have also shown that 

periods of high monoterpene production can alter the size distribution (Kim et al., 2017). The 

impact of these non-DMS organic compounds are relevant to this experiment as the oxidation 
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experiments were conducted at 1.66x1011 molecules s cm-3, equivalent to 2.9 days of aging. 

Previous laboratory experiments have shown that at lower days of aging, isoprene and other similar 

compounds react to form low-volatility compounds that can nucleate and condense, contributing 

to the organic mass fraction of secondary aerosols (Mayer et al., 2020). However, at higher OH 

exposures, these compounds are degraded forming volatile compounds that are not condensing or 

nucleating (Lambe et al., 2015).   

 As the fraction drops and the DMDS concentration increases, there is a decrease in the 

mode. This can be a result of a decrease in isoprene or an increase of the DMDS concentration. 

Previous VOC mixture studies have shown that size distributions of mixtures between DMS, 

DMDS, and isoprene favor the DMDS distribution (Moore et al., 2024). DMDS has the fastest rate 

constant with OH radicals, possibly causing there to be less isoprene oxidation, resulting in a 

change of the mode as the bloom progresses.    

For blooms 2 and 3, the change in number distribution is more drastic for the change in 

concentration than the change in the mode. The mode only decreases slightly from 20 nm to 16 

nm and 19 nm to 17 nm during blooms 2 and 3, respectively. The number concentration 

corresponds to the intensity of the combined DMS, DMDS, and isoprene concentration for those 

two blooms. In bloom 2, day 15 had the highest measured number concentration and VOC 

concentration and day 7 had the lowest VOC and number concentration. Similarly, in bloom 3, 

day 15 and day 7 had the highest and lowest VOC and number concentrations, respectively. 

Previous data has shown that DMDS had a greater effect on the change in number concentration 

than DMS (Moore 2024). Bloom 1, which had minimal change in the number concentration, had 

the lowest percentage of DMDS, further showing the impact DMDS can have on the number 

concentration.  
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Figure 4.4 displays the number concentration and the VOC concentrations for each bloom. 

For all three blooms, the number concentration decreases during the exponential growth phase of 

the bloom, and in bloom 2 it increases during the peak and decreases during the death phase and 

bloom 3 increases for both phases. In addition, the number concentration corresponds to the 

intensity of DMDS. The strong correlation between DMDS and the number concentration is most 

likely driven by the oxidation of DMDS producing two sulfate molecules for every DMDS 

molecule, leading to more aerosol formation than DMS oxidation. Kreidenweis et al., conducted 

outdoor smog chamber experiments to examine the oxidation of DMS and DMS with a variety of 

conditions (Kreidenweis et al., 1991). In the high NOx experiment, they found that DMDS 

produced more aerosols than in the DMS experiment, N=105 cm -3, vs with N = 2500 cm- 3, 

respectively (Kreidenweis et al., 1991). 

Although methanethiol has a similar trend as DMDS, we do not expect it to impact the 

number concentration as much as DMDS because it only contributes one sulfur per MeSH. To our 

knowledge, no single component studies of methanethiol have been conducted to look at its 

contribution to the formation of secondary aerosols and how it changes the size distributions. 

Future simple mixture studies are needed to better understand the impact MeSH has on the 

formation of SMA.  

The peak number concentration differs significantly, 5e-6, 12e-6, and 18e-6 for blooms 1, 2, 

and 3, respectively. When comparing the number concentration and chl-a, no correlations were 

found. Bloom 3 had the highest number concentration and lowest Chl. a concentration. The number 

concentration appears to be highly dependent on the VOC composition and concentration.  
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Along with the number concentration and size distribution changing across the bloom, the 

aerosol mass also changed. Figure 4.8 shows the aerosol mass as a function of Chl. a for all three 

blooms. Previous laboratory bloom experiments have seen a connection between Chl. a and aerosol 

mass where the aerosol mass follows the same trend as Chl. a. Blooms 1 and 2 show that similar 

trends, however bloom 3 does not change with Chl. a as much as the other blooms. This could be 

a result of the bloom not being as intense as the others or changes in the bacterial dynamics of the 

bloom.  

4.5 Conclusion  

The secondary marine aerosol formation is highly dependent on biological activity and 

VOC emissions (Mayer et al., 2020). At the beginning of each bloom, isoprene concentrations 

were higher than DMS and DMDS and the death phase of the bloom resulted in the highest 

concentrations of all three VOCs. The high DMDS concentrations were determined to be a result 

of DMDS biological production and MeSH dimerization on stainless steel surfaces in the seawater. 

The formation of DMDS has been shown to significantly impact secondary marine aerosol. When 

there was a substantial amount of DMDS, the aerosol size distribution resembled previously 

reported single DMDS experiments. Furthermore, the aerosol number fraction correlated with the 

concentration of DMDS in bloom 2 and bloom 3.  

In bloom 1, isoprene had the highest fraction of the total measured VOCs at the beginning 

of the bloom and impacted the size distribution by shifting the mode of the distribution to larger 

sizes. The distribution mode then decreased when the isoprene fraction decreased as the bloom 

progressed. During periods of high isoprene, other non-sulfur compounds could have also been 

emitted, contributing to the size distribution.  
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Continuation of laboratory studies analyzing VOC composition and SMA formation are 

needed to further reduce the uncertainties of secondary aerosols. Coupling these blooms with 

online high resolution gas and particle phase instruments can also reduce losses in offline sample 

processing. This work has shown that at certain periods, DMDS and isoprene can exceed the 

concentrations of DMS. Furthermore, DMS has been thought to be the most impactful sulfur VOC 

but these results suggest that other sulfur compounds like DMDS can be as, if not more, significant 

than DMS. Further work is needed to explore MeSH contribution to secondary marine aerosols.  
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4.7 Figures  

 

 

Figure 4.1: Schematic diagram for the three experimental conditions. 
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Figure 4.2: Headspace DMS, DMDS, and isoprene concentrations for bloom 1 (top), bloom 2 

(middle), and bloom 3 (bottom) co-plotted with the chlorophyll a concentration. The VOC 

concentrations are an average of a daily 30 min sampling period. 
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Figure 4.3: Particle number distributions over the course of bloom 1 (A), bloom 2 (B), and bloom 

3 (C). 

 

 

 

 



 

 

126 

 

Figure 4.4: Bar plot of DMS, DMDS, and isoprene concentrations co-plotted with the aerosol 

number concentrations over the course of each bloom.  
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4.9 Supplementary Information 

 

 

Figure 4.5: Calibration curve for the PAM-OFR  
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Figure 4.6: Correlation between DMDS concentration and methanethiol (MeSH) normalized 

counts per seconds.   



 

 

133 

 

Figure 4.7: Time series of MeSH and monoterpenes normalized counts per second (ncps) co-

plotted with chlorophyll a (chl. a) over the course of three blooms.  
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Figure 4.8: Aerosol volume for each bloom co plotted with chl. a  
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Chapter 5. Conclusions  

5.1 Synopsis  

 This dissertation investigates the production of marine VOCs from biological production 

and the formation of secondary marine aerosols from the oxidation of marine VOCs. Chapter 2 

shows a mesocosm experiment that produced unexpectedly high concentrations of DMDS and 

MeSH that exceeded DMS during periods of the phytoplankton blooms. Chapter 3 shows that the 

formation of SMA in a PAM-OFR from mixtures of marine relevant VOCs differs significantly 

from single VOC experiments and presents the first DMS and DMDS aerosol yield value in a 

PAM-OFR. Chapter 4 describes the changes in SMA over the course of three phytoplankton 

blooms and highlights the importance of non-sulfur organic compounds to SMA formation.  

5.2 Conclusions  

5.2.1 Factors Controlling Production of Dimethyl Sulfide, Methanethiol, and Dimethyl 

Disulfide During Controlled Phytoplankton-Bacterial Mesocosm Experiments 

 Marine biological production of dimethyl sulfide has been studied for years, yet 

there are still many uncertainties. Chapter 2 analyses the production of organosulfur compounds 

from biological activity. MeSH and DMDS were measured in concentrations higher than that of 

DMS during periods of the bloom. DMS was found to be highly correlated with Chl. a intensities, 

which corresponds with field and satellite measurements as well (Galí et al., 2018; Gros et al., 

2023). On the other hand, MeSH and DMDS peak after the bloom and track similarly with the 

trend of heterotrophic bacteria. When comparing the concentrations between bloom 1 vs blooms 

2 and 3, the results showed that when the chl. a was higher, resulting in a larger senesce phase, the 

concentrations of DMS was high but MeSH and DMDS were low. Whereas, during less intense 



 

 

136 

blooms (blooms 2 and 3) MeSH and DMDS concentrations were higher than DMS. We 

hypothesize that the nutrient availability is different between the low and high senescent periods, 

impacting the bacterial gene expression and nutrient needs. Bacteria can also contain both DMSP 

genes that produce DMS and MeSH, with some being shown to produce them simultaneously, thus 

highlighting that taxonomic shifts may not occur but changes in the DMSP degradation pathways 

(Sun et al., 2016). While it is important to get a better understanding of specific compounds, these 

results found that the interaction between and presence of certain bacteria may drive the production 

of VOCs.  

5.2.2 Secondary Aerosol Formation from Mixtures of Volatile Organic Compounds in a 

Potential Aerosol Mass Oxidative Flow Reactor  

 To date, many laboratory studies have only focused on the oxidation of individual VOCs 

leading to lack of understanding of how complex marine VOC mixtures impact SMA formation 

and composition (Van Rooy et al., 2021b; Ye et al., 2022). Chapter 3 describes oxidation 

laboratory experiments comparing induvial vs mixtures of marine relevant VOCs to bridge the gap 

in understanding SMA. This is the first experiment to report the aerosol yields of DMS and DMDS 

in the PAM-OFR and these results help understand the oxidation of seawater emitted VOCs in 

Chapter 4. It was determined that while DMS had a higher yield, DMDS produced more particles 

in number. This result further highlights the importance of DMDS described in Chapter 2 and the 

impact DMDS can have on clouds by potentially increasing the number of CCN. When adding 

isoprene to the mixture, the sulfate concentration from DMDS oxidation reduced but enhanced the 

sulfate and MSA concentration from DMDS oxidation. The results show that one compound like 

isoprene can impact DMS and DMDS oxidation pathways, underscoring the importance of 

studying mixtures. The PAM-OFR has not been used often with marine relevant VOCs. These 



 

 

137 

results are in line with similar experiments conducted in chambers, highlighting the PAM-OFRs 

ability to be utilized in marine systems (Chen and Jang, 2012; Van Rooy et al., 2021b, 2021a).  

5.2.3 Secondary Marine Aerosol Formation from Volatile Organic Compounds Emitted 

from Phytoplankton Blooms 

 Although there have been many laboratory and field measurements assessing the formation 

of SMA, it is still largely understood (Mayer et al., 2020; O’Dowd and Leeuw, 2007). The 

complexity of the marine atmosphere has led to the need for laboratory experiments to bridge the 

gap. Chapter 4 presents the VOC production and SMA formation over the course of three 

phytoplankton blooms. This work increases the complexity of the mixture experiments conducted 

in Chapter 3. During periods of high isoprene to DMS and DMDS ratios, the size distributions 

were shifted to larger particle sizes. This shift helps with particle growth to sizes that can act as 

CCN. Similar to what was shown in Chapter 2, DMDS was a large contributor to the number 

concentration, strongly correlating with the change in number concentration throughout the bloom.  

5.3 Ongoing and Future Directions  

5.3.1 Factors Controlling Marine Biogenic VOCs 

 Chapter 2 combines marine biological measurements and VOC composition to understand 

how microbiology impacts VOC emissions during phytoplankton blooms. This work was able to 

identify general trends across the bloom as well as highlight taxa that correlated with gas 

production, including phytoplankton community analysis will also be beneficial for enhancing our 

understanding of both phytoplankton and bacteria contributions. Further work should utilize 

aqueous gas measurements of VOCs and their precursors to better understand the possible bacterial 

switch of DMSP as well as any additional precursors. Field studies have primarily utilized aqueous 
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measurements with a few laboratory studies beginning to incorporate DMSP measurements (Asher 

et al., 2011; Gros et al., 2023; Kilgour et al., 2022; Masdeu-Navarro et al., 2024). As seen in this 

study, the complexity of the seawater makes it challenging to identify which compounds 

specifically contribute to gas production, therefore smaller scale model studies focusing on a few 

known compounds will continue to our knowledge. Specifically, this study identified 

Rhodobacteraceae as a compound that is hypothesized to contribute to both MeSH and DMS. 

5.3.2 Secondary Aerosol Characterization Studies 

Chapter 3 utilized controlled experiments to oxidize DMS, DMDS, and isoprene to assess 

their oxidation potential indivually and in mixtures. Although these results have helped lay the 

foundation for more complex seawater experiments, there are other marine relevant VOCs that 

should be studied in a controlled set up. MeSH, as previously discussed, is another marine 

biologically produced VOCs but has very few oxidation studies (Douroudgari et al., 2020) and 

should be assessed in these mixture studies. Additionally, coastal environments have a strong 

contribution from anthropogenic compounds. A recent study found that benzothiazole, an 

anthropogenic sulfur species, can contribute to aerosol formation (Franklin et al., 2021). Mixing 

biogenic and anthropogenic compounds will better represent the coastal environment (Friedman 

et al., 2016; Kari et al., 2019; Xu et al., 2021).  

While hydroxyl radicals are primarily used in oxidation experiments, there are other 

radicals, such as chlorine, found in the atmosphere. Chlorine radicals are often present at lower 

levels than OH radicals, but they can still have an impact on oxidation and radical cycling due to 

it having faster reaction rates (Baker et al., 2016). In the marine boundary layer Cl radical 

concentrations are higher and have the possibility to compete with OH radicals for the oxidation 
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of VOCs(Baker et al., 2016; Wingenter et al., 1996). To assess the impact chlorine has on the 

oxidation of marine relevant VOCs, the PAM-OFR can be modified to generate chlorine radicals.  

Clorine radicals can be generated in the PAM-OFR through photolysis of chlorine (Cl2) or 

photolysis of oxalyl chloride (Cl2Cl2O2) using 313 nm lamps. A previous study compared the 

oxidation of anthropogenic precursors by Cl2, Br2, and OH and found that Cl2 may enhance SOA 

formation in regions with biogenic and anthropogenic emissions (Lambe et al., 2022). Conducting 

chlorine oxidation experiments will contribute extensively to our understanding of SMA 

formation.  

5.3.3 Secondary Marine Aerosol Formation from Seawater  

 Chapter 4 examined the emissions of marine seawater derived VOCs using a chemical 

ionization time-of-flight mass spectrometer and measured the number concentration and size 

distribution of SMA. Future work should investigate size—resolved composition by using a 

particle impactor that will separate the aerosols for off-line analysis. Additionally, the CI-TOF-

MS can be modified to allow for on-line aerosol compositional analysis by adding in a heated inlet 

to volatilize the organic compounds in the aerosols. Combining the heated inlet with a negative 

mode ionization reagent ion, such as iodine or acetate, will provide real time and minimal 

fragmentation of organics. Similar instruments have been used to study secondary aerosols but not 

in marine systems (Aljawhary et al., 2013).  

 Future work will also involve analyzing the emissions and aerosol formation from polluted 

coastal waters. This study examined coastal seawater from Scripps Pier, which has been used as a 

control or “clean” comparison for polluted water. Imperial beach has been impacted by the run-
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off from the Tijuana Estuary. Previous work has analyzed the transfer of viruses and bacteria in 

the aerosols (Pendergraft et al., 2023).  
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